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Abstract 

When carbon dioxide (CO2) is dissolved in an aqueous solution, it forms carbonic 

acid (H2CO3) which can cause steel surfaces to corrode. This is a serious issue 

in many industrial pipelines which are often used to transport CO2 saturated 

solutions. Understanding exactly how the internal surface of a pipe is going to 

corrode is vital in effective corrosion control. In this work, the potential for 

simulating the corrosive environment via finite element modelling is explored. 

Comprehensive mechanistic models of CO2 corrosion have previously been 

developed, but not extensively interrogated. As a result, the associated limitations 

of these models, as well as their potential for further advancement, is not fully 

understood. It is therefore the intent of this thesis to conduct a thorough 

investigation into the current state of the CO2 modelling and explore pathways to 

their continued advancement via computational modelling, numerical exploration, 

and experimental testing.  

Two one-dimensional (1-D) models of CO2 corrosion have been developed within 

the COMSOL Multiphysics® software. The models focus on the hydrodynamic 

boundary layer in the near-wall region and incorporate both chemical and 

electrochemical reactions throughout the boundary, as well as at the surface, and 

in the bulk flow. Extensive numerical exploration of these two models is 

conducted to investigate how changes in the environmental and hydrodynamic 

conditions influence important outputs, such as the corrosion rate, surface pH, 

and the likelihood of protective films forming. Significant differences in the 

response were identified based upon the controlling mechanism for the corrosion 

reactions; whether it is the rate of charge-transfer at the surface or the rate at 

which electro-active species are transported to the surface. 

Computational fluid dynamics (CFD) is used to model common flow scenarios 

and then integrated into the corrosion models. A novel methodology is explored 

to expand the application of the models to higher dimensions and more complex 

flow fields. Rotating cylinder electrode (RCE) experiments are conducted 

alongside the simulations to assess the accuracy of the corrosion models and 

explore their various strengths and weaknesses. In doing so, it was found that 

the specific mechanisms CO2 corrosion included in the model, as well as the 

temperature dependencies, and the method by which flow effects are accounted 

for can all have a significant difference on the accuracy of the simulation. 

Throughout the thesis, many avenues for improvement and further development 

are identified. These ideas have been collated and explored to lay the 

groundwork for future modelling projects based on the fundamental approaches 
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detailed here. Approaches are summarised and preliminary work has been 

completed to clearly identify how the current models can be built upon, as well as 

the potential pitfalls and areas of complexity. 
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Chapter 1 - Introduction, Theory and Literature 

Review 

1.1 Introduction 

1.1.1 Industrial Impact of Corrosion 

When assessing the global impact of corrosion, the focus is often on the 

industrial context due to the significant economic losses it causes each year. 

A 2016 IMPACT study conducted by NACE International[1] estimated the 

global cost of corrosion to be around $2.5 trillion annually across major 

industries such as energy, transport, construction, manufacturing, and mining. 

The same study also goes on to estimate that between 15-35% of this could 

be saved each year by properly employing current corrosion control practices. 

Possible methods of corrosion control include the use of corrosion inhibitors, 

organic coatings, pH adjustment, cathodic protection, steam scrubbing, or 

even simply careful selection of materials[2, 3]. Each of these approaches 

have their own associated costs, challenges, benefits and drawbacks, 

however by correctly understanding and utilising these techniques, the cost of 

corrosion could be significantly reduced.  

Whilst the financial aspect is undeniably the primary driver behind research 

into corrosion management, there are also other factors that must be 

considered when evaluating the overall impact of corrosion. In many of the 

industries for which corrosion is a significant issue, health and safety is 

common and important consideration due to the scale on which they operate. 

In the United States alone, incidents of collapsed bridges, floods due to burst 

water mains, failure of commercial aircrafts, and even serious issues with 

nuclear reactions have all been either partly or wholly attributed to the effects 

of corrosion[4]. In each of these cases, the failure was not necessarily related 

to the initial condition of the infrastructure but rather the corrosive degradation 

and wear over time. Without proper consideration and management, each of 

these systems has the potential to pose real and significant risk to human life. 

The risks associated with the failure of industrial systems due to corrosion can 

be extended even further when environmental effects are taken into account. 

Corrosion within hydrocarbon or natural gas pipelines can result in leaks, 

potentially leading to the contamination of fresh water supplies[5]. It is also a 

problem in the nuclear industry, in regard to the disposal of nuclear waste. 
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Localised corrosion within stainless steel waste cannisters can result in their 

failure, releasing harmful radionuclides into the surrounding environment[6]. 

The total impact of such environmental effects is often difficult to quantify, 

however their importance cannot be ignored. 

1.1.2 Project Aims and Objectives 

The primary aim of this project is to advance the understanding of the 

environmental and hydrodynamic conditions which impact corrosion within 

industrial pipelines via numerical simulation. The objectives associated with 

this aim are as follows: 

• Build two comprehensive mechanistic models of carbon dioxide (CO2) 

corrosion based on existing literature. 

• Design a methodology to perform a comprehensive numerical 

exploration of each model across a range of environmental and 

hydrodynamic conditions. 

• Conduct a large-scale numerical exploration of both models and 

generate output plots to visualise to relative effects of the input 

conditions. 

• Identify the unique behaviours associated with each model and perform 

specific analysis of each model under these conditions to assess the 

underlying cause and effect. 

The secondary aim of this project is to assess the performance of existing 

mechanistic corrosion models via experimental methods. The objectives 

associated with this aim are as follows: 

• Design a methodology to directly link the new corrosion models to a 

controlled hydrodynamic laboratory set-up. 

• Conduct experiments across various environmental and hydrodynamic 

conditions to gather relevant electrochemical data. 

• Recreate the experimental conditions within the simulated environment 

and perform a direct comparison between the simulated and real-world 

corrosion data. 

The final aim of this project is to explore the capabilities of mechanistic 

corrosion models and identify methods by which they can further developed. 

The objectives associated with this aim are as follows: 

• Conduct a thorough literature review to identify the current known 

limitations of corrosion models. 
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• Compile a detailed list of all limitations and inaccuracies identified 

during the creation of the corrosion models. 

• Design methodologies that may be used to improve the models by 

addressing each of the identified limitations and sources of inaccuracy. 

• Generate proof-of-concept simulations for each methodology to 

demonstrate how it may be applied to improve existing corrosion 

models. 

1.2 Background Theory and Literature Review 

1.2.1 Forms of Corrosion 

Part of the difficulty in preventing corrosion arises from the number of 

mechanisms by which it can occur. In 2018, Nogara and Zarrouk[7] published 

a paper detailing the impact of fluid on corrosion in geothermal environments 

and listed 10 different mechanisms, namely: uniform attack, pitting, crevice 

corrosion, stress corrosion cracking, hydrogen embrittlement, erosion-

corrosion, inter-granular corrosion, galvanic corrosion, de-alloying, and 

microbiologically influenced corrosion. Karlsdóttir[2] adds to this list detailing 

hydrogen-induced cracking, sulphide stress cracking, corrosion fatigue, and 

exfoliation when discussing material selection in geothermal power production 

and Kaya and Hoşhan[8] mention hydrogen bubbling and cavitation. The wide 

range of mechanisms listed by these authors demonstrates the highly complex 

nature of corrosion and as such these mechanisms will not all be discussed in 

detail here. However, some of these processes occur much more frequently 

than others and/or have a more significant impact. These more common and 

problematic corrosion mechanisms are discussed below:  

• Uniform attack - The most common form of corrosion, uniform attack 

is caused by chemical or electrochemical reactions at the metal surface, 

resulting in uniform mass loss of the metal across the exposed area. In 

geothermal systems this is usually caused by the presence of CO2, 

hydrogen sulphide (H2S), hydrogen ions (H+) and chloride ions (Cl-). 

• Pitting corrosion - Unpredictable, highly localised form of corrosion 

characterised by the formation of small holes, or pits, in the material 

surface. Pitting can be a serious issue, breaking through passive films 

and deepening, ultimately resulting in failure due to perforation despite 

low total mass loss.  

• Crevice corrosion - Geometry dependent form of localised corrosion, 

accelerated by H+ and Cl- ions, which occurs in small crevices. The 
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crevice causes the flow to stagnate, causing oxygen depletion due to 

the lack of convection. This causes an excess of positive ions, causing 

an influx Cl- ions and lowering the pH, increasing the dissolution rate of 

the metal. 

• Erosion-corrosion - Erosion occurs when wearing particles within the 

fluid traveling at high velocity impact upon the metal surface, resulting 

in grooves and troughs. The abrasive wear strips away protective 

surface films, making the metal more vulnerable to corrosive wear. 

Erosion-corrosion can cause rapid failure, particularly in areas of high 

flow rates. 

• Galvanic corrosion – Occurs when two dissimilar metals are 

immersed in a corrosive solution at different corrosion potentials. The 

potential difference induces an electron flow between the two materials, 

accelerating the corrosion rate of the more reactive material.  

1.2.2 CO2 Corrosion 

For carbon steels the corrosion rate within a CO2 saturated environment is 

primarily driven by the presence of hydrogen (H+) ions in solution[8]. The 

presence of these H+ ions result in the dissolution of iron within the steel at the 

surface via the following anodic process[9]: 

Fe(s) → Fe(aq)
2+ + 2e− 

(1.1) 

The electrons produced by this reaction are consumed by the H+ ions in an 

oxidisation reaction, creating hydrogen gas. 

2H(aq)
+ + 2e− → H2(g) (1.2) 

Due to this, the production and supply of H+ ions to the surface are important, 

and in geothermal environments, this is commonly driven by the high 

concentrations of dissolved CO2[2]. The extent to which CO2 dissolves in water 

is determined by its fugacity and can be calculated via Henry’s Law: 

𝑎𝐶𝑂2(𝑎𝑞)
 = 𝐾𝐻 ⋅ 𝜑 ∙ 𝑃𝐶𝑂2 (1.3) 

Where 𝑎𝐶𝑂2(𝑎𝑞)
 is the activity of aqueous carbon dioxide (M), 𝐾𝐻 is the Henry’s 

Law constant (M∙atm-1), 𝜑 is the fugacity coefficient and 𝑃𝐶𝑂2
 is the partial 

pressure of CO2 (atm). 

The Henry’s Law constant changes depending upon the exact composition of 

ions within the brine, as well as the temperature of the solution. Typical values 

are approximately 1x10-1.5 M∙atm-1 at 25 °C and 1x10-1.7 M∙atm-1 at 50 °C[10], 
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this reduction representing the decreased solubility of CO2 at higher 

temperatures. 

The dissolved CO2 then gradually hydrates to form H2CO3. It should be noted 

that due to relatively slow rate of reaction compared to subsequent reactions 

and the low concentration of H2CO3 in relation to CO2 (≈ 1/1000)[11], the 

concentrations of both the  

dissolved and hydrated forms are commonly abbreviated to 𝑎𝐶𝑂2(𝑎𝑞)
[10, 12]. 

CO2(aq) + H2O(l) ↔ H2CO3(aq) (1.4) 

A more precise, temperature dependent value of the hydration constant (𝐾ℎ𝑦𝑑) 

can be calculated based on the Arrhenius law: 

𝐾ℎ𝑦𝑑 = 
𝑎𝐻2𝐶𝑂3(𝑎𝑞)

𝑎𝐶𝑂2(𝑎𝑞)
∙ 𝑎𝐻2𝑂(𝑙)

= 𝐴0𝑒
(−

𝐸𝑎
𝑅𝑇𝐾

)
 (1.5) 

Where 𝑎𝐻2𝐶𝑂3(𝑎𝑞)
 is the activity of H2CO3 (M),  𝑎𝐻2𝑂(𝑙)

 is the activity of water 

(M), 𝐴0 is the pre-exponent parameter, 𝐸𝑎 is the activation energy (J∙mol-1), 𝑅 

is the gas constant (J∙K-1∙mol-1) and 𝑇𝐾 is the temperature in Kelvin (K)[12]. 

Following this, two dissociation reactions take place, resulting in the production 

of H+ ions at each stage, as well as bicarbonate (HCO3
-) and carbonate (CO3

2-

) ions: 

H2CO3(aq) ↔ HCO3(aq)
− + H(aq)

+  (1.6) 

HCO3(aq)
−  ↔ CO3(aq)

2− + H(aq)
+  (1.7) 

Additionally, H+ ions are produced through the dissociation of water, alongside 

hydroxide (OH-) ions[12]: 

H2O(l) ↔ OH(aq)
− +  H(aq)

+  (1.8) 

1.2.3 FeCO3 Corrosion Product Formation 

It has previously been found that at higher temperatures the corrosion rate in 

CO2 saturated environments can begin to decrease[13, 14], this is due to the 

formation of a protective iron carbonate (FeCO3) layer on the corroding 

surface. FeCO3 is a form of scaling which commonly accompanies the CO2 

corrosion found in geothermal environments. This is due to the combination of 

dissociation (Equations 1.6 and 1.7) and surface (Equation 1.1) reactions 

introducing both Fe2+ and CO3
2- ions into solution. When the concentrations of 

Fe2+ and CO3
2- ions in solution become large enough, they precipitate out in 

the form of FeCO3[9, 15]. 
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Fe(aq)
2+ + CO3

2−
(aq) → FeCO3(s)

 (1.9) 

In order for this to occur, the product of the concentrations must exceed the 

solubility limit (Ksp), which is defined as: 

Ksp = [Fe2+]eq[CO3
2−]eq (1.10) 

Where [Fe2+]eq and [CO3
2−]eq are the aqueous equilibrium concentrations 

(M)[16]. 

The precipitated FeCO3 then nucleates on the steel surface in the form of 

crystals, which grow and reduce the corrosion rate by blocking areas of the 

surface and acting as a diffusion barrier for the corrosive species[14, 15]. The 

rate of precipitation is driven by the degree of supersaturation[17] (also known 

as the saturation ratio) within the solution, which is defined as: 

𝑆𝑅 =
[Fe2+][CO3

2−]

Ksp
 (1.11) 

Where 𝑆𝑅 is the saturation ratio and [Fe2+] and [CO3
2−] are the species 

concentrations (M). 

When the saturation ratio is above 1, FeCO3 nucleation occurs and forms a 

uniform protective layer across the surface. Nucleation is possible in 

undersaturated conditions (𝑆𝑅 < 1), however the film formed will be porous 

and only partially protect the surface beneath, potentially leading to more 

localised corrosion. As the degree of supersaturation increases, the rate of 

nucleation increases exponentially, whilst crystal growth increases linearly. 

Due to this, there are 3 categories into which FeCO3 formation can fall[18]: 

• Metastable/Seeded Growth - Long induction times for nucleation 

means that growth only occurs from seed crystals. 

• Heterogeneous Nucleation/Growth - Nucleation is initiated by 

surface impurities and imperfections before growth occurs. 

• Homogenous Nucleation/Growth - Nucleation dominates, limiting 

crystal growth and producing a nano-crystalline film.   
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Figure 1-1 – Diagram by Burkle[18], based on work by Lasaga[19], 
showing the regions of crystal growth depending upon species 
concentrations, where A+ and B- are component species of salt AB.  

In the literature there are four semi-empirical models which have been 

developed to predict the rate of FeCO3 precipitation, produced by: Sun and 

Nesic[15], Greenberg and Tomson[20], Johnson and Tomson[21] and van 

Hunnik et al.[22] The models by Greenberg and Tomson, and Johnson and 

Tomson assessed seeded crystal growth, whilst the Sun and Nesic, and van 

Hunnik et al. models assessed precipitation on a steel surface. Therefore, 

some variation in results is to be expected due to the geometric differences 

between the two systems and the different growth mechanisms. Despite this, 

each of these models gives the precipitation rate in the same general form: 

𝑃𝑅𝐹𝑒𝐶𝑂3
= 𝐾𝑟 (

𝐴

𝑉
)𝐾𝑠𝑝𝜎(𝑆𝑅) (1.12) 

Where 𝑃𝑅𝐹𝑒𝐶𝑂3 is the precipitation rate for FeCO3, and 𝐾𝑟 is the rate constant 

which follows the Arrhenius function (see Equation 1.5), 𝐴 is the surface area, 

𝑉 is the volume, 𝐾𝑠𝑝 is the solubility limit and 𝜎(𝑆𝑅) is the driving force given 

as a function of the saturation ratio. 

It should be noted that in each of the models the driving force 𝜎(𝑆𝑅) is always 

given in terms of a value of (𝑆𝑅 − 1). This is to account for there being zero 

driving force for precipitation in undersaturated solutions, in which the 

saturation ratio is below 1. 

The model by van Hunnik et al.[22] introduces the concept of the scaling 

tendency, relating the precipitation rate to the corrosion rate (Equation 1.13). 
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A high scaling tendency indicates a fast rate of precipitation and therefore a 

dense protective layer, where as a low scaling tendency indicates a much 

more porous, less protective film.[9] Van Hunnik et al.[22] also discuss the 

concept of a critical scaling tendency value, above which an FeCO3 film will 

begin to grow and the corresponding corrosion rate will decrease. 

𝑆𝑇 =
𝑃𝑅𝐹𝑒𝐶𝑂3

𝐶𝑅
 (1.13) 

An important distinction made by Sun and Nesic[15] and later reiterated by 

Barker et al.[14] is the difference between the precipitation rate and the 

corrosion layer accumulation rate (CLAR). Whilst the precipitation rate 

describes the amount of FeCO3 within the system, the CLAR relates only to 

the formation of FeCO3 on the corroding surface. In a review of FeCO3 

formation[9] within the oil and gas industry, Sun and Nesic’s model was found 

to be more reliable than other models which did not make this distinction. The 

three other models, which were based upon measuring the overall change in 

Fe2+ concentration, were found to over-estimate the precipitation rate by 

several orders of magnitude[9, 23].   

However, there is still a significant issue with even the more accurate models 

in that they define FeCO3 growth in terms of the bulk chemistry and do not 

account for the surface changes. As shown in Section 1.2.2, CO2 corrosion 

causes Fe2+ to be released from the metal surface, meaning the local 

concentration and thus the degree of supersaturation is greater than that of 

the bulk. Hence, the rate of precipitation at the surface is likely to be greater 

than that predicted by the models[18]. Another implication of this is that it is 

possible for FeCO3 to precipitate on the surface at bulk saturation ratios below 

1[9]. 

1.2.4 History of Mechanistic Modelling 

In 1992, Turgoose et al.[24] developed the first comprehensive mechanistic 

model for CO2 corrosion. In this early model, existing understanding of the bulk 

chemistry and corrosive mechanisms were combined using a finite element 

model to predict corrosion rates and boundary layer speciation for a rotating 

disk electrode. Although the model formed a solid starting point for future work, 

it assumed complete consumption of H2CO3 and H+ at the surface and was 

therefore only valid under mass-transfer limited conditions. Additionally, the 

model could not account for the migratory effects of charge separation, nor 

could it accurately account for the convective term in the near-wall region. 
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These issues were, however, addressed in a subsequent model produced by 

Nordsveen et al.[25, 26] 

The Nordsveen et al.[26] model utilised a modified version of the species flux 

equation to predict the movement of species through the boundary layer. For 

continuum hydrodynamic models, the velocity of a fluid is taken as zero at the 

surface[27] (see section 1.2.5). However, turbulent eddies may still permeate 

through the boundary layer making it difficult to accurately model the 

instantaneous velocity in the near-wall region. To account for this, the effect of 

turbulent eddies and their dissipation closer to the surface were incorporated 

via a turbulent diffusivity term rather than a convection term, an approach 

originally proposed by Davies in 1972[28].  

As well as unifying and simplifying the transport terms, the Nordsveen model 

implemented an expression for the charge-transfer rate by way of the Tafel 

equation (see section 1.2.6). The use of the Nernst-Planck equation to 

calculate the local change in species concentration, alongside the Tafel 

equation allows for the calculation of the exchange current density from the 

local surface concentrations of all electroactive species, expanding the 

applicability of the model past mass-transfer limiting conditions.  

However the model by Nordsveen et al.[26] did not include calculations of 

activity coefficients in the equilibrium calculations, which may lead to 

inaccuracy at higher ionic strengths (𝐼 > 0.01 𝑀)[29]. Additionally, they 

included direct reduction of carbonic acid (H2CO3) at the surface, originally 

proposed by De Waard and Milliams[30], as a secondary cathodic reaction has 

since been disputed in the literature[31-34]. Despite this, the model provided 

a solid model framework that has been employed in subsequent 

comprehensive mechanistic models, such as the models by Song et al.[35], 

Remita et al.[32] and, more recently, Kahyarian and Nešić[12, 36]. 

The 2003 paper by Nordsveen et al.[26] formed the first in a series of three 

papers based around this corrosion model, with subsequent papers by Nešić 

et al.[37] and Nešić and Lee[38]. These additional works highlight the benefit 

of a comprehensive mechanistic CO2 corrosion model by utilising the predicted 

surface speciation to model the formation of protective FeCO3 films. It was 

shown that bulk pH, temperature, CO2 partial pressure, dissolved iron 

concentration, and fluid velocity are all highly influential factors in the formation 

of FeCO3 films, whilst also demonstrating the importance of understanding 

surface chemistry in these predictions due to the noticeable divergence from 

the bulk properties. 
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In 2019, Kahyarian et al.[36] produced a new comprehensive mechanistic 

model that introduced a number of updates to the earlier work by Nordsveen 

et al.[25, 26] The most significant change was the removal of the direct 

carbonic acid reduction reaction, utilising the proposed buffering mechanism 

to describe the surface behaviour with the only cathodic reaction being 

hydrogen reduction. However, there were further changes made to the 

equilibrium and rate constants, the hydrodynamic inputs, as well as the anodic 

mechanisms. A year later, an updated version of the model was published[12] 

providing additional insights into the model as well as including the effect of 

activity coefficients. Building on this work, in 2022 Alsalem et al.[39] followed 

a similar approach to predict corrosion across the surface of a rotating cylinder 

electrode (RCE). As with the earlier model by Nordsveen et al.[26], Alsalem et 

al.[39] advanced the corrosion model further by incorporating precipitation of 

FeCO3 via the surface species concentrations.  The model was validated 

against experimental data from an RCE and therefore included some analysis 

of the influence of hydrodynamics on the corrosion behaviour, examining how 

the changes in the tangential surface velocity affected the corrosion rate as 

well as the coverage and thickness of the FeCO3 layer.  

1.2.5 Boundary Layer Theory 

When fluid flows parallel to a wall, the generalised flow profile resembles that 

shown in Figure 1-2. Characterisation of this flow profile is a very useful tool in 

the prediction of corrosion behaviour as the flow becomes much less turbulent 

in this region, making it more predictable. The reason for this is due to a 

phenomenon commonly known as the ‘no-slip condition’, which states that the 

velocity of a fluid directly adjacent to the wall is zero relative to the surface[27]. 

The resulting velocity gradient between the fluid at the wall and in the 

freestream produces the curved flow profile in a region known as the ‘boundary 

layer’, the height of which is denoted by 𝛿.   
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Figure 1-2 - Diagram of the flow profile showing the decreasing velocity 
of laminar flow approaching a wall due to the no-slip condition 

Several different approaches have been developed over the years to 

characterise and calculate the properties of the flow within the boundary layer. 

The first challenge with doing so is defining the value of 𝛿, as the transition 

from static flow to the freestream velocity is continuous, and as such there is 

no clearly defined point at which the boundary layer ends. One solution to this 

is simply designate an arbitrary point to represent the end of the boundary 

layer, which is commonly specified to be the point at which the fluid velocity 

reaches 99% of the freestream velocity (𝛿99)[28]. A formula for the estimation 

of this value was proposed by Blasius in 1908 for fluid flowing parallel to a flat 

plate[40]: 

𝛿99 = 5√
𝜈𝑥

𝑢∞
 (1.14) 

Where 𝜈 is the kinematic viscosity (m2∙s-1), 𝑥 is the length of the plate (m), and 

𝑢∞ is the freestream velocity (m∙s-1). 

Whilst a useful method for rapidly evaluating the change in the boundary layer 

as a function of the bulk flow, the calculation of 𝛿99 does not provide much 

insight as to the behaviour of the flow within this near-wall region. A more 

detailed description of the boundary layer profile was put forth by Theodore 

von Kármán in 1931[41]. Von Kármán’s proposal, later termed the ‘law of the 

wall’[42, 43], used dimensionless values for the fluid velocity (𝑢+) and wall 
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distance (𝑦+) to split the boundary layer into three sublayers[44]. These 

sublayers, known as the viscous sublayer, transitional layer, and log-law region 

respectively were initially defined via a piecewise function: 

{

0 ≤ 𝑦+ < 5 𝑢+ = 𝑦+

5 ≤ 𝑦+ < 30 𝑢+ = 5 (ln 𝑦+) − 3.05

30 ≤ 𝑦+ 𝑢+ = 2.5(ln 𝑦+) + 5.5

 (1.15) 

The form of the equations for the transitional layer and log-law regions can be 

written more generally as: 

𝑢+ =
1

𝜅
(ln 𝑦+) + 𝑐 (1.16) 

Where 𝜅 and 𝑐 are both constants, with 𝜅 being known as the von Kármán 

constant[45]. 

In 1961 an updated formula was proposed by Spalding[46], based on the work 

of Von Kármán and experimental data gathered by Laufer[47], which 

combined the three functions into a single equation: 

𝑦+ = 𝑢+ + 0.1108(𝑒0.4𝑢+
− 1 − 0.4𝑢+ −

(0.4𝑢+)2

2!
−

(0.4𝑢+)3

3!
 −

(0.4𝑢+)3

3!
) (1.17) 

A plot of the Spalding equation is shown in Figure 1-3, alongside the original 

formulae for the viscous sublayer and log-law regions which highlights its 

effectiveness in capturing the behaviour in both regions. 
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Figure 1-3 - Plot of Spalding function alongside the von Kármán 
equations for the viscous sublayer and log law region (𝜿 = 0.4 and 𝒄 = 
5.5). 

For simple wall-bound flow, the law of the wall is a useful tool for accurately 

predicting the velocity profile close to the surface. Particularly for common 

applications such as flow through a smooth pipe or over a flat plate[48]. 

However, the law of the wall does have its limitations when it comes to more 

complex flows. Steep pressure/temperature gradients, swirling, impinging, and 

separating flow can all nullify the applicability of the law. This limitation was 

demonstrated by Stanković et al.[49] who compared numerical simulations 

using the law of the wall for both channel flow and a backward-facing step to 

experimental data. Strong agreement was found between the simulated and 

experimental data in the case of channel flow, but the model failed to 

accurately predict near-wall flow in the recirculating region of the backward-

facing step. Careful consideration of the complexities of a given flow is 

therefore required before employing the law of the wall.  

1.2.6 Electrochemical Techniques 

When corrosion occurs via an electrochemical reaction, it is possible to 

determine the rate of corrosion from the associated exchange current. This 

exchange current, also known as the corrosion current, is the current produced 

by the exchange of electrons in the electrochemical half-reactions (Equations 

1.1 and 1.2 for CO2 corrosion of Fe). It is therefore possible to directly relate 

the corrosion current to the mass loss of the corroding metal via a relationship 

known as Faraday’s Law: 



14 
 

𝑊 =
𝐼𝑐𝑜𝑟𝑟 ⋅ 𝑡 ⋅ 𝑀

𝑛 ⋅ 𝐹
 (1.18) 

Where 𝑊 is the mass loss of the corroding metal (g), 𝐼𝑐𝑜𝑟𝑟 is the corrosion 

current (A), 𝑡 is the time (s), 𝑀𝑤 is the molecular weight of the corroding metal 

(g⋅mol-1), 𝑛 is the number of electrons involved, and 𝐹 is the Faraday constant 

(96,485 C⋅mol-1). 

The corrosion rate can then be calculated from the mass loss via Equation 

1.19. 

𝐶𝑅 =
𝑊

100 ∙ 𝜌 ∙ 𝐴 ∙ 𝑡
 (1.19) 

Where 𝐶𝑅 is the corrosion rate (m∙s-1), 𝜌 is the density of the metal (g∙cm3), 

and 𝐴 is the area of the corroding surface (cm2).  

Hence, if 𝐼𝑐𝑜𝑟𝑟 can be determined experimentally, it becomes possible to 

calculate the corrosion rate of a sample in-situ, without the need for mass-loss 

measurements. However, this corrosion current cannot be directly measured 

at the rest potential as both half-cell reactions are occurring at the same rate. 

The consequence of this is that, despite there being electron transfer in both 

directions, the net current is zero[4]. Another approach must therefore be 

taken to determine the magnitude of the corrosion current. In order to 

understand how this can be achieved, it is first important to review the 

fundamental principles of electrochemistry. 

1.2.6.1 Butler-Volmer Equation 

For a single reversible reaction, such as is the case for a metal immersed in a 

solution of its own ions, the exchange current (𝑖0) under standard conditions 

occurs at a standard electrode potential (𝐸𝑜). When operating under standard 

conditions, this standard potential represents the reversible potential for the 

reaction (𝐸𝑟𝑒𝑣). However, when the system is under non-standard conditions, 

the reversible potential changes, and the degree by which it changes is 

described by the Nernst equation: 

𝐸𝑟𝑒𝑣 = 𝐸𝑜 −
𝑅𝑇

𝑛𝐹
ln (

∏𝑎𝑝

∏𝑎𝑟
) (1.20) 

Where 𝐸𝑜 is the standard electrode potential for the reacting metal (V), 𝑅 is 

the gas constant (J∙K-1∙mol-1), 𝑇 is the temperature (K), 𝑛 is the number of 

involved electrons, 𝐹 is the Faraday constant, 𝑎𝑝 is the activity of the products, 

and 𝑎𝑟 is the activity of the reactants. 
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When a potential is applied to an electrochemical cell, this is known as 

‘polarisation’, and the degree of polarisation defined by the overpotential (𝜂). 

The overpotential is calculated as the difference between the electrode 

potential (𝐸) and the reversible potential. 

Polarising a sample away from the reversible potential shifts the exchange 

current to favour either the anodic or cathodic components of the reaction. 

Works by Butler[50-52] and Erdey-Grúz and Volmer[53] between the years of 

1924-1932 are credited with combining both these processes into a single 

equation for the net exchange current density (𝑖𝑛𝑒𝑡)[54]. The resulting 

equation, commonly termed the Butler-Volmer equation, is comprised of two 

exponential terms describing the anodic and cathodic current density 

response: 

𝑖𝑛𝑒𝑡
← = 𝑖0 (𝑒

𝛼𝑛𝐹𝜂
𝑅𝑇 − 𝑒

−(1−𝛼)𝑛𝐹𝜂
𝑅𝑇 ) (1.22) 

Where 𝑖𝑛𝑒𝑡
←  is the net anodic current density (A∙m-2), 𝑖0 is the exchange current 

density (A∙m-2), 𝛼 is a dimensionless parameter between 0-1, 𝑛 is the number 

of involved electrons, 𝐹 is the Faraday constant, 𝜂 is the overpotential (V), 𝑅 

is the gas constant (J∙K-1∙mol-1), and 𝑇 is the temperature in Kelvin (K).  

It should be noted that the form of the Butler-Volmer equation given by 

Equation 1.22 relates to the net anodic current. A corresponding expression 

can also be formed to calculate the net cathodic current by switching the 

forwards and backwards components of the reaction[4]: 

Where |𝑖𝑛𝑒𝑡
→ | is the net cathodic current density (A∙m-2). 

At high anodic overpotentials, the rate of the cathodic reaction is reduced 

sufficiently as to become negligible. This is known as the ‘Tafel region’ and 

under this condition, the Butler-Volmer equation to be simplified: 

𝑖 = 𝑖0𝑒
𝛼𝑛𝐹𝜂
𝑅𝑇  (1.24) 

This simplified equation is known as the Tafel equation and, by taking 

logarithms of both sides, the Tafel equation can then be rearranged into the 

form: 

𝜂 = 𝐸 − 𝐸𝑟𝑒𝑣 (1.21) 

|𝑖𝑛𝑒𝑡
→ | = 𝑖0 (𝑒

−(1−𝛼)𝑛𝐹𝜂
𝑅𝑇 − 𝑒

𝛼𝑛𝐹𝜂
𝑅𝑇 ) (1.23) 



16 
 

𝜂𝑎 = 𝑏𝑎 log (
𝑖

𝑖0
) (1.25) 

Where 𝜂𝑎 is the anodic overvoltage (𝐸 − 𝐸𝑟𝑒𝑣 when 𝐸 > 𝐸𝑟𝑒𝑣) and 𝑏𝑎 is the 

anodic Tafel slope, which is equal to: 

𝑏𝑎 =
2.303𝑅𝑇

𝛼𝑛𝐹
 (1.26) 

Applying the same approach to the cathodic branch gives: 

𝜂𝑐 = 𝑏𝑐 log (
𝑖

𝑖0
) (1.27) 

𝑏𝑐 = −
2.303𝑅𝑇

(1 − 𝛼)𝑛𝐹
 (1.28) 

Where 𝜂𝑐 is the anodic overvoltage (𝐸 − 𝐸𝑟𝑒𝑣 when 𝐸 < 𝐸𝑟𝑒𝑣) and 𝑏𝑐 is the 

cathodic Tafel slope. 

In either case, it can be seen that the overpotential is zero (𝐸 = 𝐸𝑟𝑒𝑣) when 𝑖 =

𝑖0. This means that either reaction can be plotted on a graph of 𝜂 against log|𝑖| 

and extrapolated back in order to determine 𝑖0. 

1.2.6.2 Theory of Mixed Potentials and Tafel Extrapolation 

The Butler-Volmer equation is very useful in calculating current density 

responses for single reversible reactions. However, in corrosive environments 

it is often the case that the electrochemical behaviour is comprised of multiple 

reactions which occur irreversibly. A pertinent example of this is the corrosion 

of Fe in a CO2 saturated solution which is divided into the anodic dissolution 

of Fe and the cathodic evolution of H+ (Equations 1.1 and 1.2). Each of these 

reactions has their own associated 𝐸𝑟𝑒𝑣 value and as such the Butler-Volmer 

equation cannot be applied in its standard form. 

For cases such as these, the Wagner and Traud theory of mixed potentials is 

applied instead. The mixed potential theory states that any electrochemical 

process can be split into two or more partial oxidation and reduction reactions 

and that the total of all anodic and cathodic reactions must be equal[4]. It is 

easiest to visualise the information conveyed in the mixed potential theory via 

an Evans diagram showing the two reactions, such as is shown in Figure 1-4 

below. 
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Figure 1-4 - Evans diagram plotting log of current density against 
potential showing the half-cell reactions for iron dissolution and 
hydrogen evolution. 

The point at which the two half-cell reactions intersect represents the corrosion 

potential for the system when at equilibrium (𝐸𝑐𝑜𝑟𝑟). The corrosion potential is 

similar in concept to the reversible potential of the individual reactions 

however, it cannot be calculated from thermodynamic principles via the Nernst 

equation (Equation 1.20), as it is a mixed potential.  

At 𝐸𝑐𝑜𝑟𝑟, there is a corresponding corrosion current density (𝑖𝑐𝑜𝑟𝑟), which 

represents the exchange current for the corrosion reaction; the net anodic and 

cathodic reaction rates are equal at this point 𝐸𝑐𝑜𝑟𝑟, also known as the open 

circuit potential (OCP), is the freely corroding condition for a non-polarised 

surface and can be directly measured. As discussed previously, the net current 

at the OCP is zero, meaning that 𝑖𝑐𝑜𝑟𝑟 cannot be directly measured. However, 

based on the understanding the mixed potential theory, polarisation 

techniques have been derived to predict the value of 𝑖𝑐𝑜𝑟𝑟. 

Perhaps the simplest method of determining 𝑖𝑐𝑜𝑟𝑟 through polarisation is 

known as Tafel extrapolation. When a significant anodic overpotential is 

applied to the surface, it is known that the current response falls in the Tafel 

region, described by Equation 1.25. Combining this with the theory of mixed 

potentials gives: 
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𝜂𝑎 = 𝑏𝑎 log (
𝑖𝐹𝑒 + 𝑖𝐻

𝑖𝑐𝑜𝑟𝑟
) = 𝑏𝑎 log (

𝑖𝑛𝑒𝑡

𝑖𝑐𝑜𝑟𝑟
) = 𝑏𝑎 log (

𝑖

𝑖𝑐𝑜𝑟𝑟
) (1.29) 

This is true for sufficiently high anodic overpotentials since the cathodic 

currents are small enough to be considered negligible. 

For the cathodic branch:  

𝜂𝑐 = 𝑏𝑐 log (
𝑖𝐹𝑒 + 𝑖𝐻

𝑖𝑐𝑜𝑟𝑟
) = 𝑏𝑐 log (

𝑖𝑛𝑒𝑡

𝑖𝑐𝑜𝑟𝑟
) = 𝑏𝑐 log (

𝑖

𝑖𝑐𝑜𝑟𝑟
) (1.30) 

Based on this, it is possible to ignore the two negligible reactions and combine 

the two Butler-Volmer equations (Equation 1.22) for a corroding metal in the 

following form[4]: 

𝑖𝑛𝑒𝑡 = 𝑖𝑐𝑜𝑟𝑟 (𝑒
𝑎𝑎𝑛𝐹(𝐸−𝐸𝑐𝑜𝑟𝑟)

𝑅𝑇 − 𝑒−
(1−𝑎𝑐)𝑛𝐹(𝐸−𝐸𝑐𝑜𝑟𝑟)

𝑅𝑇 ) (1.31) 

Where 𝛼𝑎 is associated with the anodic reaction and 𝛼𝑐 is associated with the 

cathodic reaction. 

Equations 1.29 and 1.30 confirm that when 𝜂 = 0 the exchange current is 

equal to the corrosion current (𝑖 = 𝑖𝑐𝑜𝑟𝑟) for both branches. Therefore, either 

branch can be extrapolated back to 𝐸𝑐𝑜𝑟𝑟 in order to determine 𝑖𝑐𝑜𝑟𝑟. The 

process of polarising a sample into the Tafel region in order to determine the 

Tafel slopes is called Tafel extrapolation. 

Using this method the corrosion rate can be determined from either branch of 

the polarisation curve. If only one is used, it is usually the cathodic curve due 

to the more well-defined Tafel region as well as the non-destructive nature of 

the cathodic reaction. However, it is generally more accurate to use both 

curves as the Tafel slopes should intersect at 𝑖𝑐𝑜𝑟𝑟 (see Figure 1-4), and so 

this method is often preferred. The primary issue with this is that by 

accelerating the anodic reaction through polarisation, the corrosion rate 

becomes very high, damaging the surface and preventing re-measurement. 

Additionally, the method is only valid if well-defined Tafel regions exist and in 

cases in which the change in potential does not induce any additional 

electrochemical reactions. For example, in aqueous solutions very negative 

potentials can induce the reduction of water which will affect the 

electrochemical measurement.  

1.2.6.3 Linear Polarisation Resistance (LPR) 

In order to avoid some of the issues with Tafel extrapolation, a new in-situ 

corrosion measurement technique known as linear polarisation resistance 
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(LPR) was developed by Stern and Geary[55] in 1957. LPR provides a 

significant advantage in that it allows for the determination of corrosion rate 

through the use of small overpotentials, removing the need to significantly 

polarise the surface.  

The method is based upon the observation of small region close to 𝐸𝑐𝑜𝑟𝑟 in 

which the net current density is a linear function of the applied potential. For 

small overvoltages, the exponentials terms within Equation 1.31 can be 

expanded via a MacLaurin series; a Taylor series used to approximate the 

function around 𝑥 = 0. The MacLaurin series takes the form: 

∑
𝑓𝑛(0)

𝑛!
𝑥𝑛

∞

𝑛=0

= 𝑓(0) +
𝑓′(0)

1!
𝑥 +

𝑓′′(0)

2!
𝑥2 +

𝑓′′′(0)

3!
𝑥3 + ⋯ (1.32) 

When applied to exponential functions 𝑓(𝑥) = 𝑒𝑥 and 𝑓(𝑥) = 𝑒−𝑥 the resulting 

expansions are: 

𝑒𝑥 = 1 + 𝑥 +
𝑥2

2!
+

𝑥3

3!
+ ⋯ (1.33) 

𝑒−𝑥 = 1 − 𝑥 +
𝑥2

2!
−

𝑥3

3!
+ ⋯ (1.34) 

For small values of 𝑥, the 2nd order terms and above in this expansion become 

very small and as such can be considered negligible and removed from the 

expansion. Applying the Maclaurin series expansion to Equation 1.31 and 

dropping the 2nd order terms onwards, results in the following expression for 

the net current density: 

𝑖𝑛𝑒𝑡 = 𝑖𝑐𝑜𝑟𝑟 ((1 +
𝑎𝑎𝑛𝐹(𝐸 − 𝐸𝑐𝑜𝑟𝑟)

𝑅𝑇
) − (1 −

(1 − 𝑎𝑐)𝑛𝐹(𝐸 − 𝐸𝑐𝑜𝑟𝑟)

𝑅𝑇
)) (1.35) 

𝑖𝑛𝑒𝑡 = 𝑖𝑐𝑜𝑟𝑟 (
𝑎𝑎𝑛𝐹(𝐸 − 𝐸𝑐𝑜𝑟𝑟)

𝑅𝑇
+

(1 − 𝑎𝑐)𝑛𝑓(𝐸 − 𝐸𝑐𝑜𝑟𝑟)

𝑅𝑇
) (1.36) 

Combining Equation 1.36 with Equations 1.26 and 1.28 allows the net current 

density to be written in terms of the Tafel constants: 

𝑖𝑛𝑒𝑡 = 𝑖𝑐𝑜𝑟𝑟 (
2.303(𝐸 − 𝐸𝑐𝑜𝑟𝑟)

𝑏𝑎
+

−2.303(𝐸 − 𝐸𝑐𝑜𝑟𝑟)

𝑏𝑐
) (1.37) 

𝑖𝑛𝑒𝑡 = 2.303 ∙ 𝜂 ∙ 𝑖𝑐𝑜𝑟𝑟 (
1

𝑏𝑎
+

1

−𝑏𝑐
) (1.38) 

Remembering that (𝐸 − 𝐸𝑐𝑜𝑟𝑟) is the overpotential represented by 𝜂. 
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Given that the cathodic current is always negative with respect to the anodic 

current, the −𝑏𝑐 term can be substituted with |𝑏𝑐|. 

Rearranging to give 𝜂 in terms of the current densities gives: 

𝜂 =
𝑖𝑛𝑒𝑡

2.303 ∙ 𝑖𝑐𝑜𝑟𝑟 (
1
𝑏𝑎

+
1

|𝑏𝑐|
)
 

(1.39) 

Taking derivatives with respect to 𝑖𝑛𝑒𝑡 as 𝜂 approaches zero: 

(
𝑑𝜂

𝑑𝑖𝑛𝑒𝑡
)
𝜂→0

=
1

2.303 ∙ 𝑖𝑐𝑜𝑟𝑟 (
1
𝑏𝑎

+
1

|𝑏𝑐|
)
 

(1.40) 

The differential in Equation 1.40 represents the resistance of the system 

around 𝑖𝑐𝑜𝑟𝑟 and is therefore known as the polarisation resistance (𝑅𝑝).   

𝑅𝑝 ≡ (
𝑑𝜂

𝑑𝑖𝑛𝑒𝑡
)
𝜂→0

 (1.41) 

Substituting 𝑅𝑝 back into Equation 1.39 and rearranging produces a final 

expression to calculate 𝑖𝑐𝑜𝑟𝑟, known as the Stearn-Geary equation: 

𝑖𝑐𝑜𝑟𝑟 =
1

2.303 ∙ 𝑅𝑝 ∙ (
1
𝑏𝑎

+
1

|𝑏𝑐|
)
 

(1.42) 

If the Tafel constants 𝑏𝑎 and 𝑏𝑐 are known for a given system, the Stearn-

Geary equation allows for the determination of 𝑖𝑐𝑜𝑟𝑟 by applying a small 

potential either side of 𝐸𝑐𝑜𝑟𝑟 and measuring the current response. The gradient 

of the resulting linear slope is equal to 𝑅𝑝 (Equation 1.41).  

The corrosion current density (𝑖𝑐𝑜𝑟𝑟) can be converted into a corrosion current 

(𝐼𝑐𝑜𝑟𝑟) by multiplying by the surface area of the corroding metal. 

𝐼𝑐𝑜𝑟𝑟 = 𝑖𝑐𝑜𝑟𝑟 ∙ 𝐴 (1.43) 

Equations 1.18 and 1.19 can then be used to convert 𝐼𝑐𝑜𝑟𝑟 into an associated 

mass loss and a corresponding corrosion rate. 

1.2.6.4 Electrochemical Impedance Spectroscopy (EIS) 

LPR is an efficient technique for rapidly evaluating the corrosion rate of a 

surface, however it cannot distinguish between the sources of the polarisation 

resistance. Resistances introduced by the formation of a protective layer or 

even within the solution itself can introduce inaccuracies into LPR 
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measurements[3]. In such cases, a different technique is often used known as 

electrochemical impedance spectroscopy (EIS). 

EIS functions by applying a sinusoidal input signal to an electrochemical cell 

and then measuring the magnitude and phase shift of the corresponding 

sinusoidal output. Using a potentiostat, a low amplitude alternating voltage can 

applied to the system at a specific frequency[56]: 

𝐸(𝑡) = 𝐸0 sin(𝜔𝑡) (1.44) 

Where 𝐸(𝑡) is the applied potential as a function of time, 𝐸0 is the amplitude 

of the applied potential, and 𝜔 is the frequency of the applied potential. 

Assuming the same output frequency, the measured current response can be 

written in the form: 

𝑖(𝑡) = 𝑖0sin (𝜔𝑡 + Φ) (1.45) 

Where 𝑖(𝑡) is the output current as a function of time, 𝑖0 is the magnitude of 

the output current, and Φ is the phase shift. 

The magnitude of the impedance (|𝑍|) at the specified frequency can then be 

determined by: 

|𝑍| =
𝐸0(𝑡)

𝑖0(𝑡)
 (1.46) 

By combining |𝑍| and Φ, the impedance can be split into its real and imaginary 

components (𝑍𝑅𝑒 and 𝑍𝐼𝑚 respectively): 

𝑍𝑅𝑒 = |𝑍| cos(Φ) (1.47) 

𝑍𝐼𝑚 = |𝑍| sin(Φ) (1.48) 

This impedance response will vary at different frequencies based upon the 

timescales of the underlying electrochemical processes[57]. Therefore, by 

applying signals across a wide range of frequencies, it is possible to obtain a 

characteristic response which separates the individual contributions of 

different reactions. The real and imaginary impedance values for each 

frequency are plotted on a single graph, known as a Nyquist plot (see Figure 

1-5 as an example). 
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Figure 1-5 – Example schematic of a Nyquist plot showing various 
electrochemical contributions to impedance measurements. 

Interpreting Nyquist plots can be difficult as the impedance of specific 

processes are not known. However, common circuit elements such as 

resistors, capacitors, and inductors have known impedance values, and so by 

equating electrochemical processes to these elements, an equivalent circuit 

can be designed[56]. Using the known impedance values, curve fitting 

software can then be used to mathematically describe the impedance 

response. This can provide valuable insight into the electrical properties of the 

individual reactions and therefore be used to evaluate specific characteristics 

of the electrochemical cell, such as the growth of surface films[58], or the 

resistance of the solution between the working and reference electrodes[33, 

59].  

1.3 Bulk Chemistry Model 

In general, the starting point in the development cycle for computational 

corrosion models is the calculation of the bulk chemistry. As detailed in section 

1.2.2, when water is saturated with gaseous CO2, a proportion of the CO2 will 

become dissolved in solution, depending on the pressure (Equation 1.3). A 

series of reversible reactions then occur (Equations 1.4 and 1.6-1.8) which 

introduce 5 additional species into solution, namely H2CO3, HCO3
-, CO3

2-, H+, 

and OH-. The proportional concentrations of each of these species will change 

dependent upon the environmental conditions, in particular the temperature 

and the pH of solution.  
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Mathematically, the steady-state concentration of species in each reversible 

reaction is described using an equilibrium constant. These constants describe 

the relative rates of the forwards and backwards reactions and can be 

integrated into a system of equations to describe the overall solution chemistry. 

The list of equilibrium constants within a simple CO2-H2O system and their 

associated definitions are summarised.  

Table 1.1 – Summary of equilibrium constants and definitions for a CO2-
H2O system. 

Reaction 
Equilibrium 

Constant 
Definition 

𝐶𝑂2(𝑔)
↔ 𝐶𝑂2(𝑎𝑞)

 𝐾𝐻 

𝑎𝐶𝑂2(𝑎𝑞)

𝑃𝐶𝑂2

 

𝐶𝑂2(𝑎𝑞)
+ 𝐻2𝑂(𝑙) ↔ 𝐻2𝐶𝑂3(𝑎𝑞) 𝐾ℎ𝑦𝑑 

𝑎𝐻2𝐶𝑂3

𝑎𝐶𝑂2(𝑎𝑞)
⋅ 𝑎𝐻2𝑂

 

𝐻2𝐶𝑂3(𝑎𝑞) ↔ 𝐻𝐶𝑂3
−

(𝑎𝑞) + 𝐻(𝑎𝑞)
+  𝐾𝑐𝑎 

𝑎𝐻𝐶𝑂3
− ⋅ 𝑎𝐻+

𝑎𝐻2𝐶𝑂3

 

𝐻𝐶𝑂3
−

(𝑎𝑞) ↔ 𝐶𝑂3
2−

(𝑎𝑞) + 𝐻(𝑎𝑞)
+  𝐾𝑏𝑖 

𝑎𝐶𝑂3
2− ⋅ 𝑎𝐻+

𝑎𝐻𝐶𝑂3
−

 

𝐻2𝑂 ↔ 𝑂𝐻(𝑎𝑞)
− + 𝐻(𝑎𝑞)

+  𝐾𝑤 
𝑎𝑂𝐻− ⋅ 𝑎𝐻+

𝑎𝐻2𝑂
 

Where 𝑎𝑗 represents the activity of species j.  

𝑎𝑗 = 𝛾𝑗 ⋅ 𝑐𝑗 (1.49) 

Where 𝛾𝑗 is the activity coefficient and 𝑐𝑗 is the concentration of species 𝑗. 

It should be noted that the definitions of the equilibrium constants provided in 

Table 1.1 are in the form: 

𝐾𝑒𝑞 =
𝑎𝑝

𝑎𝑟
 (1.50) 

Where 𝑎𝑝 is the activity of the products and 𝑎𝑟 is the activity of the reactants. 

In most instances this aligns with the format provided within the literature[3, 

12, 26, 36, 60-62]. However, there is some inconsistency regarding how 𝐾𝐻 is 

presented, with some authors preferring to define it as the inverse of Equation 

1.50[60, 61]. For consistency, all equilibrium constants within this work are 

defined in the form shown above. 
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1.3.1 MATLAB Model 

From the definitions of the equilibrium constants provided in Table 1.1, it is 

possible to define a set of equations which may be solved to calculate the 

species concentrations for a given set of conditions. As a starting point for the 

corrosion modelling within this work, an initial bulk chemistry model was 

created within MATLAB. The purpose of this model is to form a reference point 

for the more complex models discussed in subsequent chapters, providing an 

initial point of verification for the bulk chemistry calculations included within 

those models. 

For this simple model, the solution was assumed to be ideal, meaning species 

activity was not considered and as such 𝑦𝑖 was set equal to unity for all 

species. The reason for this was so that all species activity values could be 

substituted with their concentrations, reducing the complexity of the 

calculations. For dilute solutions, it is known the species activity does not 

significantly affect the solution chemistry[29]. Therefore, given that the 

purpose of this model is only to provide an initial approximation for the species 

concentrations, this is simplification is justified. 

1.3.1.1 Equilibrium Constants 

The equilibrium constants 𝐾𝐻, 𝐾𝑐𝑎, and 𝐾𝑏𝑖 were calculated according to the 

2007 paper by Li and Duan[61], with the ion product of water (𝐾𝑤) being based 

on prior work from Marshall and Franck[62]. Table 1.2 summarises the 

parameters used in the calculation of the equilibrium constants, assuming the 

density of water (𝜌𝑤) to be 1,000 kg⋅m-3 at a pressure of 1 bar and 

temperatures < 373.15 K. 
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Table 1.2 – Parameters for the calculation of equilibrium constants in 
bulk chemistry model. 

Input 

Parameters 
𝑲𝑯 𝑲𝒄𝒂 𝑲𝒃𝒊 𝑲𝒘 

𝑎1 14.00 233.52 −1.51 × 102 −4.10 

𝑎2 −1.33 × 10−2 0 −8.87 × 10−2 −3.25 × 103 

𝑎3 −5.59 × 102 −1.20 × 104 −1.36 × 103 2.24 × 105 

𝑎4 −4.23 × 105 0 0 −3.98 × 107 

𝑎5 0 −36.51 27.80 − 

Using the parameters provided in Table 1.2, 𝐾𝐻 is calculated via Equation 1.51, 

𝐾𝑐𝑎 and 𝐾𝑏𝑖 are calculated via Equation 1.52, and 𝐾𝑤 is calculated via Equation 

1.53.  

𝐾𝐻 = 𝑎1 ∙ 𝑒 (
𝑎2

𝑅
∙ 𝑇𝐾)  (1.51) 

ln(𝐾) = 𝑎1 + 𝑎2 ∙ 𝑇𝐾 +
𝑎3

𝑇𝐾
+

𝑎4

𝑇𝐾
2 + 𝑎5 ∙ ln(𝑇𝐾) (1.52) 

log10(𝐾𝑤) = 𝑎1 +
𝑎2

𝑇𝐾
+

𝑎3

𝑇𝐾
2 +

𝑎4

𝑇𝐾
3 + (1.53) 

The hydration constant (𝐾ℎ𝑦𝑑) was set to a value 2.58 × 10−3 based on values 

provided by Palmer and van Eldik[63]. 

1.3.1.2 Speciation Equations 

From the definitions of the calculated equilibrium constants provided in Table 

1.1, it is possible to devise a set of simultaneous equations in which the 

number of equations and the number of unknowns is equal, making them 

solvable. These equations are shown below, in each case the unknown 

variables have been moved to the left-hand side of the equal. 

Note that the gaseous CO2 is assumed to be ideal in this case, meaning the 

fugacity coefficient (𝜑𝐶𝑂2
) is set equal to one. 
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𝑓𝐶𝑂2
= 𝑃𝐶𝑂2

𝜑𝐶𝑂2
 (1.54) 

[𝐻+] = 10−𝑝𝐻 (1.55) 

[𝐶𝑂2(𝑎𝑞)] − 𝐾𝐻 ∙ 𝑓𝐶𝑂2
= 0 (1.56) 

[𝐻2𝐶𝑂3] − 𝐾ℎ𝑦𝑑 ∙ [𝐶𝑂2(𝑎𝑞)] = 0 (1.57) 

[𝐻𝐶𝑂3
−] ∙ [𝐻+] − 𝐾𝑐𝑎 ∙ [𝐻2𝐶𝑂3] = 0 (1.58) 

[𝐶𝑂3
2−] ∙ [𝐻+] − 𝐾𝑏𝑖 ∙ [𝐻𝐶𝑂3

−] = 0 (1.59) 

[𝐻+] ∙ [𝑂𝐻−] = 𝐾𝑤 (1.60) 

1.3.1.3 Matrix Solver 

Whilst solvable by hand for a given set of conditions, it is much more efficient 

to solve the set of simultaneous equations given in Equations 1.54-1.60 using 

a matrix method. By generating matrices of coefficients ([𝐴]), unknown 

variables ([𝐶]), and known values ([𝑆]), it is possible to rewrite the equations 

in the form: 

[𝐴] ∙ [𝐶] = [𝑆] (1.61) 

The values of the unknown variables can therefore be calculated by multiplying 

the inverse of the matrix of coefficients by the matrix of known values.  

[𝐶] = [𝐴]−1 ∙ [𝑆] (1.62) 

The structure of theses matrices as they relate to the reactions being 

evaluated here are displayed in Table 1.3.  
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Table 1.3 - Summary of equilibrium reactions and associated matrix 
contributions for the calculation of bulk species concentrations. 

Equations / Species 𝒇𝑪𝑶𝟐
 𝑪𝑪𝑶𝟐 𝑪𝑯+  𝑪𝑯𝟐𝑪𝑶𝟑

 𝑪𝑯𝑪𝑶𝟑
− 𝑪𝑪𝑶𝟑

𝟐− 𝑪𝑶𝑯−     

𝒇𝑪𝑶𝟐
= 𝑷𝑪𝑶𝟐

𝝋𝑪𝑶𝟐
 1 0 0 0 0 0 0 𝑓𝐶𝑂2

 

= 

𝑃𝐶𝑂2
𝜑𝐶𝑂2

 

[𝑯+] = 𝟏𝟎−𝒑𝑯 0 0 1 0 0 0 0 [𝐶𝑂2(𝑎𝑞)] 10−𝑝𝐻 

[𝑪𝑶𝟐(𝒂𝒒)] − 𝑲𝑯 ∙ 𝒇𝑪𝑶𝟐
= 𝟎 −𝐾𝐻 1 0 0 0 0 0 [𝐻+] 0 

[𝑯𝟐𝑪𝑶𝟑] − 𝑲𝒉𝒚𝒅 ∙ [𝑪𝑶𝟐(𝒂𝒒)] = 𝟎 0 −𝐾ℎ𝑦𝑑 0 1 0 0 0 [𝐻2𝐶𝑂3] 0 

[𝑯𝑪𝑶𝟑
−] ∙ [𝑯+] − 𝑲𝒄𝒂 ∙ [𝑯𝟐𝑪𝑶𝟑] = 𝟎 0 0 0 −𝐾𝑐𝑎  10−𝑝𝐻 0 0 [𝐻𝐶𝑂3

−] 0 

[𝑪𝑶𝟑
𝟐−] ∙ [𝑯+] − 𝑲𝒃𝒊 ∙ [𝑯𝑪𝑶𝟑

−] = 𝟎 0 0 0 0 −𝐾𝑏𝑖  10−𝑝𝐻 0 [𝐶𝑂3
2−] 0 

[𝑯+] ∙ [𝑶𝑯−] = 𝑲𝒘 0 0 0 0 0 0 10−𝑝𝐻 [𝑂𝐻−] 𝐾𝑤  

 [𝐴] [𝐶] [𝑆] 

Combining Equation 1.62 with the information provided in Table 1.3 results in 

the matrix shown below, which when solved via MATLAB produces an output 

matrix of bulk concentration values.  

[𝐶] =

[
 
 
 
 
 
 
 

1 0 0 0 0 0 0
0 0 1 0 0 0 0

−𝐾𝐻 1 0 0 0 0 0
0 −𝐾ℎ𝑦𝑑 0 1 0 0 0

0 0 0 −𝐾𝑐𝑎 10−𝑝𝐻 0 0

0 0 0 0 −𝐾𝑏𝑖 10−𝑝𝐻 0

0 0 0 0 0 0 10−𝑝𝐻]
 
 
 
 
 
 
 
−1

∙    

[
 
 
 
 
 
 
 
 

𝑓𝐶𝑂2

[𝐶𝑂2(𝑎𝑞)]

[𝐻+]
[𝐻2𝐶𝑂3]

[𝐻𝐶𝑂3
−]

[𝐶𝑂3
2−]

[𝑂𝐻−] ]
 
 
 
 
 
 
 
 

 

Structuring the equilibrium equations allows for rapid calculation of the bulk 

species concentrations. By combining this with a for loop, it is possible to 

iterate through input conditions and evaluate how the concentrations change. 

For example, Figure 1-6 shows how the concentration of bulk species changes 

as a function of pH.  
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Figure 1-6 - Plot of bulk species concentrations as a function of 

solution pH at a temperature of 298.15 K and pressure of 1 bar. 

1.3.2 Unbuffered pH 

Alongside the equilibrium state of the dissolved species, it is also possible to 

use the MATLAB model described in section 1.3.1 to calculate the equilibrium 

state of the system as a whole. For a given set of environmental conditions, 

the CO2-H2O system will default to a natural pH based on the chemical 

equilibria of the contributing reactions. This is the pH the solution will reach 

and maintain without the introduction of additional species. The calculation of 

the natural pH is based upon the understanding that the total charge sum 

within a system at equilibrium is zero. 

∑𝑧𝑗𝑐𝑗 = 0

𝑗

 
(1.63) 

When 𝑐𝑖 and 𝑧𝑖  are the concentration and associated charge of species 𝑗 

respectively. 

Based on the species included within the bulk chemistry model, the charge 

sum for any given set of conditions is calculated as: 
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∑𝑧𝑗𝑐𝑗 = [𝐻+] − [𝐻𝐶𝑂3
−] − 2[𝐶𝑂3

2−] − [𝑂𝐻−]

𝑗

 
(1.64) 

By calculating the total charge sum across the range of pH values it is therefore 

possible to identify the natural pH. For example, the charge balance at a 

temperature of 298.15 K and a CO2 partial pressure of 1 bar are shown in 

Figure 1-7. The common logarithm of the absolute values is plotted to provide 

a clear indication of the natural pH, as occurs at the lowest point when the 

charge sum is approximately zero.  

 

Figure 1-7 - Plot of the charge balance as a function of pH for a CO2-

H2O system at 298.15 K and 1 bar PCO2. 

For the conditions shown in Figure 1-7, the natural pH of the system is 

calculated to be 3.92 to 2 decimal places. Using this approach, the natural pH 

the system can be readily calculated for any set of initial conditions. The pH of 

the system can be adjusted through the addition of either anions or cations 

which shift the charge balance. However, these will shift the ionic strength of 

the solution, and so knowing the natural pH of the system is important to 

accurately account for the concentration of these added species when 

calculating the ionic strength.  

1.4 Fluid Flow Modelling 

Accounting for the movement of fluids is a highly important consideration in a 

wide range of industries. In the aerospace industry for example, a strong 

understanding of aerodynamics, the field of study which focuses on the motion 
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of gases, is vital in the design and optimisation of aircraft. Similarly, in the 

geothermal industry, a strong understanding of hydrodynamics, which focuses 

on the motion of liquids, is necessary when identifying high risk areas of 

geothermal wells[2, 7]. Both aerodynamics and hydrodynamics fall under the 

field of fluid dynamics, which looks at the motion and forces associated with 

fluids in general. Part of the difficulty in predicting the movement of fluids is 

their often highly erratic nature and as such modelling this behaviour can 

become highly complex. The field of study which looks at numerically 

predicting fluid motion is known as computational fluid dynamics (CFD). The 

following section outlines the general approach used within CFD, as well as 

how this can then be applied to real-world problems. 

1.4.1 Basics of Fluid Flow Modelling 

In order to understand how the motion of a fluid can be modelled, it is first 

necessary to understand the fundamental principles of fluid dynamics which 

control the behaviour. There are three physical laws of particular importance 

when calculating the motion of a fluid: 

1. Conservation of mass – For a closed system, the mass of the 

system must remain constant over time. 

2. Conservation of momentum – For a closed system, the total 

momentum within the system must remain constant over time. 

3. Conservation of energy – For a closed system, the total energy of 

the system must remain constant over time. 

From these fundamental principles, a set of equations were developed in the 

1800s by Claude-Louis Navier and George Gabriel Stokes which describe the 

motion of viscous fluids[64]. These equations, now known as the Navier-

Stokes equations, are the basis for all modern fluid flow modelling:  

𝜕𝜌

𝜕𝑡
+ 𝜌∇⃗⃗ ∙ 𝑢⃗ = 0 (1.65) 

𝜌
𝜕𝑣 

𝜕𝑡
+ 𝜌(𝑣 ∙ ∇⃗⃗ )𝑢⃗ = −∇⃗⃗ 𝑝 + 𝜇𝛥𝑢⃗ + 𝜌𝑓 𝑒 (1.66) 

𝜕𝜌𝐸𝑇

𝜕𝑡
+ ∇⃗⃗ ∙ (𝜌𝑢⃗ 𝐸𝑇) = ∇⃗⃗ ∙ (𝑘∇⃗⃗ 𝑇) + ∇⃗⃗ ∙ (𝜎 ∙ 𝑢⃗ ) + 𝑊𝑓 + 𝑞𝐻 (1.67) 

Where 𝜌 is the density of the fluid, 𝑢 is the fluid velocity, 𝑓𝑒 is the contribution 

of external volume forces, 𝐸𝑇 is the total energy, 𝑘 is the thermal diffusivity 

coefficient, 𝑇 is the absolute temperature, 𝜎 is the internal stress tensor, 𝑊𝑓 is 

the work of external volume forces, and 𝑞𝐻 is the heat released by chemical 

reactions[65]. 
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The Navier-Stokes equations may also be accompanied by an equation of 

state, which relates ‘state variables’ such as pressure, volume, temperature, 

and internal energy[66]. A simple, yet common example of such an equation 

is the ‘ideal gas law’, which relates the density of an ideal gas to the pressure 

and temperature: 

𝑃𝑉 = 𝑛𝑅𝑇  (1.68) 

Combined, these equations make it possible to predict the movement of a fluid 

continuum (fluid that is not considered as discrete particles) on both 

macroscopic and microscopic length scales. 

1.4.1.1 Turbulence Models 

Whilst the form of the Navier-Stokes equations is well-understood, actually 

solving the equations presents an entirely new challenge. In fact, the 

complexity of these equations is so great that proving an analytical solution to 

the Navier-Stokes equations constitutes one of the still unsolved Millenium 

Prize Problems posed by the Clay Institute back in 2000[67].  

Numerical solutions to the Navier-Stokes problems are however possible to 

calculate via a method known as ‘direct numerical simulation’ (DNS), which 

resolves turbulence variables across all spatial and temporal length scales. 

The lower limits of the length scales necessary to be resolved within DNS are 

generally quoted to be the Kolmogorov microscales, calculated as functions of 

the kinematic viscosity (𝜈) and the average rate of energy dissipation per unit 

mass (ε)[68].  

𝜂𝐾 = (
𝜈3

𝜀
)

1
4

 (1.69) 

𝜏𝜂 = (
𝜈

𝜀
)

1
2
 (1.70) 

Where 𝜂𝐾 and 𝜏𝜂 are the Kolmogorov length and time scales respectively. 

The problem with the DNS method however is that the Kolmogorov 

microscales are incredibly small (typically 10-4 or smaller[68]) and as such vast 

amounts of computational power are required to solve the Navier-Stokes 

equations using this method. Due to this, DNS is not currently a viable method 

for the vast majority of complex flow problems. A much more common 

approach therefore is to instead approximate the solution, which can be 

achieved via the use of turbulence models. 
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Turbulence models are mathematical models which attempt to predict the 

effects of turbulence without directly solving the Navier-Stokes equations. The 

most prevalent category of turbulence models used today are known as 

Reynolds-Averaged Navier-Stokes (RANS) turbulence models. RANS models 

function by dividing the flow into time-averaged and fluctuating components in 

a process known as Reynolds decomposition[69].  

𝑢𝑖 = 𝑢𝑖 + 𝑢𝑖′ (1.71) 

𝑃 = 𝑃 + 𝑃′ (1.72) 

Where 𝑢𝑖 and 𝑃 are the mean values, and 𝑢𝑖′ and 𝑃′ are the fluctuating values 

of the velocity and pressure, respectively.  

By averaging these values over time, it is possible to achieve a reasonable 

approximation for the motion of a fluid without needing to fully solve the Navier-

Stokes equations. However, this averaging process results in an additional 

term known as the Reynolds stress tensor (𝜏𝑖𝑗), which leads to a closure 

problem for the equations[69]. 

𝜏𝑖𝑗 = 𝑢𝑖
′𝑢𝑗′ (1.73) 

A common approach to deal with this problem is via the Boussinesq 

hypothesis, which expresses this tensor in terms of the gradient of the mean 

velocity field[70]. But the Boussinesq hypothesis also requires an additional 

term known as the ‘eddy viscosity’ (𝜇𝑡), which can be calculated using a 

turbulence model.  

In general, RANS models can be categorised based upon the number of 

additional equations they employ to obtain the value of eddy viscosity. They 

can be grouped into algebraic, one-equation, or two equation models[71]. 

Algebraic, or zero-equation, models are the simplest class of RANS turbulence 

models which attempt to calculate eddy viscosity by relating it directly to the 

mean flow velocity[72]. Examples of algebraic turbulence models include the 

mixing length model[73], the Cebeci-Smith model[74], and the Baldwin-Lomax 

model[75]. These models are easy to implement and so have been useful in 

the modelling of simple aerodynamic problems. The issue however is that they 

massively simplify the effects of turbulence by assuming a single length and 

time scale, and as such are generally not valid in more complex turbulent 

scenarios[69].  

One-equation models attempt to account for non-local turbulent effects via the 

inclusion of a transport equation to calculate average turbulent kinetic 
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energy[69]. In effect, this allows the models to account for history effects within 

the flow, such as the generation of turbulence upstream of a given point. 

Examples of one-equation models include the Spalart-Allmaras model[76] and 

the Baldwin-Barth model[77]. One-equation models have been found to be 

useful for certain specific applications, such as modelling external flows in 

aerospace applications. However, in general, these simple models have been 

found to be generally inaccurate due to their limited description of 

turbulence[69, 78]. 

By far the most widely used RANS turbulence models are the two-equation 

models. These build upon the one-equation models by introducing a second 

equation alongside the transport which calculates the characteristic turbulent 

length scale[78]. This allows for a more complete description of turbulent 

behaviour by also modelling the dissipation of turbulent eddies. In general, this 

is done using one of two categories of model: k-ε models which calculate the 

turbulent dissipation rate (ε), or k-ω models which calculate the specific rate 

of dissipation (ω)[79]. Due to their combination of accessibility and generally 

strong performance, both k-ε and k-ω models have seen widespread use in a 

range of industries, including the automative[80], medical[81], energy[82, 83], 

and agricultural[84] sectors. As a result of this, sub-categories of these models 

have been developed including the Realizable k-ε, Renormalization Group 

(RNG) k-ε, and k-ω SST variations[85]. Each of these variations has slightly 

different formulations for the turbulence calculations which improve their 

performance in different scenarios.  

There does also exist another method for modelling fluid flow which is an 

intermediary between DNS and RANS models, known as ‘Large Eddy 

Simulation’ (LES). LES directly solves the Navier-Stokes equations for large 

scale eddies, whilst modelling the small-scale eddies[78]. In doing so the 

method is not as computationally expensive as DNS, but it is able to accurately 

model transient effects on the larger scale, which may not be captured in a 

RANS model. However, despite, the reduced computational cost, LES still 

requires significant computational power to fully resolve. There have therefore 

been advancements in recent years looking at developing hybrid models 

which combine the RANS and LES approaches[69, 86]. 

1.4.1.2 Meshing and Discretization 

Instead of solving a single set of continuous equations across the entire 

domain, numerical models function by solving their associated equations at a 

number of discrete points. In order to do this, a domain must be divided into a 
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number of smaller sections in a process called discretization. The result of the 

discretization process, known as a mesh, is comprised of a number of 

elements and nodes which can then be used as reference points to solve 

turbulence models. 

The are two main types of meshes that can be generated: structured and 

unstructured. Structured meshes are comprised of regular element shapes 

distributed throughout the domain which may be skewed to follow the 

boundaries of the domain. Unstructured meshes on the other hand allow cells 

to be freely assembled within the domain, resulting in a combination of 

different mesh shapes. Both methods have their advantages and 

disadvantages. Structured meshes tend to have much more consistent co-

ordinate systems making it much easier to manage and process output data. 

Additionally, the uniformity of structured meshes allows more sophisticated 

numerical techniques to be utilised to calculate higher order approximations of 

derivative terms, thereby improving the accuracy of solutions[87, 88]. 

However, structured meshes can be difficult to fit to complex geometries and 

may lead to the generation of highly skewed, non-orthogonal elements which 

increase complexity and can affect both solver times and accuracy. 

Unstructured meshes on the other hand are much more suited to arbitrary 

geometries, particularly those with high curvature due to the flexibility in their 

arrangement. However, the data is much less organised than in a structured 

mesh, and their tendency to generate long, thin elements adjacent to wall 

boundaries can lead to inaccuracies when approximating diffusive fluxes[89]. 

(a) 

 

(b) 

 

Figure 1-8 - Examples of (a) structured and (b) unstructured meshes within 
a circular domain. 
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1.4.1.3 Discretization Methods 

When it comes to actually solving the equations within a CFD model, there are 

several numerical techniques that can be employed. There are three methods 

which are used for the vast majority of CFD problems, namely the finite 

difference method (FDM), the finite volume method (FVM), and the finite 

element method (FEM). These numerical methods differ based upon how they 

store dependant variables and discretize the differential equations across the 

domain. Put simply, once the domain has been meshed: 

• FDM stores both dependant variables and solves the differential 

equations at each of the discrete node points.  

• FEM stores dependant variables at the nodes points but solves the 

differential equations along the elements connecting the nodes. 

• FVM stores dependant variables at the cell centres and solves the 

differential equations within a control volume[90]. 

The performance of each of these methods can vary significantly, making 

direct comparisons between them difficult. FDM is perhaps the simplest of the 

methods with a low computational cost, however unlike FEM and FVM it is 

limited in that it can only be applied to structured grids[91]. FVM also has 

advantages when dealing with discontinuities and sharp gradients, as the 

method involves calculating fluxes across control volume boundaries, 

guaranteeing conservation properties throughout the domain. FEM on the 

other hand is perhaps the most flexible technique, making it beneficial for use 

in highly complex geometries[92, 93]. Each of the numerical methods can 

generally be used to provide a reasonable approximation of a given system, 

however an understanding of each approach can help to optimize solutions for 

specific applications. 

For steady-state problems, solutions can be calculated either directly or 

iteratively using a stationary solver. Stationary solvers assume no transient 

effects and as such only need to calculate one solution, allowing for much 

shorter solve times. However, for scenarios which vary with time, time-

dependent solvers must be used instead. These introduce an additional 

consideration, as time-dependent solutions can be calculated either explicitly 

or implicitly. Explicit methods calculate the solution at the next time step based 

upon known values form the current state, whilst implicit methods extrapolate 

forward to use implicit values from the next time and therefore cannot be 

calculated directly. Due to the additional calculations required, implicit solvers 
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tend to be more computationally expensive per incremental step, however they 

are also much more stable and allow for calculations over much greater 

increments than explicit solvers. Implicit solvers therefore tend to be used for 

slower, more linear problems and explicit solvers tend to be used for rapid, 

highly non-linear problems[94]. 

COMSOL Multiphysics®, the modelling software that will be used throughout 

this thesis, is FEM-based and primarily utilizes implicit methods to solve 

simulations[95]. The software was chosen due to its in-built functionality to set-

up and solve both electrochemical and CFD-based problems, either 

independently or as a coupled set of equations. However, as the software is 

designed to capture a wide range of physical phenomena, it generally solves 

for additional variables that may not be required. This can be problematic in 

running large-scale parametric studies due to the memory demand and so in 

some instances additional software, such as MATLAB, may be necessary for 

data management. 

1.4.2 CFD in Corrosion Research 

As technology has advanced, the use of CFD has become more and more 

prevalent within corrosion research. A large part of the appeal of using CFD in 

combination with electrochemistry stems from the flexibility in its application; 

the generalised numerical approach allows it to be utilised in a wide range of 

scenarios. Additionally, by simulating the behaviour of a system it is possible 

to significantly reduce the amount of experimental testing that needs to be 

done, which can often be expensive and time consuming. CFD modelling also 

removes many practical limitations, as conditions that would be difficult to 

achieve in the real world, such as high temperatures and pressures, can be 

readily adjusted. 

In relation to CO2 corrosion modelling, the incorporation of hydrodynamics via 

CFD is a growing area of research as accurately capturing flow effects would 

represent a major advancement of the existing models. Recent examples of 

this include the work by Owen et al.[96] in which a k-ω SST model  was used 

alongside a species transport model to predict corrosion rates following a rapid 

pipe expansion by modelling the flux of H+ ions at the surface. The flux was 

used to calculate a mass-transfer coefficient throughout the pipe and then 

combined with an empirical relationship obtained from an RCE experiment to 

calculate the rate of corrosion. Validation of the model against an experimental 

flow loop data showed a high level of accuracy in predicting local corrosion 

rates within the specified geometry. However, as only a single species was 
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modelled in this instance, the model could not be readily expanded to different 

environmental conditions and solution chemistries. 

A 2021 paper by Dana and Javidi[97] also attempted to investigate corrosion 

within a complex flow by looking at CO2 corrosion in outlet piping for a heat 

exchanger. A k-ε turbulence model was first utilised to determine the flow 

properties through a complex pipe arrangement. These value were then used 

as inputs for the NORSOK M-506 standard model[98] to determine local 

corrosion rates. The model did not however two-way couple these interactions, 

meaning it could not account for changes in the local chemistry or the 

transportation of species. As a result, the same approach cannot be used if 

factors such as protective scale formation, local depletion of ions, or galvanic 

effects need to be considered. Therefore, whilst a useful indicator for areas of 

high risk for corrosion, the simplicity of this approach raises concerns about its 

reliability in accurately predicting local corrosion.  

A similar approach was taken in a 2023 publication by Thorat et al.[99], 

coupling hydrodynamic data from a k-ω SST turbulence model with the 

mechanistic corrosion model proposed by Nordsveen et al.[26] In this work, 

much greater emphasis was placed on the turbulent behaviour within the 

hydrodynamic boundary layer. FEM was used to numerically derive 

hydrodynamic properties in the boundary layer of a straight pipe, which were 

then input into the 1-D corrosion model and solved via FVM. When compared 

to the results in the original paper in which the hydrodynamics were derived 

from empirical relationships, this method was found to improve accuracy when 

comparing to experimental data gathered by Nešić et al.[100] 

Lin and Ferng[82] also investigated the use of CFD in the prediction of 

boundary layer hydrodynamics, with their research being focused on the 

corrosion of piping within pressurised-water reactor power plants. As the 

emphasis within such systems is flow accelerated corrosion (FAC) only mass-

transport effects were considered. An RNG k- ε to model a 3-D flow within a 

pipe elbow, due to its improved accuracy over the standard k-ε model in 

modelling constrained flows. FVM was used to solve the flow equations 

throughout the domain, but due to the size of the model, enhanced wall 

functions were used alongside a fine mesh to account for flow effects near the 

wall. As such, near-wall effects were not necessarily fully resolved, however 

reasonable approximations of mass-transport rates were obtained. These 

were then combined with a simple mass-transfer corrosion model which 

assumed diffusion control and complete consumption of oxygen at the surface. 
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Due to the simplifications and assumptions of this model, exact corrosion rates 

could not be accurately predicted, however the model provided useful 

indications as to the points along the elbow likely to see the highest corrosion 

rates. Liu et al.[101] conducted similar research looking at different elbow 

configurations containing oil-water two phase flow. However, in this work the 

corrosion processes were not actually modelled, instead the focus was on the 

use of an RNG k-ε model to predict the interaction between oil and water. The 

results were then used to calculate values for the wall shear-stress and mass-

transfer coefficient throughout the pipe to identify regions most susceptible to 

corrosion. 

CFD is also often used in the field of erosion-corrosion to account for the 

influence of particles such as sand within solution. Gnanavelu et al.[102] used 

an RNG k-ε model to predict erosion caused by a solid suspension of sand 

and water within a jet impingement system at various flow velocities. A 

reasonable correlation was found between the CFD model and experimental 

data, however assumptions related to properties of the particle and material 

properties limited the accuracy. However, in 2015 Ige and Umoru[103] did 

utilise the same CFD model, combined with mass-loss and profilometry 

techniques for the purposes of calculating shear-stress and particle tracking 

within a submerged jet impingement system. Similarly, Stack and 

Abdelrahman[104] used a standard k-ε model to investigate erosion-corrosion 

but in their case looking at the effects within a 90° pipe bend. The turbulence 

model was combined with simple models of erosion, corrosion, and 

passivation to evaluate the relative effects of a dilute slurry of water containing 

alumina particles. By modelling each process individually, it was possible to 

identify the conditions and locations within the pipe bend under which either 

erosion or corrosion were dominant. 

1.5 Contribution to Literature 

Based on the review of the current body of literature above, several areas have 

been identified in which the author believes this work can provide valuable 

contributions. The first of these is through comprehensive numerical 

evaluation of the existing models of CO2 corrosion.  The currently available 

published models[12, 24-26, 35, 36, 39, 105] generally conduct an in-depth 

analysis of a small number of conditions, often for the purposes of 

experimentally validating the results. Additionally, it may be the case that the 

models have not been designed in such a way as to facilitate the production 

of large data sets. It is in this regard that the current work can provide a 
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significant level of insight, by recreating established models in a way that 

allows them to be run for thousands of input conditions. In doing so, the wider 

implications of the approaches used to generate the models can be explored 

in much greater details. Such a method would also allow for analysis of 

behavioural trends, investigating how the model predictions change as a 

function of multiple key input variables. Conducting such a vast numerical 

exploration of these models would provide a significant amount of highly useful 

output data that would constitute a valuable contribution to the existing field of 

research. 

The second area in which there exists gaps in the literature is in the connection 

between turbulent flow models and comprehensive mechanistic corrosion 

models. Currently, models of CO2 rely heavily on empirical equations to 

account for the effects of turbulence on the corrosion behaviour. As a 

consequence of this, they are restricted to the conditions for which the 

empirical equations are known to be true, most commonly a straight pipe flow. 

However, as discussed in section 1.4.2, it has been previously shown that it is 

possible to effectively model the turbulent behaviour using CFD. Thus far, 

works attempting to link the two fields of study have been focused on modelling 

specific scenarios[97, 102, 103], or have utilised simplified corrosion models 

in their analysis[82, 96, 101, 104]. There does not currently exist in the 

literature, a general methodology by which a comprehensive mechanistic 

model of CO2 corrosion can be integrated into a computational model of fluid 

flow. This is, however, possible to achieve this through the use of multiphysics 

software, and so creating such a methodology provide significant benefit to the 

development of future models.  

Both of the areas discussed here present significant challenges in the 

addressing the current gaps in the literature, but also have the potential to 

provide significant benefit. It is for these reasons that they have been selected 

as the focus for this thesis. Regarding the numerical exploration of existing 

CO2 corrosion models, it would not be feasible to analyse all of the models 

discussed here. Therefore two well-established comprehensive mechanistic 

models have been selected for this work, namely the 2003 model published 

by Nordsveen et al.[26] and the 2020 model published by Kahyarian et al.[12, 

36]. 
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Chapter 2 - Nordsveen Model Implementation within 

COMSOL 

When creating a predictive model of carbon dioxide corrosion in steel 

pipelines, there are three main approaches identified by Kahyarian et al.[31] 

that are employed in current literature, namely: empirical/semi-empirical, 

elementary mechanistic, and comprehensive mechanistic. In this work, the 

focus is on the latter, the comprehensive mechanistic models, as these provide 

the most detailed and accurate representations of the physical corrosion 

processes. Furthermore, such models facilitate the inclusion of additional 

physical phenomena as well as extrapolation to a wider range of conditions 

than the other modelling approaches. 

Previous one-dimensional mechanistic models evaluating the near-wall 

chemistry in a corrosive CO2 saturated environment have been created using 

various software packages. However, these numerical models are limited in 

their exploration of potential data and interrogation of the process. Small data 

sets are used to highlight specific phenomena, however the overall effect of 

the various input conditions such as pressure, temperature, and bulk pH are 

not fully examined. In this chapter, a new methodology is outlined for the 

implementation of a CO2 corrosion model within COMSOL Multiphysics® 

version 6.1. The advantage of building the standard model within this software 

is that it allows for the generation of large sets of results which can be used to 

produce comprehensive contour plots showing the direct impact of input 

conditions on relevant outputs such as the corrosion rate or surface 

supersaturation. Additionally, changes to the chemistry and conditions being 

modelled can be readily made, facilitating rapid advancement of the current 

‘state of the art’ models. The incorporation of complex flow fields in both two 

and three dimensions also becomes a possibility, removing the need for 

empirical formulae to account for the effect of turbulence.   

Here, an overview is provided, outlining the process by which a one-

dimensional model can be produced within COMSOL, alongside a comparison 

of results with current literature and a numerical exploration of the model. All 

relevant chemistry, equations, and settings have been detailed. 
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2.1 Background - Current Models 

In this work, an existing mechanistic model has initially been utilised in order 

to validate the use of COMSOL as a tool for assessing CO2 corrosion. For this 

purpose, a model initially created by Nordsveen et al.[26] in 2003 was selected 

due to the wide range of available results against which to compare. The 

original paper by Nordsveen et al. formed the first in a series of 3 papers based 

around this corrosion model, with subsequent papers by Nesic et al.[37] and 

Nesic and Lee[38]. For the sake of brevity, these papers will referred to as ‘part 

1’, ‘part 2’, and ‘part 3’ in the Nordsveen series in the following sections. 

The model created by Nordsveen et al. is a numerical analysis of a straight 

corroding carbon steel pipeline due to CO2 saturated flow along a one-

dimensional line, protruding outwards form the surface into the surrounding 

fluid. The model describes the behaviour of the system within the boundary 

layer between the surface and the bulk, based upon known corrosive 

mechanisms. The chemistry of the model can be split into 3 distinct sections:  

1. Bulk chemistry and initial conditions 

2. Reaction kinetics within the boundary layer 

3. Electrochemical reactions at the steel surface 

It should be noted that the ‘boundary layer’ here refers to the viscous sublayer 

close to the surface, in which the dimensionless parameters 𝑢+ and 𝑦+ are 

equal. For pipe flow this generally follows the universal ‘law of the wall’ (see 

Figure 2-1) and therefore extends out to approximately 𝑦+ = 5, where[44]: 

𝑢+ =
𝑢

𝑢𝜏
 (2.1) 

𝑦+ =
𝑦𝑢𝜏

𝜈
 (2.2) 

𝑢𝜏 = √
𝜏𝑤

𝜌
  (2.3) 

Where 𝑢+ is the dimensionless velocity, 𝑦+ is the dimensionless wall distance, 

𝑢𝜏 is the friction velocity (m/s), 𝑢 is the fluid velocity (m/s), 𝜈 is the kinematic 

viscosity (m2/s), 𝜏𝑤 is the wall shear stress (N/m2), and 𝜌 is the density of the 

fluid (kg/m3). 
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Figure 2-1 - Universal law of the wall for flow through a straight pipe 
indicating the location of the viscous sublayer at 𝒚+ < 𝟓. 

The chemistry and mechanisms within the Nordsveen model are based upon 

the principles of general CO2 corrosion, which is driven by the presence of 

hydrogen ions (H+) at the metal surface. The approach implemented follows 

the theoretical direct reduction model originally devised by De Waard and 

Milliams[30] in their 1975 paper on carbonic acid corrosion of steel. Within the 

bulk solution, gaseous CO2 is initially dissolved in water to produce aqueous 

CO2. The extent to which this dissolution can occur is determined by its partial 

pressure and can be calculated via Henry’s Law: 

[𝐶𝑂2] = 𝐾𝐻𝑃𝐶𝑂2 (2.4) 

Where [𝐶𝑂2] is the concentration of CO2 (M), 𝐾𝐻 is the Henry’s Law constant, 

and 𝑃𝐶𝑂2 is the partial pressure (atm). 

As discussed in Chapter 1, the dissolved CO2 then gradually hydrates to form 

H2CO3. It should be noted that due to relatively slow rate of reaction compared 

to subsequent reactions and the low concentration of H2CO3 in relation to 

dissolved CO2 (≈ 1/1000)[11], the concentrations of both the dissolved and 

hydrated forms are commonly abbreviated to [CO2] [10, 12]. 

CO2(aq)
+ H2O(l) ↔ H2CO3(aq)

 (2.5) 

Following this dissolution, two dissociation reactions take place, resulting in 

the production of H+ ions at each stage: 
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H2CO3(aq) ↔ HCO3(aq)
− + H(aq)

+  (2.6) 

HCO3(aq)

−  ↔ CO3(aq)

2− + H(aq)
+  (2.7) 

The reactions shown in Equations 2.4-2.7 are modelled as equilibrium 

reactions in the bulk fluid, producing a constant set of initial and boundary 

concentrations.  

Through the boundary layer, these reactions are instead modelled using their 

separate forwards and backwards rates. Modelling in this way allows for the 

rate of reaction and local species concentrations to be accounted for when the 

concentrations deviate from that of the bulk. Transport of species in the model 

is described using a modified version of the flux equation, mathematically 

determining the movement of ions due to diffusion and electrochemical 

migration. As the instantaneous velocity is unknown without the use of direct 

numerical simulation, the convection term is instead incorporated into the 

diffusion via the use of turbulent diffusivity. The value of this turbulent 

diffusivity, as well as the boundary layer thickness, which determines the 

length of the domain, are described by existing empirical relationships 

provided by Davies[28]. More specific detail of this implemented is described 

in section 2.3. 

Separate electrochemical reactions are modelled at the steel surface, with the 

corrosion rate being determined by the anodic dissolution of iron: 

Fe(s) → Fe(aq)
2+ + 2e− (2.8) 

The electrons produced by this reaction are consumed by one of two cathodic 

reactions. The first of which is the reduction of the H+ ions produced in the 

dissolution reactions, creating hydrogen gas: 

2H(aq)
+ + 2e− → H2(g)

 (2.9) 

The second cathodic reaction, which is debated in literature[31-34], is the 

direct reduction of carbonic acid, which produces additional bicarbonate ions 

which act as an additional source of H+ ions: 

2H2CO3(aq)
+ 2e− → H2(g)

+ 2HCO3(aq)
−  (2.10) 

It should be noted that although the direct reduction of carbonic acid can be 

disabled in the Nordsveen model, it has been included when generating plots 

and therefore is included here for validation purposes. Another reaction noted 

by Nordsveen et al. is the direct reduction of water at the surface, however this 
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is not included in the model due to the low partial pressures and high pH values 

needed for it to become significant. 

2H2O(aq) + 2e− → H2(g)
+ 2OH(aq)

−  (2.11) 

Alongside the analysis of corrosion, the Nordsveen series also looks at the 

precipitation of FeCO3 and its protective properties in reducing the corrosion 

rate, with particular emphasis in parts 2 and 3.  

Fe(aq)
2+  + CO3

2−
(aq) → FeCO3(s)

 (2.12) 

In the implementation described in the following section, the precipitation 

reaction is not modelled, however the potential for stable formation is 

discussed in section 2.5. 

2.2 Model Structure and Overview of Underlying Physics 

Before progressing with the creation of a CO2 corrosion model within 

COMSOL, it is important to understand the scenario that is being modelled. 

The Nordsveen model is a 1D representation of the interaction between 

aqueous CO2 and the internal surface of a mild steel pipeline. The model 

evaluates corrosion and speciation outwards from a single point on the steel 

surface and is sectioned into three key domains: bulk steel, boundary layer, 

and bulk solution. These can be modelled as a straight line representing the 

boundary layer, with the two endpoints being representative of the corroding 

bulk steel surface and the bulk fluid, respectively. The behaviour of the active 

species in each of these domains is described by different sets of equations 

to model the production, consumption, and transport of the ions. An overview 

of the system is provided in Figure 2-2, alongside complete sets of equations 

for each of the three domains.  

Uniform corrosion is assumed in the model when calculating corrosion rates, 

along with zero precipitation of solid corrosion product either within the 

boundary or at the metal surface. It should be noted that within the Nordsveen 

series, a precipitation model of FeCO3 was included to assess the effect of 

corrosion product growth on the steel surface, however the underlying 

corrosion model remained unchanged. Empirical relationships are used to 

calculate the thickness of the boundary layer and effect of turbulence, based 

on data for a fully developed straight pipe flow. These relationships assume 

uniform flow throughout the straight pipe and axis-symmetric flow about the 

centre.
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Figure 2-2 - Diagram showing the system being modelled within system, represented by a one-dimensional line 
between the steel surface and the bulk solution. 
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2.2.1 Fluid Properties 

As the 1-D model is representative of straight pipe flow, the standard formula 

for Reynolds number within a straight pipe was used: 

𝑅𝑒 =
𝜌𝑢𝑑

𝜇
 (2.13) 

Where 𝜌 is the density of the fluid (kg/m3), 𝑢 is the mean velocity of the bulk 

flow (m/s), and 𝜇 is the dynamic viscosity of the fluid (Pa∙s). 

The material properties assigned were those of water, as quoted by 

Nordsveen[26] referencing the CRC Handbook of Chemistry and 

Physics[106]. A summary of the values used is provided in Table 2.1, a 

standard temperature of 293.15 K (20 °C) is used as an example throughout. 

Table 2.1 - Summary of formulae used in the calculation of the boundary 
layer height and an example value for a temperature (T) of 293.15 K. 

2.2.2 Bulk Fluid Chemistry 

For a given set of conditions, each species within a CO2/H2O system will reach 

a stable equilibrium concentration, these values represent the conditions 

within the bulk fluid. As can be seen from the reactions outlined in Section 2.1 

(Equations 2.5-2.7), each reaction in the solution occurs simultaneously 

forwards and backwards. For an isothermal system, these reactions reach a 

Parameter Symbol Formula Value (SI Units) 

Boundary 

layer 

height 

𝛿 25𝑅𝑒− 
7
8𝑑 1.0578 × 10−4 m 

Reynolds 

number 
𝑅𝑒 

𝜌𝑢𝑑

𝜇
 99619 

Density 𝜌 (753.596 + 1.87748𝑇𝐾 − 0.003564𝑇𝐾
2) 997.7  kg∙m-3 

Mean bulk 

velocity 
𝑢 - 1 m∙s-1 

Hydraulic 

diameter 
𝑑 - 0.01 m 

Dynamic 

viscosity 
𝜇 0.001002 × 10

1.3277(293.15−𝑇𝐾)−0.001053(298.15−𝑇𝐾)2

𝑇𝐾−168.15  0.0010015 Pa∙s 
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steady state, and the concentrations of each species remain constant. The 

composition of the bulk fluid can be calculated via equilibrium constants, which 

are simply the relative ratios of the forwards to backwards reactions. Table 2.2 

shows a complete summary of these equilibrium constants. 

Table 2.2 - List of equilibrium constant definitions and formulae used to 
calculate the composition of the bulk fluid based on the temperature in 
Fahrenheit / Kelvin (𝑻𝒇/𝑻𝑲), pressure (𝒑), and ionic strength (𝑰). 

Constant Definition Formula[26] 

𝐾𝐻,𝐶𝑂2
 

[𝐶𝑂2]

𝑃𝐶𝑂2
 

14.5

1.00258
× 10−(2.27+5.65𝑥10−3𝑇𝑓−8.06𝑥10−6𝑇𝑓

2+0.075𝐼) M/bar 

𝐾𝐻𝑦𝑑 
[𝐻2𝐶𝑂3]

[𝐶𝑂2]
 2.58 × 10−3 

𝐾𝑐𝑎 
[𝐻+][𝐻𝐶𝑂3

−]

[𝐻2𝐶𝑂3]
 

387.6 ×

10−(6.41−1.594𝑥10−3𝑇𝑓+3.52𝑥10−6𝑇𝑓
2−3.07𝑥10−5𝑝−0.4772𝐼0.5+0.1180𝐼)

 M 

𝐾𝑏𝑖 
[𝐻+][𝐶𝑂3

2−]

[𝐻𝐶𝑂3
−]

 10−(10.61−4.97𝑥10−3𝑇𝑓+1.331𝑥10−5𝑇𝑓
2−2.624𝑥10−5𝑝−1.166𝐼0.5+0.3466𝐼) M 

𝐾𝑤 [𝐻+][𝑂𝐻−] 10−(29.3868−0.0737549𝑇𝐾+7.47881𝑥10−5𝑇𝐾
2) M2 

Note, the Table 2.2 features a correction in the value of 𝐾𝑐𝑎 based on the 

original work by Oddo and Tomson[107], in which the prefactor of 𝑇𝑓
2 is given 

as 3.52x10-6 as opposed to the 8.52x10-6 value stated by Nordsveen et al. 

The equilibrium constants can be used to calculate the bulk concentrations of 

the reacting species, however they also require the concentration of H+ ions 

to be known. The concentration of H+ is determined by the system pH, and 

can be calculated from the standard definition of pH: 

𝑝𝐻 = −log (𝑎𝐻+) (2.14) 

𝑎𝐻+ = 𝛾𝐻[𝐻+] (2.15) 

Where 𝑎𝐻+ is the hydrogen ion activity, 𝛾𝐻 is the activity coefficient, and [𝐻+] 

is the H+ ion concentration[108]. 

The resulting species concentrations for the bulk fluid over a range of pH 

values are shown in Figure 2-3 for a temperature of 293.15K, pressure of 1 

bar and ionic strength of 0.1711 M (1 wt% NaCl). 
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Figure 2-3 - Plot of bulk species concentration as a function of pH for 
input values of 20 °C, 1 bar PCO2 and ionic strength of 0.1711 M. 

It should be noted that a nominal concentration of 1 ppmMolar is given for the 

concentration of Fe2+, despite not being involved in any reactions in the bulk. 

This is to account for the accumulation of iron in the bulk resulting from the 

surface reactions in the system, which cannot be calculated for a stand-alone 

one-dimensional model. Although not clearly stated in the literature, this is in-

line with assumptions made in the Nordsveen series[26, 37, 38], as well as in 

similar models by Kahyarian et al.[12, 36]. 

2.3 COMSOL Implementation 

In this section, a detailed account of the process followed to implement a 

functional corrosion model within COMSOL is outlined; the implementation 

follows the approach suggested by the Nordsveen series of papers. Although 

primarily a recreation of the existing model using new software, several 

typographic and/or systematic errors have been identified and corrected. 

Justification for any changes to the model described within the literature is 

clearly stated, as are any assumptions made throughout.  

2.3.1 Geometry and Discretization 

To represent the geometry within COMSOL an interval between two points was 

used. These points represented the metal surface and the bulk-boundary 
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interface respectively, with x-coordinates of zero and 𝛿 respectively where 𝛿 

denotes the boundary layer thickness. The calculation of this value is 

determined by the Reynolds number of the system and is adapted by 

Nordsveen from a formulation originally provided by Davies[26, 28]: 

𝛿 = 25𝑅𝑒− 
7
8𝑑 (2.16) 

Where 𝛿 is the boundary layer thickness (m), 𝑅𝑒 is the Reynolds number and 

𝑑 is the hydraulic diameter (m). Note the thickness of the surface film (𝛿𝑓) has 

been removed from this equation. 

Nordsveen et al.[26] used a coarse mesh ranging from 25-100 nodes non-

uniformly spaced across the boundary, using grid refinement to ensure a mesh 

independent solution. The reason given for this to was reduce solver times due 

to the time dependent nature of the film formation component of the model. As 

this is not required for a pure corrosion model, a much finer mesh could be 

used to ensure mesh independence across the entire range of expected 

boundary layers. As suggested in the 1st paper in the Nordsveen series[26], 

the boundary layers range between 10-300 μm, which if using shortest 

distance and the maximum 100 nodes, would result in an average element 

size of 10-7m. Therefore, the COMSOL model was discretized using a mesh 

comprised of 794 linearly distributed edge elements, with a maximum element 

size of 10-7m. 

2.3.2 Initial Conditions 

In this model, the initial conditions relate to the concentration of each species 

before surface reactions introduce a flux of ions at the surface. These act as a 

starting point for the iterative solver. For this, the bulk concentrations, as 

detailed in section 2.2.2, were applied throughout the model as these 

represent the equilibrium point of the system. Utilising the bulk concentrations 

as initial values reduces the time for a solver to reach a solution by providing 

the software with a reasonably close ‘first guess’ for the speciation through the 

boundary. The bulk concentrations also act as a boundary condition at the end 

of the boundary layer (𝑥 = 𝛿) as these values are fixed. 

The formulae shown in Table 2.2 alongside Equation 2.14 were used to 

calculate the bulk concentrations for each species as parameters within 

COMSOL. In order to do this, the fluidic conditions needed to also be specified 

as parameters, these are shown in Table 2.1 and Table 2.3. 
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Table 2.3 - Operating conditions of the fluid used to determine initial and 
bulk species concentrations. 

Parameter Symbol Formula Value 

pH 𝑝𝐻 - 6 

Partial Pressure of 
CO2 

𝑃𝐶𝑂2
 - 1 bar 

Operating 
Pressure 

𝑃 14.5038𝑃𝐶𝑂2
 14.5038 psi 

Ionic Strength 𝐼 
1
2

∑ 𝑐𝑖𝑧𝑖
2

𝑛

𝑖=1

 0.1711 M 

Temperature 
(Kelvin) 

𝑇𝐾 - 293.15 K 

Temperature 
(Celsius) 

𝑇𝑐 𝑇𝐾 − 273.15 20 °C 

Temperature 
(Fahrenheit) 

𝑇𝑓 1.8𝑇𝑐 + 32 68 °F 

2.3.3 Species Transportation 

Electroanalysis physics was added to introduce the 7 key species into the 

COMSOL model, namely: CO2, H2CO3, HCO3
-, CO3

2-, H+, OH- and Fe2+. The 

electroanalysis interface allows for specification of the chemical reactions in 

each of the 3 domains (see Figure 2-2), as well as the initial concentrations. 

However, it also allows for the movement of the chemical species throughout 

the model to be defined following the same equations as the Nordsveen 

model. In general, the species transport is defined by the flux equation: 

𝑁𝑗 = −𝐷𝑀,𝑗

𝜕𝑐𝑗

𝜕𝑥
− 𝑧𝑗𝑢𝑗𝐹𝑐𝑗

𝜕𝛷

𝜕𝑥
+ 𝑐𝑗𝑣 (2.17) 

Where 𝑁𝑗 is the flux of species, 𝐷𝑀,𝑗 is the molecular diffusion coefficient, 𝑐𝑗 is 

the concentration, 𝑥 is the distance to the surface, 𝑧𝑗 is the electrical charge, 

𝑢𝑗 is the mobility of species, 𝐹 is the Faraday constant, 𝛷 is the electrical 

potential and 𝑣 is the solution velocity.  

A simplification to the flux equation was made within the COMSOL to improve 

solver times. The electroanalysis charge-transfer model was used which 

assumes zero potential gradient in the electrolyte (
𝜕𝛷

𝜕𝑥
= 0), therefore 
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neglecting the effect of the electromigration term (𝑧𝑗𝑢𝑗𝐹𝑐𝑗
𝜕𝛷

𝜕𝑥
). As discussed by 

both Stephens and Mauzeroll[109] and Britz and Strutwolf[110], this 

assumption is valid when the inert electrolyte concentration is significantly 

larger than the concentrations of the other charged species. Despite this, the 

potential gradient is solved for within the Nordsveen model from a linear 

equation for the electrical potential:   

𝜕

𝜕𝑥
(𝜅𝑓𝜉

𝜕𝛷

𝜕𝑥
) = −𝜀𝑉𝐹 ∑𝑧𝑗𝑐𝑗

𝑗

 (2.18) 

Where 
𝜕𝛷

𝜕𝑥
 is the electrical potential field, 𝜅𝑓 is the permeability of surface films, 

𝜉 is the temperature dependent dielectric constant, 𝜀𝑉 is the volumetric 

porosity, 𝐹 is the Faraday constant and ∑ 𝑧𝑗𝑐𝑗𝑗  is the total charge imbalance.  

Additionally, when modelling the boundary layer it is important to remember 

that there is a no-slip condition at the wall, meaning that the velocity (𝑣 ) at 𝑥 =

0 is zero[27]. As the boundary layer is very small (𝛿 ≈ 10−4𝑚), this effect 

means that convection term (𝑐𝑗𝑣) becomes negligible in the absence of 

external stirring[109]. However, it is important to note that in turbulent flow, 

eddies may still permeate into the boundary layer. Therefore, in order to 

account for this, the convection term is instead approximated with a term 

known as the turbulent diffusivity (𝐷𝑇), which is given as a function of the 

distance from the surface[28]: 

𝐷𝑇 = 0.18 (
𝑥

𝛿
)
3 𝜇

𝜌
  (2.19) 

The result of the changes to the transport model within the COMSOL model 

produced a modified version of the flux equation, which has a similar form to 

Fick’s first law of diffusion: 

𝑁𝑗 = −(𝐷𝑀,𝑗 + 𝐷𝑇(𝑥))
𝜕𝑐𝑗

𝜕𝑥
 (2.20) 

A list of the molecular diffusion coefficients (𝐷𝑀) for the 7 chemical species in 

the electrolyte is provided in Table 2.4.  
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Table 2.4 - Molecular diffusion coefficients for the chemical species 
being modelled [26]. 

2.3.4 Chemical Reaction Kinetics 

Section 2.2.2 details the steady state conditions of the bulk fluid, however the 

species concentrations between the surface and the bulk are not in a state of 

equilibrium. The corrosion caused by the electrochemical reactions at the 

metal surface (see Section 2.3.5), introduces a flux of ions which shifts the 

system from the bulk equilibrium. In order to model the response of the system 

to this change it is important to factor in the relative rates of each reaction. The 

reason for this is due to the very slow rate at which the CO2 hydration reaction 

(Equation 2.5) occurs relative to the diffusion of species. The movement of 

ions during this reaction stage means the system is no longer in equilibrium 

and so makes it necessary to model the reaction kinetics.  

As discussed previously, the reactions given by Equations 2.4-2.7 occur 

simultaneously forwards and backwards. Modelling the transient response of 

the species to the surface flux requires that these individual reaction rates are 

isolated, as opposed to dealing solely with the equilibrium ratio. Therefore 

each of the reactions were rewritten, in terms of their forwards and backwards 

components (Equations 2.22-2.26), with the corresponding rate constants 

provided in Table 2.5. It should also be noted that the dissociation of water 

(Equation 2.21) has also been added into this model for a more complete set 

of reactions. Although the constants for this reaction are provided by 

Species Molecular Diffusion Coefficient (𝑫𝑴) (m2/s) 

𝐶𝑂2 1.96 × 10−9 

𝐻2𝐶𝑂3 2.00 × 10−9 

𝐻𝐶𝑂3
− 1.105 × 10−9 

𝐶𝑂3
2− 0.92 × 10−9 

𝐻+ 9.312 × 10−9 

𝑂𝐻− 5.26 × 10−9 

𝐹𝑒2+ 0.72 × 10−9 
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Nordsveen et al.[26], it is not included in the model, presumably due to the 

minimal effect. 

𝐻2𝑂 ↔ 𝐻+ + 𝑂𝐻− (2.21) 

𝑟1 =  𝑘𝑓,𝐻 [𝐶𝑂2(𝑔)
] − 𝑘𝑏,𝐻[𝐶𝑂2(𝑎𝑞)

] (2.22) 

𝑟2 = 𝑘𝑓,𝐻𝑦𝑑 [𝐶𝑂2(𝑎𝑞)] − 𝑘𝑏,𝐻𝑦𝑑[𝐻2𝐶𝑂3] (2.23) 

𝑟3 = 𝑘𝑓,𝑐𝑎[𝐻2𝐶𝑂3] − 𝑘𝑏,𝑐𝑎[𝐻𝐶𝑂3
−][𝐻+] (2.24) 

𝑟4 = 𝑘𝑓,𝑏𝑖[𝐻𝐶𝑂3
−] − 𝑘𝑏,𝑏𝑖[𝐶𝑂3

2−][𝐻+] (2.25) 

𝑟5 = 𝑘𝑓,𝑤[𝐻2𝑂] − 𝑘𝑏,𝑤[𝑂𝐻−][𝐻+] (2.26) 

Table 2.5 - Kinetic reaction rate constants for reversible reactions in 
solution.[26]  

Constant Definition Formula Units 

𝑘𝑓,𝐻 𝐾𝐻,𝐶𝑂2
∙ 𝑘𝑏,𝐻 1 × 1010 M∙s-1∙bar-1 

𝑘𝑓,𝐻𝑦𝑑 𝐾𝐻𝑦𝑑 ∙ 𝑘𝑏,𝐻𝑦𝑑 10
329.85−110.541(log10 𝑇𝐾−(

17265.4
𝑇𝐾

))
 s-1 

𝑘𝑓,𝑐𝑎 𝐾𝑐𝑎 ∙ 𝑘𝑏,𝑐𝑎 105.71+0.0526𝑇𝑐−2.94×10−4(𝑇𝑐)
2+7.91×10−7(𝑇𝑐)

3
 s-1 

𝑘𝑓,𝑏𝑖 𝐾𝑏𝑖 ∙ 𝑘𝑏,𝑏𝑖 1 × 109 s-1 

𝑘𝑏,𝑤 
𝑘𝑓,𝑤

𝐾𝑤
 7.85 × 1010 M-1s-1 

These equations can then be used to create a system of ordinary differential 

equations which describe the rate of change of each species concentration. 

The rate of change can be determined by taking the rate reactions in which 

each of the species are produced and subtracting the reactions in which they 

are consumed. Doing so for each of the aqueous species results in the 

following ordinary differential equations (ODEs): 
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𝑑

𝑑𝑡
[𝐶𝑂2(𝑔)] = 0 (2.27) 

𝑑

𝑑𝑡
[𝐶𝑂2(𝑎𝑞)] = −𝑟2 (2.28) 

𝑑

𝑑𝑡
[𝐻2𝐶𝑂3] = 𝑟2 − 𝑟3 (2.29) 

𝑑

𝑑𝑡
[𝐻𝐶𝑂3

−] = 𝑟3 − 𝑟4 (2.30) 

𝑑

𝑑𝑡
[𝐶𝑂3

2−] = 𝑟4 (2.31) 

𝑑

𝑑𝑡
[𝐻+] = 𝑟3 + 𝑟4 + 𝑟5 (2.32) 

𝑑

𝑑𝑡
[𝑂𝐻−] = 𝑟5 (2.33) 

Note in that in Equation 2.27 the rate of change of gaseous CO2 is equal to 

zero. This is due to the assumption that the partial pressure in the system 

remains constant, hence the concentration of gaseous CO2 in solution does 

not change. Additionally, as the system is closed there is no production term 

for aqueous CO2 (𝑟1) in the boundary due to the lack of available gaseous CO2. 

As these reactions are in the form of ODEs, they are dependent upon the 

current local concentration, which is non-constant. Each of the reactions (𝑟1 −

𝑟5) were therefore defined within COMSOL as variables and used to define the 

rate of change of each species concentration throughout the domain. The rate 

of change of [Fe2+] was set to zero as it does not react further once dissolved 

in solution. 

Although the reactions and rate of species concentration change are specified 

separately within the COMSOL model, these reactions can then still be 

grouped into a matrix form. It can be seen that the part of the matrix relating 

to the first and second dissociation steps match those shown in Nordsveen 

part 1[26].  
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2.3.5 Electrochemical Surface Reactions 

The model set-up to this point has been in regard to the reaction of the species 

in solution. Now, the focus will be shifted to the interface between the fluid and 

the metal surface; the location of the corrosion reactions. Three electrode 

reactions were defined at the electrode surface within COMSOL (𝑥 = 0), 

describing the reactions shown in Equations 2.8-2.10. Equation 2.8 relates to 

the anodic dissolution of iron at the surface and as such requires the 

specification of a dissolving-depositing species. Material properties were 

added to represent that of mild steel, namely the density (𝜌𝑆𝑡𝑒𝑒𝑙) and the 

molecular weight (𝑀𝑆𝑡𝑒𝑒𝑙). These values are shown in Table 2.6. 

Table 2.6 - Material properties of mild steel, representing the dissolving 
species at the electrode surface. 

Material Property Symbol Value[111] 

Density 𝜌𝑠𝑡𝑒𝑒𝑙 7,850 kg⋅m-3 

Molecular Weight 𝑀𝑤 55.845 × 10−3 kg⋅mol-1 

These two material properties are necessary to determine corrosion rate of the 

electrode based upon the reaction rate of the dissolving material, which in this 

case is Fe within the steel. The formulae used to calculate the mass and 

thickness change at the surface are shown in Equations 2.34 and 2.35.  

∆𝑆 = 𝑀𝑤  𝑁𝐹𝑒 (2.34) 

𝐶𝑅 =
∆𝑆

𝜌
 (2.35) 

Where ∆𝑆 is mass reaction rate at the surface (kg/m2∙s), 𝑀𝑤 is the molecular 

weight (kg⋅mol-1), 𝑁𝐹𝑒 is the molar flux of Fe from the surface (mol/m2∙s), and 

CR is the corrosion rate at the surface (m/s). 

[
 
 
 
 
 
 

𝑅𝐶𝑂2

𝑅𝐻2𝐶𝑂3
 

𝑅𝐻𝐶𝑂3
−

𝑅𝐶𝑂3
2−

𝑅𝐻+

𝑅𝑂𝐻− ]
 
 
 
 
 
 

=

[
 
 
 
 
 
−1 0 0 0
1 −1 0 0
0 1 −1 0
0 0 1 0
0 1 1 1
0 0 0 1]

 
 
 
 
 

[
 
 
 
 
 (𝐾𝑓,𝐻𝑦𝑑 [𝐶𝑂2(𝑎𝑞)] − 𝐾𝑏,𝐻𝑦𝑑[𝐻2𝐶𝑂3])

(𝐾𝑓,𝑐𝑎[𝐻2𝐶𝑂3] − 𝐾𝑏,𝑐𝑎[𝐻𝐶𝑂3
−][𝐻+])

(𝐾𝑓,𝑏𝑖[𝐻𝐶𝑂3
−] − 𝐾𝑏,𝑏𝑖[𝐶𝑂3

2−][𝐻+])

(𝐾𝑓,𝑤[𝐻2𝑂] − 𝐾𝑏,𝑤[𝑂𝐻−][𝐻+]) ]
 
 
 
 
 

 

Figure 2-4 - Matrix form of the equations modelling the heterogeneous 

reactions within the boundary layer, where 𝑹 represents the net rate of 

change of a species concentration. 
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Determining the reaction rate of the dissolving iron is complex and requires 

the specification of both the cathodic dissolution reaction and the anodic 

surface reactions occurring. Each of the reactions can be expressed by the 

general electrochemical reaction formula in order to determine the 

stoichiometric coefficients: 

∑𝜈𝑜𝑥𝑆𝑜𝑥 + 𝑛𝑒− ↔ ∑𝜈𝑟𝑒𝑑𝑆𝑟𝑒𝑑

𝑟𝑒𝑑𝑜𝑥

 (2.36) 

Where 𝜈 is the stoichiometric coefficient, 𝑆 is the species, and 𝑛 is the number 

of participating electrons. Subscript 𝑟𝑒𝑑 and 𝑜𝑥 indicate products and 

reactants respectively in a reduction reaction[112]. 

Three electrode reactions were defined, namely iron oxidation (Equation 2.8), 

hydrogen evolution (Equation 2.9), and carbonic acid reduction (Equation 

2.10). These reactions are shown in Table 2.7, alongside the number of 

participating electrons and the stoichiometric coefficients associated with each 

reaction. 

Table 2.7 - Participating electrons and stoichiometric coefficient values 
for iron oxidation (anodic), hydrogen evolution (cathodic), and carbonic 
acid reduction (cathodic) surface reactions. 

Coefficient 𝐹𝑒(𝑠) → 𝐹𝑒(𝑎𝑞)
2+ + 2𝑒− 2𝐻(𝑎𝑞)

+ + 2𝑒− → 𝐻2(𝑔)
 

2𝐻2𝐶𝑂3(𝑎𝑞)
+ 2𝑒− →

𝐻2(𝑔)
+ 2𝐻𝐶𝑂3(𝑎𝑞)

−   

𝑛 2 2 2 

𝜈𝐶𝑂2
 0 0 0 

𝜈𝐻2𝐶𝑂3
 0 0 −2 

𝜈𝐻𝐶𝑂3
 0 0 2 

𝜈𝐶𝑂3
 0 0 0 

𝜈𝐻 0 −2 0 

𝜈𝑂𝐻 0 0 0 

𝜈𝐹𝑒 −1 0 0 

Note that 𝜈𝐹𝑒 above refers the stoichiometric coefficient of aqueous Fe2+ rather 

than solid Fe at the surface. 

According to Faraday’s laws, the molar species fluxes perpendicular to the 

surface can be calculated as the sum of all the flux contributions from the 

electrode reactions[112]: 
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𝑁𝑗 = ∑
𝜈𝑗𝑖𝑙𝑜𝑐

𝑛𝐹
 (2.37) 

Where 𝑁𝑗 is the molar flux of species 𝑗, 𝜈𝑗 is the stoichiometric coefficient of 

species 𝑗, 𝑖𝑙𝑜𝑐 is the local current density, 𝑛 is the number of participating 

electrons, and 𝐹 is the Faraday constant. 

The local current density (𝑖𝑙𝑜𝑐) for each reaction can be determined from the 

exchange current density (𝑖0), the overpotential (𝜂), and either the anodic or 

cathodic Tafel slope values (𝑏𝑎 and 𝑏𝑐 respectively). These calculations of 𝑖𝑙𝑜𝑐 

for the anodic (Equation 2.38) and cathodic (Equation 2.39) reactions are as 

follows: 

𝑖𝑙𝑜𝑐 = 𝑖0  ×  10
𝜂
𝑏𝑎 (2.38) 

𝑖𝑙𝑜𝑐 = −𝑖0  ×  10
𝜂
𝑏𝑐 (2.39) 

Note that, by convention, the negative sign for the cathodic reaction, indicating 

electrons flowing in the opposite direction. 

The overpotential (𝜂) is given by: 

𝜂 = 𝐸 − 𝐸𝑟𝑒𝑣 (2.40) 

Where 𝐸 is the electric potential and 𝐸𝑟𝑒𝑣 is the reversible potential. The 

electric potential is calculated within COMSOL as the difference between the 

electrode potential (𝛷𝑠) and the electrolyte potential (𝛷𝑙) at the interface: 

𝐸 =  𝛷𝑠 − 𝛷𝑙 (2.41) 

Due to the zero potential gradients assumption, 𝛷𝑙 becomes zero. The 

potential therefore becomes equal to 𝛷𝑠, which is solved iteratively using the 

total current and an initial guess for the electrode potential. 

𝛷𝑠
𝑛+1 = 𝑖𝑡𝑜𝑡  ×  𝐴𝑐  ×  𝛷𝑠

𝑛 (2.42) 

Where 𝑖𝑡𝑜𝑡 is the total current density and 𝐴𝑐 is the cross-sectional area. 

𝑖𝑡𝑜𝑡 = ∑𝑖𝑙𝑜𝑐 (2.43) 

In order to calculate the species flux given by Equation 2.37 (and therefore 

mass loss at the electrode), values for 𝑖0, 𝑏𝑎, 𝑏𝑐, and 𝐸𝑟𝑒𝑣 need to be defined. 

These values are shown in Table 2.8 and were adapted from the values 

provided by Nordsveen et al.[26] 
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Table 2.8 - Adjusted table of values for surface electrochemical reaction 
modelling. 

𝒊𝟎 = 𝒊𝟎,𝒓𝒆𝒇 (
𝒄𝑯

+

𝒄𝑯+,𝒓𝒆𝒇
)

𝒂𝟏

(
𝒄𝑪𝑶𝟐

𝒄𝑪𝑶𝟐,𝒓𝒆𝒇
)

𝒂𝟐

(
𝒄𝑯𝟐𝑪𝑶𝟑

𝒄𝑯𝟐𝑪𝑶𝟑,𝒓𝒆𝒇
)

𝒂𝟑

𝒆
−

𝜟𝑯
𝑹

(
𝟏
𝑻
−

𝟏
𝑻𝒓𝒆𝒇

)
 (2.44) 

𝐑𝐞𝐚𝐜𝐭𝐢𝐨𝐧 

𝑖0,𝑟𝑒𝑓 

𝐴

𝑚2
 

𝑎1 
𝑐𝐻+,𝑟𝑒𝑓 

𝑚𝑜𝑙𝑎𝑟 
𝑎2 

𝑐𝐶𝑂2,𝑟𝑒𝑓 

𝑚𝑜𝑙𝑎𝑟 
𝑎3 

𝑐𝐻2𝐶𝑂3,𝑟𝑒𝑓 

𝑚𝑜𝑙𝑎𝑟 

𝛥𝐻 

𝑘𝐽

𝑚𝑜𝑙
 

𝑇𝑟𝑒𝑓 

°𝐶 

𝐸𝑟𝑒𝑣 

𝑉 

𝑏 

𝑉 

𝟐𝐇+ + 𝟐𝐞− → 𝐇𝟐 0.05 0.5 10−4 0 N/A 0 N/A 30 25 −2.303
RT

F
pH 2.303

2RT

F
 

𝟐𝐇𝟐𝐂𝐎𝟑 + 𝟐𝐞−

→ 𝐇𝟐 + 𝟐𝐇𝐂𝐎𝟑
− 

0.06 −0.5 10−5 0 N/A 1 10−4 50 20 −2.303
RT

F
pH 2.303

2RT

F
 

𝐅𝐞(𝐬) → 

𝐅𝐞(𝐚𝐪)
𝟐+ + 𝟐𝐞− 

1 

2 for 

pH < 4 

 

1 for 

4 ≤ pH < 5 

 

0 for 

pH ≤ 5 

10−4 

1 for 

PCO2
< 1 

 

0 for 

PCO2
≥ 1 

 

0.0366 0 N/A 37.5 25 −0.488 

0.03 for 

pH < 4 

 

0.08 for 

4 ≤ pH < 5 

 

0.12 for 

pH ≥ 4 

As noted above, some of the values in Table 2.8 have been adjusted due to 

errors in the referenced paper. Firstly, the 𝐸𝑟𝑒𝑣 value for carbonic acid 

reduction has been multiplied by 2.303 rather than 2 to account for the 

conversion between log base 10 and the natural log in the derivation. This 

brings it in line with the other values in the table, which have also been 

adjusted to 2.303 from 2.3 for improved accuracy. 

Secondly, the Tafel slope values for both cathodic reactions have been divided 

by 0.5 (multiplied by 2) as opposed to being divided by 2, as the transfer 

coefficient must be between zero and one. The value of αc = 0.5 is confirmed 

in the 1996 paper by Nesic et al.[113], referenced in the paper by Nordsveen 

et al.[26]. 

Additionally, all the conditional statements for the anodic dissolution reaction 

have been adjusted to ensure all values in the range are covered in order to 

provide greater clarity as to which value should be used at pH values of exactly 

4 or 5, or a 𝑃𝐶𝑂2
 value of greater than 1 bar. Lastly, the conditional statements 

for 𝑎1 and 𝑎2 in this reaction have be switched. The reason for this is that, in 

the exchange current density (𝑖0) formula (Equation 2.44), 𝑎1 relates to the H+ 

ion concentration and 𝑎2 relates to the CO2 concentration. It should therefore 

be the case that 𝑎1 is dependent upon the pH and 𝑎2 is dependent upon the 

partial pressure of CO2. 

All temperature dependent constants, including the cathodic Tafel values 

provided in Table 2.8, were input as global parameters into COMSOL due to 
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the assumption of an isothermal fluid through the boundary. However, all pH 

dependent values were input as local variables in order to allow for the values 

to be defined in terms of the local surface concentration rather than the bulk 

pH. This is important as the pH, and therefore the dependent values, changes 

significantly close to the surface. The exchange current densities were also 

input as variables for the same reason, accounting for the changes in species 

concentration at the surface.  

2.4 Results 

Once the model had been generated following the procedure outlined in 

section 2.3, a parametric sweep was created in order to generate results for a 

range of temperature and pH values. These results were then compared to 

plots provided in the available literature in order to validate the COMSOL 

model. 

2.4.1 Concentration Deviation Through the Boundary 

Looking firstly at the speciation through the boundary layer, Figure 2-5 shows 

the deviation of the species concentration from the bulk, as well as the local 

pH values. The local concentrations of each species were extracted from 

COMSOL at each point within the boundary and their bulk concentration was 

subtracted (Figure 2-3). The pH value was calculated using the local H+ 

concentration via Equation 2.14. 
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Figure 2-5 - Deviation of species concentration from the bulk through 

the boundary with input values: 20 °C, 0.1 m pipe diameter, 1 ms-1 flow 

velocity, pH 6 and 1 bar PCO2. 

From Figure 2-5, the effect of the surface reactions can be clearly seen, with 

significant variation in the concentration of most species between 𝑥 = 0 and 

the bulk. As expected, there is a large increase in the Fe2+ concentration as 

the Fe dissolves from the steel surface, as well as the generation of HCO3
- 

due to the reduction of carbonic acid at the surface (shown by the decrease in 

H2CO3). Additionally, the concentration of H+ shows the expected decrease as 

the ions are consumed to drive the anodic reaction. The consumption of these 

ions produces a noticeable change in the pH of the system, increasing from 

the bulk value of 6 up to around 6.51. This reinforces the importance of using 

the local pH value rather than the bulk value when evaluating the pH 

dependent values shown in Table 2.8. 

Importantly, the concentration deviation plot also converges to a value of zero 

for all species, meaning that each of the species reaches its bulk value by the 

end of the boundary layer. This demonstrates both that the reactions defined 

throughout the boundary (Equations 2.27-2.33) are functioning to move the 

system towards equilibrium, and that the boundary conditions have been 

defined correctly.  
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Figure 2-6 - Concentration deviation plot showing speciation through 

the boundary produced by Nordsveen et al.[25, 26] with input values: 

20 °C, 0.1 m pipe diameter, 1 ms-1 flow velocity, pH 6 and 1 bar PCO2. 

When compared to the equivalent plot provided by Nordsveen et al.[26] 

(Figure 2-6), a strong correlation between the results is found. The overall 

shapes of the curves are very similar, as well the length of the boundary layer 

and the magnitude of the deviations. A slight difference can be seen in the 

concentrations of Fe2+ and HCO3
- close to the surface. However, a degree of 

disagreement at the electrode surface is to be expected due to the previously 

discussed changes to the modelling of the electrochemical reactions (see 

section 2.3.5). 
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Figure 2-7 - Flux of species through the boundary with input values 0.1 

m pipe diameter, 1 ms-1 flow velocity, pH 6 and 1 bar PCO2. 

Examining the flux of species appears to confirm that the species transport 

defined by Equation 2.37 is functioning as expected. As previously discussed 

in section 2.2, the movement of the species is primarily determined by the 

concentration gradients throughout the boundary layer. This is shown by the 

x-component of the total flux, which in this case represents the flux normal to 

the metal surface. Species with increased concentrations at the surface when 

compared to the bulk, such as Fe2+ and HCO3
-, have positive flux values, 

indicating movement away from the surface, whilst species with decreased 

concentrations, such as H2CO3, have a negative flux values indicating 

movement towards it. Together, Figure 2-5 and Figure 2-7 show how the flux 

varies as the concentrations change, with steeper concentration gradients 

resulting in greater diffusive transport. This is evident by the flux of Fe2+, which 

maintains a constant value due to the lack of further reactions away from the 

surface. Interestingly, the flux of CO2 tends towards zero close to the surface 

which is due the relatively small change in concentration relative to the bulk 

(10-5 M compared to 10-2 M, see Figure 2-3 and Figure 2-5). As the 

concentration gradient is small, the effect of diffusion is minimal and therefore 

the flux is primarily driven by turbulent diffusion which, as described by 

Equation 2.19, tends towards zero at the surface. The reason for the small 

change in concentration is once again down to the slow rate of the hydration 

reaction which, as seen in Equation 2.28, is the only reaction controlling the 

change in [CO2] through the boundary. 
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Figure 2-8 - Flux of species through the boundary produced by 

Nordsveen et al.[25, 26] with input values 0.1 m pipe diameter, 1 ms-1 

flow velocity, pH 6 and 1 bar PCO2. 

Comparing Figure 2-7 to the same plot by produced Nordsveen et al. (Figure 

2-8), shows that the results produced by the two models are almost identical. 

Despite some small differences at 𝑥 = 0 in the flux of H2CO3 and HCO3
-, likely 

due to the changes to the modelling of the surface reactions, the magnitude 

and variation in the flux of each species show very good agreement. The 

similarity of these results is to be expected as both models use the same 

transport equation (Equation 2.17) to describe the movement of species 

through the boundary.  

The next comparison plots the predicted corrosion rate at the electrode surface 

against the bulk pH of the system. Figure 2-9, shows that there is the expected 

increase in the corrosion rate as the bulk pH drops due to the increased 

concentration of H+ in solution. As the bulk pH increases, there are fewer H+ 

ions available to drive the anodic dissolution reaction, reducing the corrosion 

rate. But, as noted by Nesic et al.[37] for the conditions being modelled, above 

a pH of 6 the rate begins to rise due to the increased rate of the carbonic acid 

reduction reaction at higher pH values. The carbonic acid reaction becomes 

dominant due to the sum of the anodic and cathodic currents needing to be 

equal.  
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∑𝑖𝑎𝑛𝑜𝑑𝑖𝑐 = ∑𝑖𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐 (2.45) 

𝑖𝐹𝑒 = 𝑖𝐻 + 𝑖𝐻2𝐶𝑂3
 (2.46) 

As the supply of H+ reduces with pH, the carbonic acid reduction becomes the 

dominant cathodic current, increasing the corrosion rate due to the inverse 

relationship between the reduction reaction and pH. This is explored further in 

section 2.5.1 (see Figure 2-20). 

 

Figure 2-9 - Plot of predicted corrosion rate at the electrode surface vs 

the bulk pH, with input values 0.01 m pipe diameter, 1 ms-1 flow 

velocity, 293.15 K temperature, and 1 bar PCO2. 

 

Figure 2-10 - Plot of prediction corrosion rate at the electrode surface 

as well as scaling tendency against the bulk pH produced by Nesic et 

al.[37] , with input values 0.01 m pipe diameter, 1 ms-1 flow velocity, 

293.15 K temperature, and 1 bar PCO2. 
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The plot show in Figure 2-9 highlights a significant issue with the current model 

structure in that there is a clear step change in the corrosion rate that occurs 

at a pH of 4.85. The step change is not representative of a real life system but 

is predicted by the model due the conditional 𝑎1 power constant for the anodic 

reaction shown in Table 2.8. For a pH of between 4 and 5 the value is given 

as a constant of 1, however in the original conference paper detailing the 

anodic reaction it was said to transition between 2 to 1 and then towards 0 in 

this region[114]. Hence, when the surface pH transitions to a value above 5 

(which occurs at a bulk pH of 4.85 as shown in Figure 2-9), a sudden change 

in the predicted corrosion rate is observed. In order to improve the accuracy 

of the model in the transitional region, a more accurate description of the 

functional response exchange current would be required such as in the more 

recent CO2 corrosion model proposed by Kahyarian and Nesic[12, 36]. When 

comparing the results to the corresponding plot in the literature (Figure 2-10), 

agreement between the two models is found for higher pH values. Within the 

transitional region there is some discrepancy which has already been 

discussed, however the changes made to adjust for the changing power 

constant are not detailed in the literature[26, 37, 38, 114]. It is possible that a 

more accurate pH-based function was produced to provide a smoother curve, 

but this is not shown.  

The last key area of interest for the current model is the prediction of FeCO3 

supersaturation at the electrode surface, which is the driving factor in the 

precipitation of iron carbonate[17]. The degree of supersaturation is given by 

Equation 2.47: 

𝑆𝑅 =
[𝐹𝑒2+][𝐶𝑂3

2−]

𝐾𝑠𝑝
 (2.47) 

Where SR is the saturation ratio, [𝐹𝑒2+] and [𝐶𝑂3
2−] are the species 

concentrations, and 𝐾𝑆𝑝 is the solubility limit. 
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Figure 2-11 shows the supersaturation predicted by the COMSOL model, 

using a formula produced by Greenberg and Tomson[20] to calculate the 𝐾𝑠𝑝 

value given by Equation 2.48. 

log 𝐾𝑠𝑝 = −59.2385 − 0.041377𝑇𝐾 −
2.1963

𝑇𝐾
+ 24.5724 log(𝑇𝐾) (2.48) 

Where 𝑇𝐾 is the temperature in Kelvin. 

Based on Figure 2-5, the supersaturation increases rapidly close to the surface 

due to the release of Fe2+ from the metal as well as the increased CO3
2- 

concentration. This once again highlights the importance of using the surface 

rather than bulk values when evaluating the corrosion behaviour of the system. 

The determination of the surface supersaturation is important when 

incorporating FeCO3 formation kinetics into the model, as FeCO3 precipitation 

only occurs when the supersaturation is above 1[18]. Figure 2-11 clearly 

demonstrates how this occurs more readily at higher pH values, which may 

instead lead to an opposing issue of scale formation.  

 

Figure 2-11 - Plot of supersaturation as a function of the distance from 

the steel surface using Ksp formula by Greenberg and Tomson[20] with 

input values: 20 °C, 0.01 m pipe diameter, 1 ms-1 flow velocity, pH 6 and 

1 bar PCO2. 
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Figure 2-12 - Plot of supersaturation as a function of the distance from 

the steel surface produced by Nesic et al.[37] with input values: 20 °C, 

0.01 m pipe diameter, 1 ms-1 flow velocity, pH 6 and 1 bar PCO2. 

Comparing the values predicted by COMSOL against the plot produced by 

Nesic et al.[37] (Figure 2-12), there is an obvious disagreement in the shape 

of the two plots. The plot provided in the literature appears to reach a constant 

value much sooner than in the COMSOL model. It is not entirely clear as to 

why this is the case, however it seems as though in the literature the plot may 

have been produced using the surface CO3
2- concentration but the bulk Fe2+ 

concentration. Adjusting Figure 2-11 to perform the calculations in this way 

produces a much closer agreement: 
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Figure 2-13 - Plot of supersaturation as a function of the distance from 

the steel surface using bulk Fe2+ to calculate supersaturation, with 

input values: 20 °C, 0.01 m pipe diameter, 1 ms-1 flow velocity, pH 6 and 

1 bar PCO2. 

There is however still some discrepancy between Figure 2-12 and Figure 2-13 

in regard to the magnitude of the supersaturation. But, as previously stated, it 

is not entirely clear which formula was used by Nesic et al.[37] to calculate the 

value of 𝐾𝑠𝑝. There are multiple formulae available in the literature and so it is 

possible that a different value was used, which would lead to linear scaling of 

the supersaturation values.  

The plots discussed thus far demonstrate the functionality of the COMSOL 

model and its ability to model species behaviour both at the surface and 

throughout the boundary. However, in order to validate the model for a range 

of values and conditions a comparison plot has been produced to compare 

against a number data points from the available literature. Using the 

OriginPro® graph digitizer function, data was extracted from a total of 7 plots 

available in the literature, namely Figures 7 and 8 from Part 1[26] and Figures 

1-5 from Part 2[37] of the Nordsveen series. The use of the graph digitizer was 

necessary due to the low resolution of many of the plots. Clear data points 

were selected from each plot and compared to the COMSOL model, which 

was run under the stated input conditions. The results are shown in Figure 

2-14, alongside a dotted line (𝑦 = 𝑥) along which perfectly matched data would 

sit. 
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Figure 2-14 - Comparison of various values and a range of input 

conditions of results from the COMSOL model against the 

corresponding result from the literature. 

As can be seen in Figure 2-14, the two models show a high degree of a 

correlation, particularly when looking at the concentration deviation and flux 

plots. A small amount of variation is expected due to the error introduced when 

extracting data from the literature. For the flux plots this explains the data 

points with the largest discrepancy as they occur at very low magnitudes and 

so are difficult to accurately define; for larger values a much greater level of 

agreement is seen. In regard to the concentration deviation plot, there are 6 

data points which are clearly below their expected value based upon the 

literature. These values all relate to the carbonate concentration in the plot, 

indicating a potential difference in the models when modelling the reaction 

kinetics of this species in the boundary (see Equations 2.25 and 2.31). It has 

been assumed that the model in the literature has been kept consistent 

between the each of the papers by Nordsveen, Nesic, Nyborg and 

Strangeland[26, 37, 38].  

Considering the supersaturation comparison in Figure 2-14, the values 

produced in the COMSOL are consistently below that of the literature. At first 

glance, this once again appears suggests that a different solubility limit value 

(𝐾𝑠𝑝) has been used in the calculations. However, there are 4 data points that 

are much closer to the COMSOL values and all of these values correspond to 
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the supersaturation values compared at 𝑥 = 𝛿. As the same equilibrium 

constants have been used to calculate the bulk concentrations between the 

two models, this must mean that the 𝐾𝑠𝑝 value is not the main reason for the 

discrepancy.  Additionally, as the flux of Fe2+ is constant and matching in both 

models (see Figure 2-7 and 10), this strongly suggests a difference in the 

calculation of the carbonate concentration throughout the boundary.  

The final set of data points in Figure 2-14 relate to the predicted corrosion rates 

of the models. For the most part there is very good agreement between the 

two for a range of pH values at standard temperature and pressure, which can 

be seen in Figure 2-9 and 12. The only noticeable disparity between the 

models under these conditions occurs at a pH of 4.5, the reason for which has 

been previously discussed. However, when comparing the values over a range 

of temperatures, the values begin to diverge at higher temperatures with the 

COMSOL model predicting lower corrosion rates, as shown in Figure 2-15. 

 

Figure 2-15 - Predicted surface corrosion rates from the COMSOL (a) and 

Nesic et al.[37] (b) models over a range of temperatures with input 

values: 0.01 m pipe diameter, 1 ms-1 flow velocity, pH 6 and 1 bar PCO2. 

It is generally expected that the corrosion rate increases with temperature in 

the absence of surface films. However, as the comparison in Figure 2-15 is 

done at a relatively high pH value of 6, the low concentration of H+ ions in the 

bulk becomes a factor. Within the COMSOL model, the low availability of ions 

transported to the surface at this pH becomes a limiting factor in the corrosion 

process leading to a plateau in the corrosion rate. This mass-transport limiting 

effect is seemingly not captured by the model created by Nesic et al., however 

as discussed by the authors, this becomes less important at high temperatures 

due to the formation of protective FeCO3 films above temperatures of around 

50 °C[37]. Therefore, although not explicitly stated, it seems likely that these 

higher temperatures were not modelled and that the dashed line simply 

represents an extrapolation of the data.  
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2.5 Numerical Exploration 

As previously stated, the advantage of building the model within COMSOL 

Multiphysics® is that it allows for the rapid generation of data over a wide 

range of conditions. Thus far, the COMSOL model has been validated against 

all comparable plots available in the literature and has shown a high level of 

agreement across in all aspects. In this section, a deep numerical exploration 

of the model is conducted which goes beyond the data provided by the 

previous CO2 corrosion models. A large parametric study was run for 

thousands of input conditions, with temperatures ranging from 0-100 °C and 

partial pressures ranging from 0.1-10 bar at bulk pH values of 5, 5.5, 6, and 

6.5. Fluid velocity and pipe diameter were kept constant at 1 ms-1 and 0.01 m, 

respectively. 

Contour plots, generated using the coding software MATLAB, are utilised in 

order to visualise this data and evaluate the direct impact of changes in the 

bulk conditions upon the corrosion process occurring at the steel surface. 

Particular attention is given to the effect of these input conditions on the 

predicted corrosion rate, pH, and supersaturation at the surface. An even 

distribution of points was used to generate the plots at each of the bulk pH 

values, these are shown in Figure 2-16. 

 

 

Figure 2-16 - Distribution of temperatures and partial pressures used 

to generate contour plots for each bulk pH values. 
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2.5.1 Effect on Corrosion Rate 

The impact of bulk pH and temperature upon the surface corrosion rate have 

previously been discussed under a single set of specific conditions, see Figure 

2-9 and Figure 2-15, respectively. Here however, the effect of these input 

parameters is evaluated across a wide range of conditions. Additionally, the 

effect of the partial pressure of CO2 within the system is introduced into the 

analysis; an important factor which was not previously explored in the 

Nordsveen series of papers. A contour plot for each of the corrosion outputs 

at bulk pH values of between 5 and 6.5 has been produced using the data 

distribution shown in Figure 2-17. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 2-17 - Contour plots of predicted corrosion rates as a function 
of the log of partial pressure and temperature for bulk values of: (a) pH 
5 (b) pH 5.5 (c) 6 and (d) 6.5. 

Across the full range of bulk pH values, similar trends are found within the 

contour plots of corrosion rate, shown in Figure 2-17.  In general, it is the case 
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that as the partial pressure of CO2 is increased, there is a corresponding rise 

in the corrosion rate. The reason for this can be explained by the increase in 

the surface pH, seen in Figure 2-18. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 2-18 - Contour plots of surface pH as a function of the log of 
partial pressure and temperature for bulk values of: (a) pH 5 (b) pH 5.5 
(c) 6 and (d) 6.5. 

Although there is no change in the bulk pH, the increased pressure introduces 

more carbonic acid available into solution, which then dissociates to produce 

additional H+ ions to drive the corrosion process. To a lesser extent, this is also 

the reason that lower bulk pH values raise the corrosion rate. The increased 

concentration of H+ in the bulk produces a steeper concentration gradient 

within the boundary, resulting in a faster rate of transport between the bulk and 

surface.  

The change in corrosion rate with temperature however, is noticeably more 

complex, as is shown by the inconsistent shapes of the contour lines across 



74 
 

the range of conditions shown. The reason for this due to the interactions 

between a large number of temperature dependent constants within the 

system. Looking firstly at the effect on the flow, at higher temperatures the 

viscosity of the fluid is reduced, resulting in a thinner boundary layer. Ions in 

solution therefore have a shorter distance to travel between the bulk fluid and 

the surface, resulting in steeper concentration gradients and a more rapid 

exchange between the two. However, it should be noted that as temperature 

increases, the reduction in kinematic viscosity is much greater than the 

reduction in fluid density (see Table 2.1), resulting in a reduction in 𝐷𝑇 at higher 

temperatures (see Equation 2.19). This acts to slow diffusion through the 

boundary and therefore reduces the corrosion rate due to it being a mass-

transport controlled process. These competing factors are indicative of the 

type of behaviour that is seen when examining the temperature dependence 

of this system. 

The next key aspect to assess is the temperature dependence of the rate 

constants, both in the bulk and throughout the boundary. As has been shown 

previously by Li and Duan[61] and Marshall and Frank[62], each of the 

equilibrium constants 𝐾𝐻,𝐶𝑂2
, 𝐾𝑏𝑖, 𝐾𝑐𝑎, and 𝐾𝑤 are strongly reliant upon the 

temperature. These graphs are shown in Figure 2-19. 
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Figure 2-19 - Plots of the equilibrium constants: (a) Kbi (b) Kca (c) KH,CO2 

and (d) Kw as a functions of temperature produced by Li and Duan[61] 
(Kbi, Kca, KH,CO2) and Marshall and Franck[62] (Kw) 

In section (c) of Figure 2-19, it should be noted that the definition of 𝐾𝐻,𝐶𝑂2
 

used by Li and Duan is defined as pressure divided by molar concentration; 

the reciprocal of the definition used throughout this report (see Table 2.2).  The 

relationship between 𝐾𝐻,𝐶𝑂2
 and temperature as defined here would therefore 

be the inverse of that shown in the data provided by Li and Duan. 

Figure 2-19 displays a number of important parameters that explain complex 

system response to a change in temperature. The first and most obvious 

observation is that each of the equilibrium values change as a function of 

temperature. In general, the two dissociations constants increase at higher 

temperatures (graphs (a) and (b)), producing a greater number of H+ ions at a 

faster rate as the forwards reaction becomes dominant. Despite this, the 

overall solubility of CO2 is seen to decrease (graph (c)) which implies less 

carbonic acid available in solution; a similar effect to if the partial pressure is 

dropped. Looking at the water dissociation constant Kw (graph (d)), it is found 

to increase exponentially with increasing temperature. Therefore, at lower 

temperatures this reaction can be assumed to be negligible, but as the 
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temperature is increased it becomes more and more significant in the 

production of H+ ions.  

It is also important to observe the shape of the curves as, with the exception 

of 𝐾𝑤, the correlation between temperature and the constants changes. Each 

of the constants have clearly defined maxima and minima, which occur at 

different temperature values.  For example, 𝐾𝑏𝑖 reaches its minimum value at 

around 325 K, whereas for 𝐾𝐻,𝐶𝑂2
 the peak is closer to 425 K. The 

misalignment of these peaks is partially responsible for some of the wave 

patterns seen in Figure 2-17. 

The last point that will be explored here is the impact of the temperature on 

the electrochemical reactions at the surface. As previously discussed, within 

the model, there are two cathodic reactions taking place simultaneously at the 

steel surface: hydrogen reduction and carbonic acid reduction (Equations 2.9 

and 2.10). The rates of each of these reactions depend on the surface 

concentrations of H+ and H2CO3, respectively. Figure 2-20 displays the ratio of 

the exchange currents of these two reactions over a range of temperature and 

pH values, effectively showing the relative contributions of each to the overall 

corrosion process. It can be seen that for low bulk pH and pressure values, 

the H+ reduction is the dominant reaction (log (
𝑖
𝐻+

𝑖𝐻2𝐶𝑂3

> 0)) for the given 

Reynold’s number. As either of these input values are increased however, 

there is a noticeable shift towards the carbonic acid reduction being dominant. 

The shift with bulk pH being due to the decreased number of H+ ions available 

in solution, whilst the shift with pressure is due to the increase in aqueous CO2 

being hydrated and forming H2CO3. As both of these cathodic reactions have 

different responses to temperature change, it causes the variation in the 

contour plots for different pH and PCO2 values seen in Figure 2-17.  
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Figure 2-20 - Plots of the ratio of exchange current densities for H+ and 

H2CO3 surface reductions over a range of temperatures at (a) 0.1 bar 

and (b) 1 bar for Re = 9961.9. 

The high degree of complexity when evaluating temperature dependence of 

this system makes it very difficult to establish a clear cause and effect 

relationship. In general, it can be said that higher temperatures result in greater 

corrosion rates, however, as shown in graphs (a), (b), and (c) of Figure 2-17 

there are regions in which the opposite is true. The overall conclusion from 

these plots is that there is a complex interrelation between many factors that 

must be considered when assessing the relative effect on corrosion rate. 

Whilst general expected trends can be identified, it is almost impossible to 

accurately quantify the direct impact of changing input conditions without the 

aid of computer simulation or experimental data.  
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2.5.2 Effect on Saturation Ratio 

It is known that changes to the temperature, pressure, and bulk pH have a 

noticeable impact on the behaviour of the system. The concentrations of key 

species can vary by orders of magnitude, impacting not just the corrosion rate, 

but also the formation of protective corrosion products on the surface. 

However, by looking at the effect of the input conditions on the surface 

saturation ratio, it is possible identify areas of stability for the formation of iron 

carbonate. Figure 2-21 shows the surface saturation index of FeCO3 over the 

range of input conditions shown in Figure 2-16. The surface saturation index 

represents the log of the saturation ratio (as defined by Equation 2.47), which 

is dependent upon the local concentrations of Fe2+ and CO3
2-.  

𝑆𝐼 = log10(𝑆𝑅) = log10 (
[𝐹𝑒2+][𝐶𝑂3

2−]

𝐾𝑠𝑝
) (2.49) 

Where 𝑆𝐼 is the saturation index and 𝑆𝑅 is the saturation ratio. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 2-21 - Contour plots of surface saturation index of FeCO3 as a 
function of the log of partial pressure and temperature for bulk values 
of: (a) pH 5 (b) pH 5.5 (c) 6 and (d) 6.5. 

From Figure 2-21, it appears that that is almost a log-linear relationship 

between pressure and temperature in order to produce a stable FeCO3 

saturation ratio across the range of bulk pH values. Whilst not a perfect 

relationship, the data suggests that a constant saturation ratio can be 

maintained following a drop in either temperature or pressure, provided there 

is a corresponding increase in the other variable. As the corrosion rate is 

intrinsically linked to the release of iron from the surface, the surface 

concentration of Fe2+ follows a very similar trend to the corrosion rates shown 

in Figure 2-17. However, the contour plots of the saturation index show a much 

more consistent increase with temperature, pressure, and bulk pH. The reason 

must therefore be due to the surface concentration of carbonate ions, which is 

shown in Figure 2-22. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 2-22 - Contour plots of surface CO3
2- concentration (M) as a 

function of the log of partial pressure and temperature for bulk values 
of: (a) pH 5 (b) pH 5.5 (c) 6 and (d) 6.5. 

Figure 2-22 presents a much more complicated picture of what is happening 

at the corroding surface.  The reasons for this are similar to those discussed 

in section 2.5.1 regarding the contour plots of corrosion rates. At higher partial 

pressures, the solubility of CO2 is increased, leading to increased 

concentrations of both iron and carbonate ions throughout the domain. The 

increase due to the changing pressure is fairly consistent across all 

temperature and bulk pH values. However, when looking at temperature in 

isolation, the effect on the carbonate concentration varies. The complex 

interactions between the changing boundary layer thickness, equilibrium 

values, rate constants, CO2 solubility, and the dominance of the cathodic 

reaction all come into play once again. It would not be possible to analytically 

determine the surface concentration of CO3
2- for a given set of conditions. 
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Interestingly, despite the complex contour patterns shown in Figure 2-22, the 

contour plots of the saturation index are much more predictable. This 

demonstrates the interconnected nature of the system, as fluctuations in one 

species are balanced by an equal change in the other. A faster corrosion rate 

results in increased Fe2+ production, but the mechanisms by which this occurs 

result in lower CO3
2- concentrations, either due to reduced CO2 solubility or 

the dominance of the carbonic acid reduction reaction. 

It should be noted raising the bulk pH of the system causes an increase in both 

the carbonate concentration and the overall saturation index. This is a well-

known phenomenon that is explained in detail by Stumm and Morgan[115] and 

relates to the relationship between the equilibrium constants and the H+ 

concentration. By evaluating the equilibrium concentrations of the relevant 

aqueous species in a closed system over a range of pH values, this effect can 

be shown. 

 

Figure 2-23 – Bjerrum plot showing the concentrations of aqueous and 

dissociated CO2 over a range of pHs in a closed fresh water system, as 

detailed by Stumm and Morgan[115]. 

Note, in Figure 2-23 [𝐶𝑂2](𝑎𝑞) refers to the total dissolved CO2, including the 

hydrated form of carbonic acid. 

Figure 2-23 shows that, as the pH in a closed system changes, there is a shift 

from aqueous CO2 towards the dissociated forms, raising the concentration of 

carbonate ions. This is analogous to what is occurring in the boundary layer 

as there is no additional gaseous CO2 introduced at this point and helps 

explain the high HCO3
- concentrations seen in the previous comparison to the 

Nordsveen model (see Figure 2-5). The increased carbonate concentration 

results in higher degree of supersaturation and means that FeCO3 is more 
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likely to precipitate out and form a protective layer on the surface. The result 

is in even lower corrosion rates than those shown in Figure 2-17 for the higher 

bulk pH values, and therefore the effect of changing the bulk pH is amplified. 
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Chapter 3 - Kahyarian Model Implementation within 

COMSOL 

In 2019, Aria Kahyarian and Srdjan Nesic of Ohio University published a new 

model for carbon dioxide corrosion of mild steel[36], which notably does not 

include the direct reduction of carbonic acid. Instead, a ‘buffering effect’ 

mechanism is utilised in which H2CO3 dissociates at the surface to 

compensate for the lower pH, producing H+ ions to drive the cathodic half-

reaction.  A second version of this model was published by the same authors 

a year later[12] with updated constants and minor corrections to the text. 

Although modelling the same scenario, this model introduced several 

significant changes when compared to the model by Nordsveen et al.[26], 

discussed in the previous chapter. Alongside the treatment of H2CO3, further 

changes were made to the anodic kinetics, bulk chemistry calculations, 

species transport formulae, and species activity. 

In this chapter, the 2020 version of the Kahyarian et al.[12, 36] model is 

implemented within COMSOL Multiphysics® version 6.1 to provide insight as 

to how the mechanistic modelling decisions made during its development 

affect the predicted output. A thorough numerical exploration of the model is 

conducted to identify the behaviour of the model over a range of temperatures, 

CO2 partial pressures, bulk pH values, and hydrodynamic conditions. 

3.1 Background  

Comprehensive mechanistic models of CO2 corrosion are inherently the most 

complex form of corrosion model as they attempt to capture, and fully couple 

all relevant chemical, electrochemical, and physical influences[31]. As such, 

there are two primary factors that are considered during their development:  

1. Understanding of the underlying physicochemical mechanisms that 

drive the corrosion process. 

2. Empirical data to determine the rate of associated processes across a 

range of conditions. 

Over time, both of these factors are susceptible to change, as additional 

experiments are conducted and both technological advancements and 

improved methodologies allow for the gathering of higher quality data. As 

such, it is common that in the years between production of different 
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comprehensive mechanistic models, significant scientific advancements have 

been made as to fundamentally influence their design. 

3.1.1 Role of Carbonic Acid 

Possibly the most fundamental mechanistic development since the early 

model developed by Turgoose et al.[24] in the 1990s, is the change in 

understanding of the cathodic surface reactions, in particular the role of 

H2CO3. Early models follow a mechanism proposed by De Waard and 

Milliams[30] in which two cathodic half reactions take place; H+ reduction and 

H2CO3 reduction. Under this mechanism, H2CO3 reacts directly with the 

corroding surface to form H+ and HCO3
- (Equation 3.1). 

2H2CO3(aq)
+ 2e− → H(g)

+ + 2HCO3(aq)
−  (3.1) 

Due to the direct interaction between H2CO3 and the surface, this became 

known as the ‘direct reduction’ model and is the mechanism utilised by 

Nordsveen et al.[26].  

For years, the direct reduction model was the standard in CO2 corrosion 

modelling. However, in 2008 Remita et al.[32] revisited a different mechanism 

originally proposed back in 1998 by Linter and Burstein[34] following 

observations made by Hurlen et al.[116, 117] regarding the importance of 

buffering capacity on the rate of the cathodic reaction. It was suggested that, 

instead of reacting directly with the surface, H2CO3 instead rapidly dissociates 

near the surface, with the dissociation reaction producing additional ions to 

drive the H+ reduction reaction. In the work by Remita et al.[32], cathodic 

polarisation of a rotating disk electrode (RDE) was used to compare the 

limiting currents of a CO2 saturated solution and a nitrogen (N2) purged 

solution for a pH of approximately 4. It was first shown that, for a given rotation 

speed and pH, the limiting cathodic current was greater for the CO2 saturated 

solution when compared to the N2 solution. This confirmed that, at a fixed pH, 

a system containing CO2 undergoes a higher rate of corrosion than a system 

without CO2, independent of the mass-transport behaviour. The experimental 

data was then combined with a simple mechanistic model to investigate 

whether the buffering effect alone could be the cause of the difference. It was 

concluded that, provided the dissociation reactions were properly accounted 

for, the buffering effect was sufficient to account for the higher current, without 

the need for a secondary cathodic reaction. 

As noted in the review paper by Kahyarian et al.[31], the limited range of 

experimental conditions investigated by Remita et al.[32] (solely pH 4 and 1 
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bar PCO2) prevented their conclusions from being extended to conditions with 

much greater H2CO3 concentrations. However, in 2015 a more extensive 

experimental study was conducted by Tran et al.[33]. Stainless steel 

electrodes in both a glass cell rotating cylinder electrode (RCE) set-up, and an 

autoclave were used to measure the cathodic polarisation response at pHs 4, 

5, and 6 for temperatures of 25 °C and 80 °C at 1 bar and 10 bar PCO2. In each 

case, the results clearly showed that for a given pH, increasing the partial 

pressure extended the mass-transport region without affecting the charge-

transfer current. If a secondary direct reduction reaction were present, it would 

be expected that the charge-transfer current would increase alongside the 

partial pressure. As this was not the case, it was concluded that the direct 

reduction of H2CO3 was not significant under the conditions tested and that 

the increased corrosion rates were instead due to the increased supply of H+ 

ions via the buffering mechanism. 

As a result of this research, the model by Kahyarian et al.[12, 36] replaces the 

direct reduction reaction used previously by Nordsveen et al.[26] with the 

updated buffering mechanism. From a modelling perspective, this change is 

important in relation to the calculation of the surface chemistry due to the direct 

impact of the cathodic mechanism on the surface pH. 

3.1.2 Anodic Reaction Kinetics 

When considering the corrosion of steel in CO2 saturated environments, it is 

known that the rate of the iron dissolution is influenced significantly by the pH 

of the solution[3]. As such it is important to consider the concentration H+ ions 

at the surface when calculating the electrochemical response.   

In the model by Nordsveen et al.[26], this effect is accounted for using discrete 

step changes as the pH increases. As discussed in the previous chapter, there 

is an issue with this approach in that it results in a corresponding step-change 

to the corrosion rate at the transition points between the different values. The 

original source paper for the anodic kinetics[114] indicates that these step 

changes are a simplification of the true mechanism. The clearest example of 

this is for pH values between 4 and 5 in which Nordsveen et al.[26] use a fixed 

reaction order of 1, when in fact the data shows a gradual transition in the 

reaction order from 2 to 0 under these conditions[114].  

The model by Kahyarian et al.[12, 36] attempts to capture the mechanistic 

transition more completely by utilising a continuous function to describe the 

anodic kinetics. Rather than using a stepped function of pH, the reaction rate 
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is calculated as a function of the local H+ and CO2 activity. The result is a 

smooth transition in the anodic kinetics as the pH at the surface changes. 

An additional layer of complexity is also added to the anodic kinetics within the 

Kahyarian model as it attempts to capture the effects of pre-passivation. 

Passivation is a phenomenon which occurs at high anodic potentials in which 

a passive layer beings to form on the surface resulting in a reduction to the 

corrosion rate[4]. The exact nature of the passive layer that forms varies based 

on the pH of the system and the magnitude of the applied potential. A Pourbaix 

diagram[118]  can be used to predict the passivation kinetics based on the 

thermodynamic stability (Figure 3-1). 

 

Figure 3-1 - Pourbaix diagram published by Tanupabrungsun et al.[119] 
indicating the conditions under which different passive oxide and hydroxide 
layers form in an Fe-CO2-H2O environment at 25 °C. 

The pre-passive region refers to the part of the polarisation curve before 

passivation occurs, in which the increase in corrosion rate with applied 

potential begins to slow. Therefore, as the model only accounts for the anodic 

kinetics during the active dissolution, transitional, and pre-passive regions, the 

chemical composition of the passive layer does not need to be specifically 

defined. The change in the current density is therefore accounted for via a non-

specific ‘intermediate species’, which is used to define the transition between 

the different anodic mechanisms. 
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3.1.3 Species Activity 

One aspect of the solution chemistry often ignored in mechanistic CO2 

corrosion models is the influence of species activity, as the solution is 

commonly assumed to be ideal[25, 26, 32, 35, 105]. In practice, this means 

the activity coefficients associated with dissolved species are assumed to be 

1 and the species concentration can therefore be used in place of activity. 

However, in reality this is not the case and, as the ionic strength of a solution 

increases, the ideal solution assumption becomes progressively more 

inaccurate. The distribution of ionic species and their interaction with the 

dipolar water molecules have an increasingly greater impact on the solution 

chemistry[29]. 

In order to account for this effect, Kahyarian et al.[12, 36] implement a series 

of equations known as the Pitzer equations, originally proposed by Kenneth 

Pitzer in 1973[120]. The Pitzer equations are complex as they take into 

account the specific ion interactions in solution, considering long-range 

electrostatic effects as well as the short-range interactions that arise in more 

concentrated solutions[121]. As such, depending on the solution chemistry, the 

number of equations can be extensive and rely on a number of experimentally 

derived parameters. The Pitzer model is often considered to be the most 

accurate method of accounting for species activity in solutions with high ionic 

strengths. However, as noted by both Misra[29] and Langmuir[121], in dilute 

solutions it is slightly less accurate than the more simplistic Debye-Hückel 

equation as it does not account for ion size when considering the long-range 

effects. 

3.2 Overview of Underlying Physics 

Before discussing the process of generating a version of a CO2 corrosion 

model by Kahyarian et al.[12, 36] within COMSOL, it is once again important 

to properly define the scenario that is being modelled. As with the Nordsveen 

model discussed in the previous chapter, this model is a one-dimensional 

representation of the interaction between aqueous CO2 and the internal 

surface of a mild steel pipeline. The model evaluates corrosion and speciation 

outwards from a single point on the steel surface and is split into three key 

domains: bulk steel surface, boundary layer, and bulk solution. These can be 

simplified into one-dimension by using a straight line to represent the boundary 

layer, with the two endpoints being representative of the corroding bulk steel 

surface and the bulk fluid, respectively. The behaviour of the active species in 
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each of these domains is described by different sets of equations to model the 

production, consumption, and transport of the species. For clarity, a two-

dimensional visualisation of the system has been provided in Figure 3-2, 

including complete sets of equations describing each of the three domains.  

Uniform corrosion is assumed in the model when calculating corrosion rates, 

along with zero precipitation of solid corrosion product either within the 

boundary or at the metal surface. Empirical relationships are used to calculate 

the thickness of the boundary layer and effect of turbulence, based on data for 

a fully developed straight pipe flow. These relationships assume flow is uniform 

throughout the pipe and axis-symmetric about the centre. 
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Figure 3-2 - Diagram showing the system being modelled within system, represented mathematically by a one-
dimensional line between the steel surface and the bulk solution. 
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3.2.1 Fluid Properties 

The fluid properties utilised within the model are representative of CO2 

saturated water flowing through a straight a pipe under turbulent 

hydrodynamic conditions. The hydrodynamic properties of the fluid are 

calculated as functions of the variable input parameters used to describe the 

environmental conditions; these are summarised in Table 3.1 below. 

Table 3.1 - Summary of formulae used in the calculation of the 
hydrodynamic properties 

The input parameters that can be varied within the model are the temperature, 

bulk pH, partial pressure of CO2, and the free stream velocity of the bulk fluid. 

The range input conditions used within this work are summarised in and are in 

alignment with the limitations of the model discussed by Kahyarian et al.[12, 

36] Notably, the temperature range explored here is limited to a maximum of 

40 °C, this is due the hydration constant in this model being calculated in part 

based on the 1954 work of Wissbrun et al.[122], which was only been validated 

up to 45 °C. 

Table 3.2 - Summary of input variables and the associated range of 
values used. 

Variable Symbol Range of Values 

Temperature (Kelvin) 𝑇𝐾 273.15 − 313.15 K 

pH 𝑝𝐻 5 − 6.5 

Partial Pressure of CO2 𝑃𝐶𝑂2
 0.1 − 10 bar 

Bulk Fluid Velocity 𝑢 1 − 10 m∙s-1 

Parameter Symbol Formula[12] Equation 

Density of 

Fluid 

𝜌𝑓 (753.596 + 1.87748𝑇𝐾 − 0.003564𝑇𝐾
2) (3.2) 

Hydraulic 

Diameter 
𝑑 - - 

Dynamic 

Viscosity 
𝜇 0.001002 × 10

1.1709(293.15−𝑇𝐾)−0.001827(293.15−𝑇𝐾)2

(𝑇𝐾−273.15)+89.93  (3.3) 

Reynolds 

Number 
𝑅𝑒 

𝜌𝑓𝑣𝑑

𝜇
 (3.4) 
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3.2.2 Active Species 

A total of nine species are included within the speciation calculations (see 

Table 3.3), seven of which are chemically active species. Additional species 

Na+ and Cl- are included as ions to balance the charge when the bulk pH is 

specified and shifted from the equilibrium pH. 

As discussed in section 3.1.3, a notable inclusion within the Kahyarian model 

is the inclusion of the species activity to represent the nonideality of the 

solution. Within the original publication, these species activities are calculated 

using full Pitzer coefficients, which describe the individual interactions between 

each of the aqueous species[121]. However, for dilute solutions as being 

assessed here, it has been shown that the extended Debye-Hückel 

approximation provides a strong approximation for the Pitzer equations[29].  

The Debye-Hückel approximation, which is used here, was originally proposed 

by Peter Debye and Erich Hückel in 1923 and allows for the mean activity 

coefficient to be calculated for each ion in solution based on the ionic strength. 

The extended version of the Debye-Hückel equation is given by Equation 3.5. 

ln(𝛾𝑖) = −
𝐴𝑧𝑖

2√𝐼

1 + 𝐵𝑎𝑖√𝐼
 (3.5) 

Where 𝐴 and 𝐵 are characteristic constants of the fluid and 𝐼 is the ionic 

strength of the solution (M). 

𝐴 =
𝐹2𝜖0√2

8𝜋(𝜖𝑅𝑇𝐾)(
3
2
)
 (3.6) 

𝐵 =
𝐹

√𝜖𝑅𝑇𝐾

2

 
(3.7) 

Where 𝐹 is the Faraday constant (96,458 c/mol), 𝜖0 is the permittivity of free 

space, 𝜖 is the relative permittivity of the solution (80 for water at , 1 bar, 293.15 

K[123]) and 𝑅 is the universal gas constant (8.3145 J∙mol-1∙K-1).  

The ionic strength (𝐼) of the solution is given by Equation 3.8. For the purposes 

of this work, a 1 wt% sodium chloride (NaCl) solution is used, giving an ionic 

strength of 0.1711 M. 
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𝐼 =
1

2
∑𝑐𝑗𝑧𝑗

2

𝑛

𝑗=1

 (3.8) 

Where 𝑐𝑗 and 𝑧𝑗 are the concentration (M) and charge of species 𝑗 respectively. 

Each of the active species included within the model, as well as associated 

coefficients relating to its chemical activity, and diffusion coefficient are 

provided in Table 3.3. 

Table 3.3 - Summary of active species with associated charge, ion size 
and reference diffusion coefficient. 

Species 

Diffusion 

Coefficient 

(𝐷𝑗,𝑟𝑒𝑓)[12] 

Charge (𝑧𝑗) Ionic Radius (𝑟𝑖,𝑗 nm)[29] 

CO2(aq)
 1.92 × 10−9 0 N/A 

H2CO3(aq) 1.75 × 10−9 0 N/A 

HCO3
−

(aq) 1.185 × 10−9 −1 0.45 

CO3
2−

(aq) 0.923 × 10−9 −2 0.45 

H(aq)
+  9.315 × 10−9 +1 0.9 

OH(aq)
−  5.273 × 10−9 −1 0.35 

Fe(aq)
2+  0.72 × 10−9 +2 0.6 

Na(aq)
+  1.334 × 10−9 +1 0.45 

Cl(aq)
−  2.032 × 10−9 −1 0.3 

3.2.3 Summary of Reactions 

The reactions within a CO2 saturated steel pipeline can be separated into two 

groups: the chemical reactions occurring in the fluid and electrochemical 

reactions occurring at the corroding surface. A summary of reactions relevant 

to the corrosion model is provided below, a more detailed review of the solution 

chemistry can be found in Chapter 1 of this thesis. 
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3.2.3.1 Solution Chemistry 

When CO2 is dissolved in water, a slow hydration reaction occurs to produce 

H2CO3:  

CO2(aq)
+ H2O(l) ⇌ H2CO3(aq)

 (3.9) 

Following the hydration reaction, two dissociation reactions take place, 

resulting in the production of hydrogen (H+) ions at each stage: 

H2CO3(aq) ⇌ HCO3(aq)
− + H(aq)

+  (3.10) 

HCO3(aq)

−  ⇌ CO3(aq)

2− + H(aq)
+  (3.11) 

Additionally, the dissociation of the water itself contributes to the production of 

ions in solution: 

H2O(l) ⇌ H(aq)
+ + OH(aq)

−  (3.12) 

When the pH is high, hydroxylation reactions (Equations 3.13 and 3.14) act to 

reduce the hydroxide ion concentration. These reactions have been included 

in the model by Kahyarian et al., however it is known that under acidic/low pH 

conditions the contribution of these reactions is negligible[12]. 

CO2(aq) + OH(aq)
− ⇌  HCO3(aq)

−  (3.13) 

HCO3(aq)

− +  OH(aq)
− ⇌  CO3(aq)

2− + H2O(l) (3.14) 

It should be noted that all of the reactions listed here (Equations 3.9-3.14) are 

reversible and occur forwards and backwards simultaneously. When under 

steady-state conditions, these rates of these two reactions are equal, resulting 

in an equilibrium condition. When shifted from the equilibrium state, as is 

generally the case within the boundary layer close to the surface, the reactions 

become imbalanced and either the forward or backward reaction becomes 

dominant. 

3.2.3.2 Surface Reactions 

As discussed in section 3.1.1, the Kahyarian model operates assuming the 

buffering mechanism to account for the contribution of H2CO3. There are 

therefore only two electrochemical half-reactions to consider at the interface 

between the fluid and the internal pipe surface. The first is the anodic 

dissolution of iron into the solution, given by Equation 3.15.  It is this reaction 
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that produces a corrosion rate at the surface as material is transferred from 

the metal into solution.  

Fe(s) → Fe(aq)
2+ + 2e− (3.15) 

The second half-reaction is the cathodic reduction of H+ ions to form hydrogen 

gas (Equation 3.16).  

2H(aq)
+ + 2e− → H2(g)

 (3.16) 

As hydrogen reduction is the sole cathodic reaction, the supply of H+ ions to 

the surface acts as the limiting factor for the corrosion rate when the system 

is under mass-transport control.  

3.3 COMSOL Implementation 

3.3.1 Bulk Fluid Chemistry  

Two important assumptions are made when defining the chemistry of the bulk 

flow. The first is that, due to the turbulent nature of the flow, there is perfect 

mixing of the chemical species producing a homogenous solution chemistry. 

The second is that the bulk volume is sufficiently large as to allow the solution 

chemistry to be considered independently of the surface reactions. By 

employing these two assumptions, the bulk chemistry can be considered to be 

in a state of equilibrium and therefore acts as a boundary condition within the 

COMSOL model. 

Equilibrium constants are used to calculate the relative concentrations of 

species when in an equilibrium state. Each of the reactions discussed in 

section 3.2.3.1 has a corresponding equilibrium constant, which describes the 

ratios of the products to reactants, as seen in Equations 3.18-3.23. The initial 

concentration of aqueous CO2 is a function of the partial pressure, following 

Henry’s Law (Equation 3.17). 

𝐾𝐻 =
𝑃𝐶𝑂2

𝑎𝐶𝑂2(𝑎𝑞)

 (3.17) 

𝐾𝐻𝑦𝑑 =
𝑎𝐻2𝐶𝑂3(𝑎𝑞)

𝑎𝐶𝑂2(𝑎𝑞)
∙ 𝑎𝐻2𝑂(𝑙)

 (3.18) 

𝐾𝑐𝑎 =
𝑎𝐻𝐶𝑂3

−
(𝑎𝑞)

∙ 𝑎𝐻+
(𝑎𝑞)

𝑎𝐻2𝐶𝑂3(𝑎𝑞)

 (3.19) 
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𝐾𝑏𝑖 =
𝑎𝐶𝑂3

2−
(𝑎𝑞)

∙ 𝑎𝐻
+

(𝑎𝑞)

𝑎𝐻𝐶𝑂3
−

(𝑎𝑞)

 (3.20) 

𝐾𝑊 =
𝑎𝑂𝐻−

(𝑎𝑞) ∙ 𝑎𝐻+
(𝑎𝑞)

𝑎𝐻2𝑂(𝑙)

 (3.21) 

𝐾𝑐𝑎 ⋅
𝐾𝐻𝑦𝑑

𝐾𝑊
=

𝑎𝐻𝐶𝑂3
−

(𝑎𝑞)

𝑎𝐶𝑂2(𝑎𝑞)
∙ 𝑎𝑂𝐻−(𝑎𝑞)

 (3.22) 

𝐾𝑏𝑖

𝐾𝑊
=

𝑎𝐶𝑂3
2− ⋅ 𝑎𝐻2𝑂(𝑙)

𝑎𝐻𝐶𝑂3
−

(𝑎𝑞)
⋅ 𝑎𝑂𝐻−(𝑎𝑞)

 (3.23) 

The values used to calculate the equilibrium constants are shown in Table 3.4, 

with the associated formulae shown in Equations 3.24-3.27. Note that some 

of these values differ from the values reported by Kahyarian and Nesic[12] due 

to minor differences relative to the original works. All values reported here 

reflect those in the source literature.  

Table 3.4 - Parameters for the calculation of equilibrium constants. 

 𝑲𝑯
∗ [61] 𝑲𝑯𝒚𝒅[12] 𝑲𝒄𝒂

∗ [60] 𝑲𝒃𝒊[60] 𝑲𝒘[62] 

𝒂𝟏 1.4000 × 101 6.6330 × 10−2 2.3352 × 102 −1.5118 × 102 −4.0980 

𝒂𝟐 −1.3341 × 10−2 9.5260 × 103 0.0000 −8.8696 × 10−2 −3.2452 × 103 

𝒂𝟑 −5.5898 × 102  −1.1974 × 104 −1.3623 × 103 2.2362 × 105 

𝒂𝟒 −4.2258 × 105  0.0000 0.0000 −3.9840 × 107 

𝒂𝟓   −3.6506 × 101 2.7798 × 101 1.3957 × 101 

𝒂𝟔   −4.5080 × 101 −2.9514 × 101 −1.2623 × 103 

𝒂𝟕   2.1313 × 103 1.3890 × 103 8.5641 × 105 

𝒂𝟖   6.7143 4.4196  

𝒂𝟗   8.3939 × 10−3 3.2200 × 10−3  

𝒂𝟏𝟎   −4.0154 × 10−1 −1.6445 × 10−1  

𝒂𝟏𝟏   −1.2402 × 10−3 −4.7367 × 10−4  
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For 𝐾𝑐𝑎
∗  and 𝐾𝑏𝑖: 

ln(𝑝𝑎𝑟. ) = 𝑎1 + 𝑎2𝑇𝐾 +
𝑎3

𝑇𝐾

+
𝑎4

𝑇𝐾
2 + 𝑎5 ln(𝑇𝐾) + (

𝑎6

𝑇𝐾

+
𝑎7

𝑇𝐾
2 +

𝑎8

𝑇𝐾

ln(𝑇𝐾)) (𝑃 − 𝑃𝑠)

+ (
𝑎9

𝑇𝐾

+
𝑎10

𝑇𝐾
2 +

𝑎11

𝑇𝐾

ln(𝑇𝐾)) (𝑃 − 𝑃𝑠)
2 

(3.27) 

It is important to clarify that the calculated values 𝐾𝐻
∗  and 𝐾𝑐𝑎

∗ , are defined in 

relation to the total dissolved carbon dioxide (𝐶𝑂2
∗) which includes both 

dissolved CO2 and hydrated dissolved CO2 in the form of H2CO3. Adjusting 

these values to give the true dissociation constants, requires some 

mathematical manipulation. From Equation 3.18, assuming the activity of 

water to be equal to 1, it can be seen that:  

𝑎𝐻2𝐶𝑂3
= 𝑎𝐶𝑂2

∙ 𝐾𝐻𝑦𝑑 (3.28) 

Hence: 

𝐾𝐻
∗ =

𝑃𝐶𝑂2

𝑎𝐶𝑂2

∗ =
𝑃𝐶𝑂2

(𝑎𝐶𝑂2
+ 𝑎𝐻2𝐶𝑂3

)
=

𝑃𝐶𝑂2

𝑎𝐶𝑂2
(1 + 𝐾𝐻𝑦𝑑)

 

=
𝑃𝐶𝑂2

𝑎𝐶𝑂2

⋅
1

(1 + 𝐾𝐻𝑦𝑑)
=

𝐻𝐶𝑂2

(1 + 𝐾𝐻𝑦𝑑)
 

 

𝐾𝐻 = 𝐾𝐻
∗ ∙ (1 + 𝐾𝐻𝑦𝑑) (3.29) 

For the calculation of 𝐾𝑐𝑎: 

𝐾𝑐𝑎
∗ =

𝑎𝐻𝐶𝑂3− ⋅ 𝑎𝐻+

𝑎𝐶𝑂2

∗ =
𝑎𝐻𝐶𝑂3− ⋅ 𝑎𝐻+

(𝑎𝐶𝑂2
+ 𝑎𝐻2𝐶𝑂3

)
 (3.30) 

Combining Equations 3.28 and 3.30: 

𝐾𝑐𝑎
∗ =

𝑎𝐻𝐶𝑂3− ⋅ 𝑎𝐻+

(
𝑎𝐻2𝐶𝑂3

𝐾𝐻𝑦𝑑
+ 𝑎𝐻2𝐶𝑂3

)
=

𝑎𝐻𝐶𝑂3− ⋅ 𝑎𝐻+

𝑎𝐻2𝐶𝑂3
(1 +

1
𝐾𝐻𝑦𝑑

)
=

𝑎𝐻𝐶𝑂3− ⋅ 𝑎𝐻+

𝑎𝐻2𝐶𝑂3

∙
1

(1 +
1

𝐾𝐻𝑦𝑑
)

=
𝐾𝑐𝑎

(1 +
1

𝐾𝐻𝑦𝑑
)
 

𝐾𝑐𝑎 = 𝐾𝑐𝑎
∗ ∙ (1 +

1

𝐾𝐻𝑦𝑑
) (3.31) 

𝑙𝑛(𝐾𝐻
∗ ) = 𝑎1 + 𝑎2𝑇𝐾 +

𝑎3

𝑇𝐾
+

𝑎4

𝑇𝐾
2 (3.24) 

log(𝐾𝑤) = 𝑎1 +
𝑎2

𝑇𝐾
+

𝑎3

𝑇𝐾
2 +

𝑎4

𝑇𝐾
3 + (𝑎5 +

𝑎6

𝑇𝐾
+

𝑎7

𝑇𝐾
2) log (

𝜌𝑤

1000
) (3.25) 

𝐾𝐻𝑦𝑑 = 𝑎1𝑒 (
𝑎2

𝑅𝑇𝐾
) (3.26) 
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The resulting species concentrations for the bulk fluid over a range of pH 

values are shown in Figure 3-3 for a temperature of 293.15 K, CO2 partial 

pressure of 1 bar and ionic strength of 0.1711 M (1 wt% NaCl). The total charge 

sum, indicated by the dashed black line in Figure 3-3, is also calculated as an 

absolute value (Equation 3.32). The point at which the total charge is zero 

indicates the neutral pH of the system, equal to 3.81 for the conditions given 

here. 

𝐶ℎ𝑎𝑟𝑔𝑒 𝑆𝑢𝑚 =  |∑(𝑧𝑗𝑐𝑗)

𝑛

𝑗=1

⋅ 𝑁𝐴 ⋅ 𝑒| (3.32) 

Where 𝑁𝐴 is Avogadro’s constant (≈ 6.022 × 1023), and 𝑒 is the elementary 

charge (≈ 1.602 × 10−19 C).  

It should be noted that a nominal concentration of 1 ppmMolar is given for the 

concentration of Fe2+, despite not being involved in any reactions in the bulk. 

This is to account for the accumulation of Fe2+ in the bulk resulting from the 

surface reactions in the system, which cannot be calculated for a stand-alone 

one-dimensional model. As Fe2+ is being released from the surface, the bulk 

concentration cannot be zero as this would imply zero flux across the 

boundary. 

As the pH of the solution increases, there are relative increases in both 

dissociated forms of dissolved CO2, namely HCO3
- and CO3

2- (Figure 3-3). 

Figure 3-4 shows how the ratios of these species change as a function of bulk 

 

Figure 3-3 - Bulk species concentration and total charge as a function 
of pH for input values of 20 °C, 1 bar PCO2 and ionic strength of 0.1711 

M. 
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pH, with undissociated aqueous CO2 being the dominant form at low pH. At a 

pH of around 6, this shifts towards a HCO3
- dominated solution, before 

transitioning again to a CO3
2- dominated solution at around pH 9.  

 

Figure 3-4 - Ratio of bulk carbonate species as a function of bulk pH. 

3.3.2 Boundary Layer Kinetics 

The constants provided in Equations 3.17-3.23 detail the equilibrium state of 

the bulk fluid, however the species concentrations between the surface and 

the bulk cannot be considered in the same way. The corrosion caused by the 

electrochemical reactions at the metal surface introduces a flux of ions which 

shifts the system from the bulk equilibrium. The slow rate of the CO2 hydration 

reaction (Equation 3.9) relative to the diffusion rate of the active species 

prevents the system from readily adapting to the surface flux. Due to the non-

equilibrium condition in the boundary layer it necessary to model the individual 

reaction kinetics in order to account for the boundary layer speciation. 

As shown in Equations 3.9-3.14, the reactions occurring in the fluid are 

reversible, meaning that it is possible to model the transient response of the 

species to the surface flux by isolating their forward and backward reaction 

rates. The kinetic equations for each of the reversible reactions occurring in 

solution are shown in Table 3.5,with the corresponding rate constants in Table 

3.6. 
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Table 3.5 – Kinetics equations for reversible reactions in solution. 

Reaction Kinetics Equation 

CO2(aq)
+ H2O(l) ⇌ H2CO3(aq)

 𝑟1 = 𝑘𝑓,𝐻𝑦𝑑 ∙ 𝑎𝐶𝑂2
− 𝑘𝑏,𝐻𝑦𝑑 ∙ 𝑎𝐻2𝐶𝑂3

 (3.33) 

H2CO3(aq) ⇌ HCO3(aq)
− + H(aq)

+  𝑟2 = 𝑘𝑓,𝑐𝑎 ∙ 𝑎𝐻2𝐶𝑂3
− 𝑘𝑏,𝑐𝑎 ∙ 𝑎𝐻𝐶𝑂3

− ∙ 𝑎𝐻+ (3.34) 

HCO3(aq)

−  ⇌ CO3(aq)

2− + H(aq)
+  𝑟3 = 𝑘𝑓,𝑏𝑖 ∙– 𝑘𝑏,𝑏𝑖 ∙ 𝑎𝐶𝑂3

2− ∙ 𝑎𝐻+ (3.35) 

H2O ⇌ H+ + OH− 𝑟4 = 𝑘𝑓,𝑤 ∙ 𝑎𝐻2𝑂 − 𝑘𝑏,𝑤 ∙ 𝑎𝑂𝐻− ∙ 𝑎𝐻+ (3.36) 

CO2(aq) + OH(aq)
− ⇌ HCO3(aq)

−  𝑟5 = 𝑘𝑓,ℎ𝑦𝑑,𝑂𝐻 ∙ 𝑎𝐶𝑂2
∙ 𝑎𝑂𝐻− − 𝑘𝑏,ℎ𝑦–𝐻 ∙ 𝑎𝐻𝐶𝑂3

− (3.37) 

HCO3(aq)
− + OH(aq)

− ⇌ CO3(aq)
2− + H2O(l) 𝑟6 = 𝑘𝑓,𝑏𝑖,𝑂𝐻 ∙ 𝑎𝐻𝐶𝑂3

− ∙ 𝑎𝑂𝐻− − 𝑘𝑏,𝑏𝑖–𝐻 ∙ 𝑎𝐶𝑂3
2− ∙ 𝑎𝐻2𝑂 (3.38) 

Table 3.6 – Kinetic reaction rate constants for reversible reactions in 
solution[12]. 

Constant Definition Formula Units 

𝑘𝑏,ℎ𝑦𝑑 
𝑘𝑓,ℎ𝑦𝑑

𝐾𝐻𝑦𝑑
 4.86 × 1012𝑒

−(
64485
𝑅𝑇𝐾

)
 s-1 

𝑘𝑏,𝑐𝑎 
𝑘𝑓,𝑐𝑎

𝐾𝑐𝑎
 4.7 × 1010 M-1s-1 

𝑘𝑓,𝑏𝑖 𝐾𝑏𝑖 ∙ 𝑘𝑏,𝑏𝑖 2.03 × 107𝑒
−(

35269
𝑅𝑇𝐾

)
 s-1 

𝑘𝑏,𝑤 
𝑘𝑓,𝑤

𝐾𝑤
 1.12 × 1011 M-1s-1 

𝑘𝑓,ℎ𝑦𝑑,𝑂𝐻 𝑘𝑏,ℎ𝑦𝑑,𝑂𝐻 ∙ (
𝐾𝑐𝑎 ∙ 𝐾𝐻𝑦𝑑

𝐾𝑤  
) 4.2 × 1013𝑒

−(
55438
𝑅𝑇𝐾

)
 M-1s-1 

𝑘𝑓,𝑏𝑖,𝑂𝐻 𝑘𝑏,𝑏𝑖,𝑂𝐻 ∙ (
𝐾𝑏𝑖

𝐾𝑤
) 6 × 109 M-1s-1 

From the kinetic equations, it is possible to derive a set of ordinary differential 

equations describing the rate of change of each aqueous species. If a species 

is the product of a reaction, the contribution of the associated reaction can be 

considered positive as it results in an increase in concentration. On the other 

hand, if the species is a reactant, the reaction would be considered a negative 

contribution as it reduces the concentration. The summation of all relevant 

reactions can be used to calculate the rate of changes of each species and 
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therefore speciation through the boundary layer based on local species 

concentrations and individual rates of reaction (Equations 3.39-3.44). 

𝑑

𝑑𝑡
[CO2(aq)] = −𝑟1 − 𝑟5 (3.39) 

𝑑

𝑑𝑡
[H2CO3] = 𝑟1 − 𝑟2 (3.40) 

𝑑

𝑑𝑡
[HCO3

−] = 𝑟2 − 𝑟3 + 𝑟5 − 𝑟6 (3.41) 

𝑑

𝑑𝑡
[CO3

2−] = 𝑟3 + 𝑟6 (3.42) 

𝑑

𝑑𝑡
[H+] = 𝑟2 + 𝑟3 + 𝑟4 (3.43) 

𝑑

𝑑𝑡
[OH−] = 𝑟4 − 𝑟5 − 𝑟6 (3.44) 

3.3.3 Surface Electrochemistry 

At the interface between the fluid and the metal surface, electrochemical 

reactions occur resulting in corrosion of the surface due to the dissolution of 

iron (Fe). Two electrode half-reactions are specified within this model: the 

anodic dissolution of Fe (Equation 3.15) and the cathodic reduction of H+ 

(Equation 3.16). Based on these reactions, a corrosion rate can be calculated 

within COMSOL by defining a dissolving-depositing species to represent the 

surface material. Material properties representative of mild steel assigned to 

the surface, specifically the density (𝜌𝑠) and the molecular weight (𝑀𝑤), these 

values are shown in Table 3.7. 

Table 3.7 - Material properties of mild steel, representing the dissolving 
species at the electrode surface. 

Material Property Symbol Value[111] 

Density 𝜌𝑠 7,850 kg⋅m-3 

Molecular weight 𝑀𝑤 55.845 g⋅mol-1 

From these two material properties the corrosion rate of the electrode can be 

calculated from the reaction rate of the dissolving material, which in this case 

is Fe within the steel. This is done by first determining the rate of mass loss 

over a given surface area and then converting this to a surface velocity. The 

formulae used to calculate these values are given by Equations 3.34 and 3.35. 
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∆𝑆 = 𝑀𝑤 𝑁𝐹𝑒 (3.45) 

𝐶𝑅 =
∆𝑆

𝜌𝑠
 (3.46) 

Where ∆𝑆 is mass reaction rate at the surface (kg⋅m-2∙s-1), 𝑀𝑤 is the molecular 

weight (kg∙mol-1), 𝑁𝐹𝑒 is the molar flux of Fe from the surface (mol⋅m-2∙s-1), and 

𝐶𝑅 is the corrosion rate at the surface (m∙s-1). 

Finding the molar flux of the dissolving Fe requires the specification of both 

the cathodic dissolution reaction and the anodic surface reactions occurring. 

Each of the reactions can be expressed by the general electrochemical 

reaction formula (Equation 3.47) to determine the stoichiometric coefficients: 

∑𝜈𝑜𝑥𝑆𝑜𝑥 + 𝑛𝑒− ↔ ∑𝜈𝑟𝑒𝑑𝑆𝑟𝑒𝑑

𝑟𝑒𝑑𝑜𝑥

 (3.47) 

Where 𝜈 is the stoichiometric coefficient, 𝑆 is the species, and 𝑛 is the number 

of participating electrons. Subscript 𝑟𝑒𝑑 and 𝑜𝑥 indicate products and 

reactants respectively in a reduction reaction[112]. 

The stoichiometric coefficients of the anodic dissolution reaction and cathodic 

reduction reaction are provided in Table 3.8. Note that 𝜈𝐹𝑒 in the table refers 

the stoichiometric coefficient of aqueous Fe2+ and not solid Fe at the surface. 

Table 3.8 - Participating electrons and stoichiometric coefficient values 
for iron oxidation (anodic) and hydrogen evolution (cathodic) surface 
reactions. 

Coefficient 𝐅𝐞(𝐬) → 𝐅𝐞(𝐚𝐪)
𝟐+ + 𝟐𝐞− 𝟐𝐇(𝐚𝐪)

+ + 𝟐𝐞− → 𝐇𝟐(𝐠)
 

𝑛 2 2 

𝜈𝐻 0 −2 

𝜈𝐹𝑒 −1 0 

As the model is representative of uniform corrosion within a pipeline, an 

electroneutrality boundary condition was also defined at the surface (Equation 

3.48). When combined with Equation 3.47, this ensures that the anodic and 

cathodic reactions are equal and opposite, preventing a build-up of charge at 

the surface. 

∑𝑧𝑗𝑐𝑗 = 0

𝑗

 (3.48) 
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According to Faraday’s laws, the molar species fluxes perpendicular to the 

surface can be calculated as the sum of all the flux contributions from the 

electrode reactions (Equation 3.49)[112].  

𝑁𝑗 = ∑
𝜈𝑗𝑖𝑙𝑜𝑐

𝑛𝐹
 (3.49) 

Where 𝑁𝑗 is the molar flux of species 𝑗 (mol∙m-2∙s-1), 𝜈𝑗 is the stoichiometric 

coefficient of species 𝑗, 𝑖𝑙𝑜𝑐 is the local current density (A∙m-2), 𝑛 is the number 

of participating electrons, and 𝐹 is the Faraday constant. 

The local current density for the cathodic reaction is calculated from the 

surface activity of H+ via Equation 3.50. 

𝑖𝑐 = −𝐹𝑘𝐻+ ∙ (𝑎𝐻+
𝑠 )

𝑚
𝐻+,𝑐 ∙  𝑒

(
𝛼

𝐻+𝐹𝜂

𝑅𝑇𝐾
)
 (3.50) 

Where 𝑘,𝐻+ is provided by Equation 3.57, 𝑚𝐻+,𝑐 and 𝑎𝐻+ are constants 

provided in Table 3.9, 𝑎𝐻+
𝑠  is the surface concentration of H+ (mol∙m-3), 𝑇𝐾 is 

the temperature in Kelvin and 𝜂 is the overpotential (V). 

The local current density for the anodic reaction is calculated as a function of 

three current steps (𝑖𝑎,𝑛), any of which can be rate determining depending on 

surface conditions, as discussed by Kahyarian et al.[36] Each step is a function 

of the surface concentrations of the surface concentrations of both H+ and 

aqueous CO2. An intermediate function, 𝜃 is used to describe the transition 

between three currents as shown by Equations 3.51-3.53. 

As discussed in section 3.1.2, these current steps represent the active 

dissolution of Fe, the transition towards pre-passivation, and the pre-

passivation region respectively. The 𝜃 function is representative of the surface 

coverage of an intermediate species which initiates the passivation behaviour. 
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𝑖𝑎,𝑗 = 𝐹𝑘𝑗 ∙ (𝑎𝐻+
𝑠 )

𝑚
𝐻+,𝑗 ∙ (𝑎𝐶𝑂2

𝑠 )
𝑚𝐶𝑂2,𝑗

∙  𝑒
(
𝛼𝑗𝐹𝜂

𝑅𝑇𝐾
)
 (3.51) 

𝜃 =
𝐾𝜃 ∙ (𝑎𝐻+

𝑠 )
𝑚

𝐻+,𝜃 ∙ (𝑎𝐶𝑂2

𝑠 )
𝑚𝐶𝑂2,𝜃

∙  𝑒
(
𝛼𝜃𝐹𝜂
𝑅𝑇𝐾

)

1 + 𝐾𝜃 ∙ (𝑎𝐻+
𝑠 )

𝑚𝐻+,𝜃 ∙ (𝑎𝐶𝑂2

𝑠 )
𝑚𝐶𝑂2,𝜃

∙  𝑒
(
𝛼𝜃𝐹𝜂
𝑅𝑇𝐾

)
 (3.52) 

𝑖𝑎 =
(1 − 𝜃)𝑖𝑎,1𝑖𝑎,2

𝑖𝑎,1 + 𝑖𝑎,2
+ 𝜃𝑖𝑎,3 (3.53) 

Where the values of 𝑘𝑗 are calculated via Equation 3.57, 𝑎𝐻+
𝑠  is the surface 

activity of H+ in mol∙m-3, 𝑎𝐶𝑂2

𝑠  is the surface activity of CO2 (M), 𝑇𝐾 is the 

temperature (K), 𝜂 is the overpotential (V) and all other values are constants. 

The values of these constants are summarised in Table 3.9. 

Table 3.9 - Summary of constants used in the calculation of both the 
cathodic and anodic current density calculations[12]. 

𝑘0,𝐻+ 2 × 10−8 mol∙m-2∙s-1 𝑚𝐻+,𝑐 0.5 𝛼𝐻+ 0.43 

𝑘0,1 4 × 109 mol∙m-2∙s-1 𝑚𝐻+,1 −2.5 𝛼1 2.5 

𝑘0,2 1 × 1013 mol∙m-2∙s-1 𝑚𝐻+,2 1 𝛼2 2 

𝑘0,3 0.8 × 10−3 mol∙m-2∙s-1 𝑚𝐻+,3 −0.5 𝛼3 0.5 

𝐾𝜃 5 × 1013 𝑚𝐶𝑂2,1 0 𝛼𝜃 2.5 

𝑚𝐻+,𝜃 −2.5 𝑚𝐶𝑂2,2 0.5   

𝑚𝐶𝑂2,𝜃 −0.5 𝑚𝐶𝑂2,3 0.5   

In each case, the overpotential (𝜂) is given by: 

𝜂 = 𝐸 − 𝐸𝑟𝑒𝑣 (3.54) 

Where 𝐸 is the electric potential (V) and 𝐸𝑟𝑒𝑣 is the reversible potential (V). 

The electric potential is defined within COMSOL as the difference between the 

electrode potential (𝛷𝑠) and the electrolyte potential (𝛷𝑙) at the interface: 

𝐸 =  𝛷𝑠 − 𝛷𝑙 (3.55) 

The reversible potential is for the anodic reaction is constant at -0.440 V and 

for the cathodic reaction is calculated via Equation 3.56[26]. 
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𝐸𝑟𝑒𝑣,𝐻+ = −
2.303𝑅𝑇𝐾

𝐹
∙ 𝑝𝐻𝑏𝑢𝑙𝑘 (3.56) 

The Van’t Hoff equation (Equation 3.57) is used to evaluate the temperature 

dependency of the surface kinetics by adjusting the kinetic constants 𝑘0,𝐻+, 

𝑘0,1, and 𝑘0,3 provided in Table 3.9. The activation energies used here are the 

updated values estimated by Kahyarian and Nesic in their 2020 paper[12]. 

𝑘𝑗 = 𝑘0,𝑗𝑒

−𝐸𝑎

𝑅(𝑇𝐾−𝑇𝑟𝑒𝑓) (3.57) 

Where 𝑘𝑗 is the temperature dependent kinetic parameter of reaction 𝑗, 𝐸𝑎 is 

the activation energy (J), and 𝑇𝑟𝑒𝑓 is the reference temperature (283.15 K). 

Table 3.10 – Activation energy of kinetic parameters used to calculate 
temperature dependency. 

Kinetic Parameter Activation Energy (J) 

𝑘𝐻+ 83,200 

𝑘1 126,800 

𝑘3 63,000 

3.3.4 Transportation of Species 

Alongside the chemical and electrochemical reactions occurring in the fluid 

and at the surface, it is important to consider the movement of species through 

the boundary layer. In general, there are three mechanisms by which charged 

species can be transported within a fluid: diffusion, electromigration, and 

convection. These three terms can be combined in a single equation to 

calculate the of species (Equation 3.58). 

𝑁𝑗 = −𝐷𝑀,𝑗

𝜕𝑐𝑗

𝜕𝑥
− 𝑧𝑗𝑢𝑗𝐹𝑐𝑗

𝜕𝛷

𝜕𝑥
+ 𝑐𝑗𝑣 (3.58) 

Where 𝑁𝑗 is the flux of species 𝑗 (mol⋅m-2⋅s-1), 𝐷𝑀,𝑗 is the molecular diffusion 

coefficient (m2⋅s-1), 𝑐𝑗 is the concentration (mol⋅m-3), 𝑥 is the distance 

perpendicular to the surface (m), 𝑧𝑗 is the valence, 𝑢𝑗 is the mobility of species 

(mol⋅s⋅kg-1), 𝐹 is the Faraday constant (C⋅mol-1), 𝛷 is the electrolyte potential 

(V), and 𝑣 is the solution velocity (m⋅s-1). 

Within the boundary layer, the flow velocities are very low meaning mass-

transport due to convection becomes very small within this region (𝑐𝑗𝑣 ≈ 0). 

However, turbulent eddies still permeate through the boundary and influence 
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the rate of species transport near the surface[28]. In order to account for this 

effect, the flux equation (Equation 3.58) is modified to remove the convection 

term and instead incorporate a turbulent diffusivity (𝐷𝑇) value (Equation 3.59). 

𝑁𝑗 = −(𝐷𝑀,𝑗 + 𝐷𝑇)
𝜕𝑐𝑗

𝜕𝑥
− 𝑧𝑗𝑢𝑗𝐹𝑐𝑗

𝜕𝛷

𝜕𝑥
 (3.59) 

The turbulent diffusivity is calculated as a function of the dimensionless wall 

distance (𝑦+, see section 3.3.5) as proposed by Notter and Sleicher[43]. In this 

work, the expression provided by Aravinth[124] is used, utilising the form of 

the Notter and Sleicher[43] equation with more recent values from 

Churchill[125]. 

𝐷𝑇 =
0.0007𝑦+3

√(1 + 0.00405𝑦+2)

 
(3.60) 

The conservation of mass principle is then applied to calculate the transport of 

species via the Nernst-Planck equation, given by Equation 3.61 for a one-

dimensional model. The Nernst-Planck equation accounts the species flux as 

well as the production/consumption of species via the electrochemical surface 

reactions and boundary layer kinetic reactions discussed later. 

𝜕𝑐𝑗

𝜕𝑡
= −

𝜕𝑁𝑗

𝜕𝑥
+ 𝑅𝑗 (3.61) 

Where 𝑅𝑗 is a source/sink term describing the local change in species 𝑗 (mol⋅m-

3⋅s-1). 

3.3.5 Geometry and Discretization 

3.3.5.1  Domain 

As a one-dimensional representation of the geometry shown in Figure 3-2, an 

interval was defined within COMSOL. The interval is a straight-line 

representation of the boundary layer, bounded by two points. These points 

represented the metal surface and the bulk-boundary interface respectively, 

with x-coordinate limits of zero and 𝛿 respectively, where 𝛿 denotes the 

boundary layer thickness.  

The value of 𝛿, and therefore the size of the domain, is derived from a concept 

known as the universal law of the wall in which the near wall region can be 

separated into three flow regimes: the viscous (or laminar) sublayer, the buffer 
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(or transitional) layer, and the fully turbulent region[46]. These regions are 

generally defined using a dimensionless value for the perpendicular distance 

to the wall represented as 𝑦+. The law of the wall concept is explored more 

comprehensively in Chapter 4, however for the purposes of the corrosion 

model being discussed here, 𝛿 refers to the size of the viscous sublayer. The 

transition from the viscous sublayer to the buffer layer can be assumed to 

occur when 𝑦+ = 5[44], meaning the height of the boundary layer (𝛿) can be 

defined as the perpendicular distance from the surface (𝑥) at this point. The 

value of 𝑦+ is defined as: 

𝑦+ =
𝑥 (

𝜏𝜔

𝜌 )

1
2

𝜈
 

(3.62) 

Therefore, given that 𝑥 = 𝛿 when 𝑦+ = 5, these values can be substituted into 

Equation 3.62 to give: 

𝛿 =
5𝜈

(
𝜏𝜔

𝜌 )

1
2

 
(3.63) 

Where 𝜏𝜔 is the wall shear stress (Pa), which can be found as a function of 

the Fanning friction factor (𝐶𝑓) at the wall, calculated using the correlation 

provided by Swamee and Jain[126]. 

𝜏𝜔 =
𝜌𝐶𝑓𝑢

2

2
 (3.64) 

𝐶𝑓 =
𝐶𝑑

4
=

1

16 (log (
𝜀𝑠

3.7𝐷 +
5.74
𝑅𝑒0.9))

2 
(3.65) 

Where 𝐶𝑑 is the Darcy friction factor, 𝜀𝑠 is the surface roughness (m) (assumed 

negligible here, 𝜀𝑠 ≈ 0), and 𝐷 is the pipe diameter (m). 

3.3.5.2 Meshing 

A mesh sensitivity study was conducted in order to determine an appropriate 

mesh size. In general, for numerical models a higher mesh density improves 

the accuracy of the results, however it also increases the time to solve. For 

one-dimensional models this increased computational cost is not significant 

due to the limited number of degrees of freedom. Even with a very high-density 

mesh, the solver time is unlikely to exceed the order of minutes. However, due 

to the large number of simulations being run in this work (see section 3.4.2.2), 
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a relatively small increase in the solve time per simulation becomes much 

more significant. Therefore, it is important that the balance between solution 

accuracy and mesh density is considered. 

For this model, linearly distributed edge elements were used to generate a 

uniformly dense mesh. This is to ensure that both changes to the solution 

chemistry via the kinetic equations (detailed in section 3.3.2) and the flux of 

species (Equation 3.59) are accurately calculated throughout the entire 

domain. 

A mesh sensitivity study was conducted in order to determine an appropriate 

element size for the model. A maximum element size was explicitly defined via 

a user-defined variable, which was then swept between values of 10-5 m to 10-

9 m in increments of 20 points/decade.  

Outputs of corrosion rate and surface pH were used to determine solution 

accuracy at temperatures of 273.15 K and 313.15 K and CO2 partial pressures 

of 0.1 bar and 10 bar. These extreme conditions were selected in order to 

maximise corrosion and surface pH values, as well as to assess the accuracy 

for the smallest and largest domain sizes. The pH was kept constant at 5 as 

this is the highest H+ concentration being examined (Table 3.2). Other input 

variables of velocity, pipe diameter, and ionic strength were kept constant at 

representative values of 5 m∙s-1, 0.1 m and 0.1711 M respectively. 

Figure 3-5 displays the results of the mesh sensitivity study as a comparison 

between percentage error and the maximum element size. The percentage 

error was calculated based on the assumption of the densest mesh (maximum 

element size of 10-9 m) being entirely accurate. 
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(a) 

 

(b) 

 

Figure 3-5 – Sensitivity study comparing maximum element size against 
percentage error for outputs of (a) corrosion rate and (b) surface pH. 

For both the corrosion rate and surface pH outputs, the density of the mesh 

was found to be less influential than initially expected. Even under the coarsest 

conditions, consisting of fewer than 10 mesh elements, the maximum error 

was < 0.4%. However, meshes containing fewer elements were found to be 
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much more likely to result in divergence of the solver, causing errors which 

may be problematic within large data sweeps. 

A maximum element size of 10-7 m was selected, producing a mesh of between 

169 to 420 elements depending on the size of the boundary layer for this 

sensitivity study. The maximum error at this size was < 0.1% with no divergent 

results and solver times in the order of seconds. Reducing elements were 

found to have minimal influence on solution accuracy or reliability, but 

exponentially increased solver times due to the significant increase in the 

number of elements (Figure 3-6). 

 

Figure 3-6 – Comparison between maximum element size and number 
of elements for a temperature of 273.15 K. 

3.4 Results and Discussion 

3.4.1 Validation Against Literature 

Before conducting a numerical exploration of the COMSOL model, it first must 

be validated against the published values in order to ensure the results 

generated are representative of those in the original work. In order to verify 

that the model functions as intended, plots have been extracted from the 2020 

paper by Kahyarian et al.[12] for comparison. The conditions stated in the 

paper were then introduced as inputs into the COMSOL model and the plots 

were recreated. Numerical analysis of the results is conducted to ensure a 

reasonable level of agreement between the two. 
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3.4.1.1 Corrosion Rate Validation 

The plots  provided by Kahyarian et al.[12] were used as points of comparison 

for the predicted corrosion rate. Figure 3-7 shows the comparison between the 

corrosion rate predicted by the COMSOL model (Figure 3-7(a)) and the 

published values (Figure 3-7 (b)). In Figure 3-7(b) the dashed lines represent 

the simulated data being used for comparison; the solid bars represent 

experimental data. 

(a) 

 

(b) 

 

Figure 3-7 - Comparison of predicted corrosion rate between (a) 

COMSOL model and (b) literature[12] at various temperatures for pH 4 

and pH 6 at 5 bar PCO2, 4.4 ms-1 fluid velocity, and 0.1 M NaCl 

concentration. The simulated data being compared is shown by the 

dashed bars. 
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An initial visual comparison of the two plots indicates very strong agreement 

between the two models, with both producing a steady increase in corrosion 

as a function of temperature at both pH values. In both instances, the corrosion 

rate is also higher across all temperatures at pH 4 for the given conditions.  

No specific data values are provided within the literature for quantitative 

comparison and so the graph was instead analysed using the digitizer within 

OriginPro 2020 software. Axes were superimposed over the top of the plot and 

the data points were selected manually. Doing so for each of the eight data 

points in Figure 3-7 produced an average 15% difference in the corrosion rate 

between the two models. The largest difference of 36% was seen at 40 °C, pH 

6 and the smallest difference of 2% was seen at 20 °C, pH 6. Given the 

complexity of the model, the large number of temperature dependent 

variables, and the logarithmic scale of the plot, it is not unexpected to see 

some variation between the two. However, due to the strong agreement in the 

trends and the data spanning orders of magnitude, this is an acceptable level 

of percentage error.  

3.4.1.2  Potentiodynamic Sweep Validation 

The work by Kahyarian et al.[12] also provides several polarisation curves 

which can be used as a second point of validation. By replacing the 

electroneutrality boundary condition (Equation 3.48) at the surface with an 

applied potential within the COMSOL model, it is possible to generate 

simulated polarisation curves.  

An auxiliary sweep was used to vary the applied potential (𝐸𝑎𝑝𝑝) between -0.2 

V and -1.2 V stepping in 0.01 V increments. The total current density (𝐼𝑡𝑜𝑡) was 

then calculated as the absolute difference between the anodic and cathodic 

currents for each potential. 

𝑖𝑡𝑜𝑡 = ||𝑖𝑐| − |𝑖𝑎|| (3.66) 

The resulting values were then plotted on a semi-log graph for partial 

pressures of 1 bar, 5 bar, and 15 bar in order to directly compare to the plots 

provided in the reference paper[12] (Figure 3-8). 
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(a) 

 

 

(b) 

 

Figure 3-8 - Comparison of potentiodynamic sweeps between (a) 
COMSOL model and (b) literature[12] (shown by the black lines) for a 
bulk pH of 4 and fluid velocity of 4.4 ms-1 at 283.15 K. 

Once again, very strong agreement can be seen between the two models 

across the entire range of applied potentials and for each of the partial 

pressures. In each case, the corrosion potential (𝐸𝑐𝑜𝑟𝑟) was found to be 

approximately -0.4 V with both the anodic and cathodic branches following the 

expected behaviour. The limiting current density for the cathodic reaction is 
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seen to increase with CO2 partial pressure as increased species availability 

extends the charge-transfer controlled region.   

At the higher potentials above 𝐸𝑐𝑜𝑟𝑟, the influence of the individual current 

steps in the anodic kinetics (Equations 3.51-3.53) can be seen. The COMSOL 

model accurately reflects the reference model showing an initial linear slope, 

followed by a steep increase and a secondary linear slope. These represent 

current densities during the stages of active Fe dissolution (𝑖𝑎,1), the transition 

region (𝑖𝑎,2), and the pre-passivation range (𝑖𝑎,3) respectively.  

As with the corrosion rate data, there are some minor differences between two 

polarisation plots of the models which is to be expected with such a complex 

model being calculated using a different numerical solver method. However, 

the transitional behaviour between the charge-transfer limited region and the 

mass-transport limited region, as well as the 3 stages of the anodic kinetics 

are all captured and occur at very similar points. It is therefore reasonable to 

conclude that the COMSOL model can be considered valid is representative 

of the model originally developed by Kahyarian et al.[12, 36].  

3.4.2 Numerical Exploration 

One of the primary advantages to building the corrosion model within 

COMSOL Multiphysics® is the capacity to run parametric and auxiliary sweeps 

to rapidly analyse large numbers of input conditions. When combined with 

MATLAB LiveLinkTM, to both run the model and store only the outputs of 

interest, this facilitates a large-scale numerical exploration of the validated 

model. The purpose of the numerical exploration is to examine the overall 

effect of the many competing reactions occurring simultaneously. The high 

degree of complexity makes it very difficult to accurately predict how the model 

will react to any given change in the input conditions. However, by running a 

large number of input conditions and plotting the output response, it is possible 

to represent this visually. Here, thousands of unique combinations of input 

temperatures, CO2 partial pressures, bulk pHs, and flow velocities and run 

through the COMSOL model. The outputs of corrosion rate, surface pH, and 

FeCO3 saturation index have then been extracted and represented via contour 

maps. 

3.4.2.1 Solver Approach 

Within COMSOL Multiphysics®, a parametric sweep is used to vary one or 

more parameters to generate multiple data sets from a single run of the model. 

If the difference between each value in the sweep is sufficiently small, solver 
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times can be reduced by re-using the previous solution as an initial estimate. 

However, if the initial estimate is poor, which may be the case if there is a 

significant change in the input conditions, the solution may fail to converge.  

In order to maximise the efficiency of the solver, MATLAB LiveLinkTM was used 

in conjunction with COMSOL. Within MATLAB it is possible to generate, solve, 

and store the solutions to a specified model set-up within COMSOL without 

the need for the graphical user interface. In order to utilise this, a parametric 

model was created within COMSOL to sweep a single parameter within the 

numerical solver. The code to generate this model was then transferred into a 

MATLAB script from which the other input variables could be specified. Nested 

loops could then be used to iterate through the input conditions and store the 

outputs in 𝑛-dimensional arrays, where 𝑛 is the number of parameters being 

assessed. By only changing a single parameter with small incremental 

changes, this ensured that the re-used solution within the parametric sweep 

would always be a reasonable initial estimate. Once the outputs had been 

stored, the script would generate a new COMSOL model, resetting the initial 

guess for the new input conditions.  

Early in the development of the methodology, an issue was identified within 

the parametric solver in which the COMSOL software would not always 

properly recalculate the domain size. Although small, this would have an effect 

on the results as the concentration gradient through the boundary layer would 

no longer be correct, changing the rates of diffusion. In order to prevent this 

issue, only inputs that did not affect the calculation of 𝛿, such as pH or PCO2, 

were used within the sweep. The other values were adjusted within the 

MATLAB script to ensure accurate calculation of the domain.   

3.4.2.2 Data Set 

For each contour map presented in the subsequent sections (3.4.2.3 to 

3.4.2.5), a consistent data set was used. A total of 26,708 unique input 

conditions were assessed for various combinations of temperature, bulk pH, 

PCO2, and bulk flow velocity. The range of values used as well as the 

distribution of these inputs is summarised in Table 3.11. 
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Table 3.11 - Summary of input values used to generate the data set within 
the numerical exploration. 

Variable Range of Values Interval Distribution 

Temperature 273.15 – 315.15 K 1 K Linear 

Bulk pH 5 – 6.5 0.5 Linear 

Partial Pressure of 

CO2 
0.1 – 10 bar 80 points/decade Logarithmic 

Bulk Flow Velocity 1 - 10 m∙s-1 1 m∙s-1 Linear 

3.4.2.3 Corrosion Rate 

For every combination of temperature, bulk pH, PCO2, and velocity values, the 

corrosion rate of the steel surface was evaluated based on the local anodic 

current density (Equations 3.51-3.53). These values were initially calculated 

with units of m∙s-1 and so were then converted to the more usual form of mm∙yr-

1 via Equation 3.67. The resulting outputs across the data set have been 

plotted on contour maps (Figure 3-9) to show the change in the corrosion rate 

in response to the varying input conditions. As the results span multiple orders 

of magnitude, the common logarithm of the corrosion rate (log10(𝐶𝑅)) has 

been plotted.  

𝐶𝑅 (
𝑚𝑚

𝑦𝑒𝑎𝑟
) = 𝐶𝑅 (

𝑚

𝑠
) × 1000 × 365.25 × 24 × 60 × 60 (3.67) 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 3-9 - Contour maps of the common logarithm of the corrosion 

rate (mm∙year-1) as a function of temperature and pressure at (a) bulk 

pH 5 (b) bulk pH 5.5 (c) bulk pH 6 and (d) bulk pH 6.5. 

At each of the bulk pH values evaluated between 5 and 6.5, a similar corrosion 

rate output is produced with varying temperature and partial pressure. The 

highest rates of corrosion, reaching around 10 mm∙year-1 in each instance, are 

consistently seen in the top right corner of the contour maps (Figure 3-9) where 

temperature and pressure are greatest. The higher rates of species transport, 

species dissociation and charge-transfer rates at the higher temperatures, 

combined with the increased availability of dissolved aqueous CO2 species at 

higher pressures (Equation 3.17) all act to accelerate the anodic dissolution of 

Fe.  

At lower temperatures however, there is a clear transition to a region in which 

the corrosion rate starts to become independent of PCO2, indicated by the near-

vertical contour lines. This represents the transition from the mass-transport 
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limited region to the charge-transfer limited region in which the cathodic 

current is insensitive to partial pressure, as observed by Kahyarian and 

Nesic[12]. Under these conditions the increased availability of electroactive H+ 

ions at the surface, due to the greater solubility of CO2, becomes less 

significant as the speed of the electrochemical reactions becomes the rate 

controlling factor. The corrosion response does however become more 

sensitive to temperature in this region as higher temperatures directly increase 

the anodic reaction rate. The change from the mass-transport limited control 

to charge-transfer control can be shown by plotting polarisation curves for 

each region, as shown in Figure 3-10. 

(a) 

 

(b) 

 

Figure 3-10 – Polarisation curves showing anodic and cathodic 

branches at (a) 283.15 K and (b) 308.15 K, at bulk pH 6, 1 bar PCO2, 5 

m/s flow velocity in a 0.1 m diameter pipe. 

From Figure 3-10(a) it can be seen that, for a pH of 6 and CO2 partial pressure 

of 1 bar, at 283.15 K the anodic curve crosses the cathodic curve in the charge-

transfer controlled region. However, when the temperature is increased to 

308.15 K (Figure 3-10(b)), and the corrosion response changes (Figure 3-9 

(c)), the anodic curve instead crosses the cathodic curve in the mass-transport 

controlled region. This shows how the limiting mechanism changes between 

these two sets of conditions. 

The influence of temperature on the mass-transport controlled region can be 

observed by evaluating the corrosion rate as a function of bulk fluid velocity. 

Due to the potential occurrence of the aforementioned solver issue when 

sweeping parameters that change the domain size, temperature and pressure 

were both adjusted individually within the MATLAB script. As a result, solver 

times were increased significantly and so to minimise the impact, the interval 

for temperature was increased from 1 K to 10 K. The resulting corrosion rates 

were calculated in the same way and are shown in Figure 3-11. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 3-11 - Contour maps of corrosion rate as a function of velocity 

for a 0.1 m diameter pipe at 1 bar PCO2 at (a) bulk pH 5 (b) bulk pH 5.5 

(c) bulk pH 6 and (d) bulk pH 6.5. 

While the velocity of the flow does not directly impact the fluid chemistry, higher 

flow rates accelerate mass-transport rates due to the increased turbulence. 

Additionally, the boundary layer thins, reducing the distance between the 

surface and the bulk solution. As a result, the corrosion rate will increase with 

fluid velocity while the system is mass-transport limited, reaching a plateau 

once the system becomes charge-transfer limited.  

At the highest temperature of 313.15 K (40 °C), the plateau in the corrosion 

rate is only seen when the bulk pH is as high as 6.5 (Figure 3-11(d)), with the 

corrosion rate continuing to increase across the entire range of velocities for 

the lower pHs. This suggests that higher temperatures the surface reactions 

are sufficiently fast to maintain a rate of H+ consumption above the rate of 
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supply. As temperature decreases, the system reaches the charge-transfer 

limit at progressively lower velocities as the rate of the surface reactions slow.  

The relative increase in corrosion rate as a function of velocity can also be 

seen to reduce as the bulk pH is increased. This effect can be seen across all 

temperatures, indicating that this is likely due to the reduced bulk 

concentration of H+ at the higher pH. A lower bulk H+ concentration diminishes 

the impact of increased mass-transport rates as there are fewer ions available 

to be transported from the bulk to the surface.  

An increase in the corrosion rate can be observed at bulk pH 6.5, particularly 

at the higher temperatures when compared to the lower pH values. Generally, 

it would be expected that corrosion rate decreases with pH due to the reduced 

availability of H+ ions in the bulk solution[33, 127].  However, as can be seen 

in Figure 3-4, it is around this pH that the relative concentration of HCO3
- starts 

to increase significantly. The additional HCO3
- ions can dissociate (Equation 

3.11) and increase the production of H+ near the surface.  

A consequence of supplying H+ via the dissociation reaction is that the local 

CO3
2- concentration is also increased. As a result, this means that under high 

pH, high temperature conditions it is more likely FeCO3 would begin to form a 

protective layer on the surface, reducing the corrosion rate[9, 17, 128]. 

However, it is important to remember that the formation of surface films and 

their protective properties is not considered within this model. Therefore, the 

increase in HCO3
- under the higher pH conditions correlates to a higher 

predicted corrosion rate. 

3.4.2.4 Surface pH 

For each run of the model used to evaluate the corrosion rate, the pH at the 

surface was also evaluated as a function of the surface activity of H+ (Equation 

3.68). The activity is a function of the concentration of H+ ions at the surface, 

however this was evaluated on the node adjacent to the surface, not the 

surface node itself. The kinetic equations used to counterbalance the loss of 

H+ ions in the surface reactions do not apply to the boundary, leading to 

artificially inflated values for the surface pH. 

𝑝𝐻𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = − log10 (𝑎𝐻+
𝑠𝑢𝑟𝑓𝑎𝑐𝑒

) (3.68) 

Where 𝑎𝐻+
𝑠𝑢𝑟𝑓𝑎𝑐𝑒

 is the hydrogen ion activity (M) at the surface. 
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Figure 3-12 shows the change in surface pH as a function of temperature and 

PCO2 at each bulk pH value. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 3-12 - Contour maps of the surface pH as a function of 

temperature and pressure at (a) bulk pH 5 (b) bulk pH 5.5 (c) bulk pH 6 

and (d) bulk pH 6.5. 

Across all the bulk pH conditions evaluated, a similar response was seen in 

the surface pH, with the surface pH being universally higher due to the 

consumption of H+ ions as part of the cathodic reaction. Under high pressure, 

low temperature conditions the surface pH converged towards the bulk pH 

value as the high concentration of H2CO3 and low surface reaction rates allow 

for rapid replenishment of consumed ions through dissociation. The result of 

this is a charge-transfer limited system which does not result in significant 

depletion of H+ ions close to the surface. 
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As the temperature is increased and the pressure is lowered, the system shifts 

towards mass-transport control, with ions being consumed almost immediately 

after reaching the surface, resulting in very high surface pH values relative to 

the bulk. Within this mass-transport controlled region, there is a clear transition 

point within each contour map at which surface pH begins to decrease with 

temperature.  

From Figure 3-9, it is known that the corrosion rate, and therefore the rate of 

the cathodic reaction (Equation 3.16), become less sensitive to temperature 

once the system is no longer charge-transfer controlled. Consequently, the 

relative rate of consumption of H+ ions with increasing temperature is reduced 

in the mass-transport controlled region. 

On the other hand, the rate of supply of H+ continues to increase with 

temperature due to increasing rates of dissociation and greater species 

transport from the bulk to the surface. This is supported by the higher surface 

pH causing a shift in the equilibrium state towards CO3
2- production (Figure 

3-4), resulting in rapid dissociation of the highly concentrated HCO3
- ions 

(Equation 3.11) and the production of additional H+ ions.  

With the relative rate of H+ consumption being reduced and the increasing 

production rate, an inverse relationship between temperature and surface pH 

can be observed in the high temperature, low pressure region. 

The response of the surface pH to change in bulk velocity is shown in Figure 

3-13 and once again two trends can be identified depending on the current 

limiting mechanism. Under mass-transport controlled conditions the surface 

pH tends towards the bulk pH values as fluid velocity is increased. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 3-13 - Contour maps of surface pH as a function of velocity for 

a 0.1 m diameter pipe at 1 bar PCO2 at (a) bulk pH 5 (b) bulk pH 5.5 (c) 

bulk pH 6 and (d) bulk pH 6.5. 

The higher flow velocities reduce the height of the boundary layer resulting in 

steeper concentrations gradients while simultaneously inducing greater 

turbulence within the flow. Together this raises both the molecular and 

turbulent diffusion, increasing species transport between the surface and the 

bulk. As a result, when the surface reactions reach their limiting current, the 

increase in the supply of ions to the surface acts to reduce the deviation from 

the bulk pH. This effect is not seen in the mass-transport controlled region, 

however. This is shown by the 313.15 K lines at pHs 5, 5.5 and 6 where the 

surface pH remains high due to the rate of the surface reactions also being 

accelerated by the increased rate of supply. A small reduction in surface pH is 

observed due to the substantial increase in mass-transport rates, however the 
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response is linear, as opposed to the exponential decay produced in the 

charge-transfer regions. In some cases, the transition between the two 

regimes can be identified by a sudden change in the surface pH, as is the case 

at 303.15 K in Figure 3-13(a), seen at around 4 m∙s-1. 

3.4.2.5 Saturation Index 

Although film formation is not considered here, it is possible to use the model 

to predict the point at which precipitation of FeCO3 is likely to occur via a 

measure known as the saturation index (SI). A saturation index of zero 

represents the point at which a solution becomes supersaturated, and 

precipitation becomes thermodynamically favoured. As the FeCO3 saturation 

increases beyond this point, precipitation becomes more thermodynamically 

favourable and the rate of nucleation and growth accelerates[9, 17]. The 

saturation index is a function of the saturation ratio, which is a calculated from 

the local activities of Fe2+ and CO3
2-. 

𝑆𝐼 = log10(𝑆𝑅) (3.69) 

𝑆𝑅 =
𝑎𝐹𝑒2+ ⋅ 𝑎𝐶𝑂3

2−

𝐾𝑠𝑝
 (3.70) 

Where 𝑆𝐼 is the saturation index, 𝑆𝑅 is the saturation ratio, 𝑎𝐹𝑒2+ and 𝑎𝐶𝑂3
2−  are 

the respective species activities (M), and 𝐾𝑆𝑝 is the solubility limit (M2). For the 

purposes of this work, the solubility limit formula proposed by Greenberg and 

Tomson[20] (Equation 3.71) has been used. 

log𝐾𝑠𝑝 = −59.2385 − 0.041377𝑇𝐾 −
2.1963

𝑇𝐾
+ 24.5724 log(𝑇𝐾) (3.71) 

The SI has been evaluated at the surface for each set of input conditions and 

the output as a function of temperature and PCO2 at each bulk pH value is given 

in Figure 3-14. The contour maps clearly demonstrate two different response 

patterns depending on whether the surface reactions are charger-transfer 

limited or mass-transport limited. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 3-14 - Contour maps of surface saturation index of FeCO3 as a 

function of velocity for a 0.1 m diameter pipe at 1 bar PCO2 at (a) bulk pH 5 

(b) bulk pH 5.5 (c) bulk pH 6 and (d) bulk pH 6.5. 

Under both regimes there is a consistent increase in SI with pressure, as the 

increased concentration of H2CO3 consequently raises the CO3
2- 

concentration in both the bulk and at the surface. As the dissolution of CO2 

occurs independently of the electrochemical surface reactions, the higher 

partial pressure acts to raise the SI regardless of the limiting mechanism. 

Therefore, in regions where the behaviour is stable, a consistent increase in 

SI is seen in response to increasing pressures primarily due to change in the 

CO3
2- concentration.  

Conversely, the local Fe2+ concentration closely follows the corrosion rate 

response (Figure 3-9) due to the anodic reaction resulting in the dissolution of 

Fe from the surface into solution. As the corrosion rate becomes less sensitive 
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to temperature when under mass-transport control, the saturation index also 

begins to plateau in this region. The production of CO3
2- at the surface does 

increase with temperature due to the higher pH, however the corresponding 

increase in the species transport rates acts to move these ions away from the 

surface more rapidly. The overall effect is relatively stable surface SI for any 

given pressure, an effect which is not seen in the charge-transfer controlled 

region due to the strong dependence of iron dissolution on temperature.  

In the transition between the two regions, a much more complex response is 

produced due to the competing interactions affecting both Fe2+ and CO3
2-. The 

difficulty in accurately predicting the FeCO3 saturation response is highlighted 

in this region, with the shapes of the contours varying significantly depending 

on the conditions.  

The influence of the bulk pH on the SI, however, is much more consistent. As 

bulk pH is increased from 5 (Figure 3-14(a)) to 6.5 (Figure 3-14(d)) a steady 

increase in FeCO3 saturation can be observed, with the surface being 

supersaturated (𝑆𝐼 > 0) across almost all conditions at the highest pH. Once 

again, this can be explained via the shift in the equilibrium state from H2CO3 

dominated towards CO3
2- dominated (Figure 3-4). The significant rise in the 

concentration of CO3
2- ions in the bulk solution is sufficient to determine the 

behaviour of the SI in response to pH, irrespective of the changes to the 

surface electrochemistry. 

3.4.2.6 Corrosion Potential and Anodic Kinetics 

As part of the analysis conducted during the numerical exploration, a limitation 

of the Kahyarian model in its current form has been identified relating to the 

corrosion potential. It has been previously noted that under mass-transport 

limited conditions, the predicted concentration of H+ on the surface node can 

become unrealistically low, leading to artificially inflated pH values on this 

node. Thus far, this issue has been acknowledged and circumvented by 

performing the analysis based on the H+ concentration of the 2nd node. 

However, the same approach cannot be readily applied in the generation of 

polarisation curves and as such the prediction of 𝐸𝑐𝑜𝑟𝑟 is not always accurate.  

The reversible potential for the anodic reaction within the model is -0.440 V. 

Therefore, the anodic reaction should converge on this value as the current 

density tends to zero[129]. However, under mass-transport limited conditions, 

particularly when the surface reaction rates are very high and the bulk H+ is 
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concentration low, it has been found that the anodic curve becomes 

significantly more negative at low current densities (Figure 3-15). 

 

Figure 3-15 - Polarisation curves at 303.15 K, bulk pH 6, 1 bar PCO2, and 

5 m/s flow velocity in a 0.1 m diameter pipe showing the drop in the 

anodic potential under mass-transport limited conditions. 

As a result of the shift in the anodic curve, the intersection with cathodic curve 

occurs at a lower potential, which in turn produces a more negative 𝐸𝑐𝑜𝑟𝑟 value. 

As it was found that 𝐸𝑐𝑜𝑟𝑟 dropped significantly with higher temperatures and 

lower pH and PCO2 values when under mass-transport control, it was 

suspected that the low H+ concentrations were causing this effect.  

From Equations 3.51-3.53, it can be seen that, for a given temperature, the 

anodic current density calculation is determined by the respective activities of 

CO2 and H+. In order to verify the underlying cause, these reactions were 

implemented within Microsoft Excel. The surface species concentrations for a 

given set of conditions were then exported from COMSOL and used as inputs 

within the Excel model to validate that the new model correctly replicated the 

existing model. H+ concentrations were then extracted from the 2nd and 3rd 

nodes of the COMSOL model and used within the Excel model; the results are 

shown in Figure 3-16. 
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Figure 3-16 – Polarisation curves from Excel model using H+ 

concentrations from COMSOL extracted from the surface, 2nd and 3rd 

nodes at 283.15 K, pH 5, 0.1 bar PCO2, and 2 m/s in a 0.1 m diameter 

pipe. 

The concentration profile out from the surface for the same conditions and a 

fixed applied potential of -0.8 V are shown in Figure 3-17. The locations of the 

2nd and 3rd nodes are indicated to show the how the local pH, and therefore 

local H+ concentration changes across the small distances. 

 

Figure 3-17 – COMSOL model predicted local pH as a function of the 
distance from the surface at 283.15 K, pH 5, 0.1 bar PCO2, and 2 m/s in 
a 0.1 m diameter pipe for a fixed applied potential of -0.8 V. 
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From Figure 3-16 and Figure 3-17, it is clear that the sudden increase in the 

local pH directly influences the anodic polarisation curve. Despite still utilising 

the surface concentration of CO3
2-, performing the same evaluation on the 2nd 

node noticeably shifts the anodic curve back towards the expected shape. 

Performing the evaluation on the 3rd node produces another, small shift in the 

same direction, indicating that, as the H+ concentration returns to more 

reasonable levels, the effect on the anodic curve is removed.  

As the system is under mass-transport control, this effect will have minimal 

effect on the corrosion rate predicted by the model. However, this will be an 

important consideration in future model developments, particularly if effects 

such as galvanic interactions are to be introduced[4]. 

3.5 Conclusion 

The output response of a comprehensive mechanistic model of CO2 corrosion 

has been evaluated across thousands of combinations of input conditions for 

temperature, partial pressure of CO2, velocity, and bulk pH. Two distinct 

response patterns have been identified dependent upon the limiting behaviour 

of the system.  

Under low temperature, high pressure conditions, the model predicts an output 

that is charge-transfer limited. As the bulk pH is increased from 5 to 6.5, the 

size of this charge-transfer limited region was extended to higher 

temperatures. Under these conditions, changes to the partial pressure of CO2 

had minimal impact on the corrosion rate and the surface pH did not deviate 

far from the bulk value. However, the corrosion rate and the surface FeCO3 

saturation index were highly sensitive to changes in temperature due to the 

associated increase in the anodic iron dissolution reaction.  

At higher temperatures and lower pressures, the limiting behaviour 

transitioned to mass-transport control, with H+ ions being consumed rapidly 

upon reaching the surface. Under the mass-transport limited regime, the 

predicted corrosion rates became much more sensitive to changes in pressure 

with the surface pH rising significantly above that of the bulk pH. Both 

corrosion rate and FeCO3 saturation were less impacted by temperature 

changes in this region due to supply of H+ ions to the surface limiting the rates 

of the surface reactions. Instead, the behaviour was found to be primarily 

determined by changes to the rates of species transport through the boundary 

layer, therefore becoming more sensitive to hydrodynamic changes.  
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Chapter 4 – Hydrodynamic Integration via CFD 

Turbulence Modelling 

When considering corrosion behaviour, particularly under mass-transport 

limited conditions, it is crucial to consider the influence of turbulence within the 

bulk flow. Highly turbulent flows generate eddies which permeate the boundary 

layer, accelerating species transport via turbulent diffusion, as well as reducing 

the distance between the surface and bulk fluid (boundary layer thinning), 

increasing the rates of molecular diffusion. Currently, these effects are 

modelled using empirical equations based on experiments within straight pipe 

flows. However, by utilising turbulence models it is possible to simulate the 

behaviour via CFD. In this chapter, an approach is proposed to couple CFD 

models with the corrosion models discussed in previous chapters to generate 

the necessary hydrodynamic variables without employing empirical equations. 

In doing so, the applicability of existing corrosion models can be expanded 

beyond the conditions and geometries under which the experimental 

hydrodynamic data was generated. The examples of a converging channel 

and a rotating cylinder electrode are used here to demonstrate the application 

of this new method. Additionally, the limitations of the methodology in its 

current form are identified and potential future developments that can be made 

to expand the application even further are discussed.      

Following the development of the hydrodynamic method, it is combined with 

the existing corrosion models to predict corrosion within an RCE test cell. This 

is combined with experimental testing to evaluate the performance of the 

corrosion models and identify their associated strengths and weaknesses. 

4.1 Background 

4.1.1 Hydrodynamic Influence on CO2 Corrosion 

It has long been established that the hydrodynamics of fluid flow within a 

corrosive environment directly influences the rates of reaction at the corroding 

surface when under mass-transport-limited conditions[130]. A system is under 

mass-transport control when the electrochemical reactions at the surface are 

being limited by the supply of reactants. In this instance, the surface reactions 

are sufficiently fast as to consume the electroactive species more readily than 

they are being supplied, leading to a local depletion of ions at the surface. It 

should be noted however that this is not always the case. In some instances, 
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the supply is greater than the consumption, meaning corrosion rates instead 

become dependent upon the speed of the surface reactions, this is known as 

charge-transfer control, or activation-control. Changes to the hydrodynamics 

are less impactful on the corrosion rate when the system is charge-transfer 

controlled, however the changes to the local solution chemistry may still be 

important when considering surface films[3].  

As the degree of turbulence within the bulk flow increases, the transport rate 

of electroactive species both towards, and away from, the corroding surface is 

accelerated. As a result, there is a direct increase in the surface reaction rates 

when under mass-transport control, and the increased rate of transport away 

from the surface can influence the precipitation kinetics of surface films such 

as iron carbonate[131]. It is therefore important that the turbulence within the 

bulk fluid is accounted for when attempting to model corrosion behaviour 

accurately.  

In many cases[12, 25, 26, 36, 39] this is achieved via two specific variables, 

namely the height of the boundary layer (𝛿) and the rate of turbulent diffusion 

(𝐷𝑇). Together these terms account for the size of the laminar region near the 

wall, which represents the domain being modelled, as well as the acceleration 

of species transport due to turbulent eddies.  

When discussing the boundary layer, it can be easy to confuse and conflate 

different terms due to the complexity in defining flow behaviour in the near-wall 

region. There are several ways in which a boundary layer can be defined, 

however for straight pipe flow possibly the most common is via a profile 

originally proposed by Theodore Von Kármán in 1931[41]. Termed the 

‘universal law of the wall’ by Coles[42] in 1956, this profile uses dimensionless 

values for the fluid velocity (𝑢+) and wall distance (𝑦+) to define three distinct 

regions (Figure 4-1)[132]:  

• Viscous (or laminar) sublayer – Region closest to the wall in which fluid 

velocity is lowest and viscous forces dominate. 

• Buffer (or transition) layer - Transitional region beyond the viscous 

sublayer in which viscous forces and inertial forces are similar. 

• Log-law (or inertial) layer – Fully turbulent region leading out into the 

bulk flow in which inertial forces dominate. 

Within mass-transport models, the term ‘boundary layer’ is often used to refer 

solely to the viscous sublayer[12, 25, 26, 35, 36], however in some cases it is 

used to describe the sum of the three layers[39, 124]. The end of this near-

wall region is commonly defined in-relation to the hydrodynamics of the bulk 
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flow, with the end of the inertial layer being the point at which the velocity is 

equal to 99% of free-stream velocity[44]. Throughout this work, the use of the 

term ‘boundary layer’ will reflect the most common meaning in referring 

specifically to the viscous sublayer. 

 

 

Figure 4-1 - Universal law of the wall plot showing the transition points 

between the viscous sublayer, buffer layer, and fully turbulent region. 

By combining CFD modeling with comprehensive mechanistic corrosion 

models, the corrosive effects of various hydrodynamic profiles can be 

explored. In this work, a converging channel flow is initially used to 

demonstrate this process, detailing how these hydrodynamic parameters can 

be extracted and integrated into an established corrosion model.   

4.1.2 Turbulence Modelling 

Accurate modelling of turbulent flow can be difficult to achieve due to its highly 

erratic nature and its strong dependence on the surrounding boundary 

conditions. However, the movement of an incompressible viscous fluid can be 

described by a set of equations which describe the conservation of mass, 

momentum and energy, known as the Navier-Stokes equations.  

In order to produce an accurate simulation of real-world flow, a solution to the 

Navier-Stokes equations needs to be calculated throughout the domain being 

modelled. Additionally, in the case of non-isothermal flows, the energy 
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equation must be solved to account for heat fluxes into, or out of the system, 

due to energy not being conserved within the domain.  

As discussed in Chapter 1, complete solutions to these equations can be 

obtained via direct numerical simulation (DNS). DNS is however highly 

computationally expensive and can often take a long time to reach a solution, 

which is often unnecessarily precise. It is therefore common to instead use a 

turbulence model to provide an approximate solution[133]. Turbulence models 

aim to calculate a functionally accurate prediction for the movement of 

turbulent flow, whilst limiting the computational power needed to resolve the 

underlying equations. There are many types of turbulence models available 

and the type of model that should be used is highly dependent on the 

conditions being simulated. The accuracy of various models can vary 

drastically for a specific scenario and so it is important that an informed 

selection is made. 

The most widely used category of turbulence models are the Reynolds 

Averaged Navier-Stokes (RANS) models. These models function by 

calculating the time-averaged values for turbulent quantities by separating the 

dependent variables into their mean and fluctuating components[69]. The 

equations are then averaged over a length of time that is large relative to the 

time-scale of the turbulence, but small relative to the time-scale for all other 

unsteady phenomena[65]. However, this averaging process results in an 

additional term known as the Reynolds stress tensor (𝜏𝑖𝑗), which leads to a 

closure problem for the equations[69]. 

The closure problem can be addressed by expressing the stress tensor in 

terms of the gradient of the mean velocity field; this is known as the 

Boussinesq hypothesis[70]. Application of the Boussinesq hypothesis 

however generates an additional term known as the ‘eddy viscosity’ (𝜇𝑡), which 

needs to be calculated. Turbulence models are used to obtain a value for 𝜇𝑡 

and the types of models are differentiated by the additional equations they 

employ in order to do so. 

There are many RANS turbulence models that exist, which are generally 

classified by the number of additional transport equations required to solve for 

the eddy viscosity. There are zero equation models, such as the Prandtl 

mixing-length model, which use simple algebraic equations, as well one 

equation models, such as Spalart-Allamaras. However, generally accepted to 

be the most widely applicable and therefore widely used RANS models are the 

two equation models: k-ε and k-ω. Both of these models include the transport 
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equation for the turbulent kinetic energy (k), as well as an additional transport 

equation either the turbulent dissipation rate (ε) or the turbulent kinetic energy 

(ω)[95].  

4.2 Methodology and Validation 

One of the primary advantages of building the corrosion model discussed in 

Chapter 3 within COMSOL Multiphysics® is the ability to easily integrate 

additional physicochemical properties. Specifically, by utilising the turbulence 

models within the software it is possible simulate the hydrodynamic behaviour 

within the corrosive environment to remove the associated empiricism and 

expand the applicability of the models. The methodology discussed within this 

chapter is therefore divided into two stages: 

1. Turbulence modelling to generate hydrodynamic data 

2. Integration of hydrodynamic data into the corrosion model  

The validity of the method can then be confirmed by comparing against the 

empirical data that has been previously generated for a straight pipe[28, 124]. 

The intention is to devise a generalised approach to numerically derive the 

hydrodynamic parameters used within the corrosion model for a range of 

geometries.  

4.2.1 Turbulence Modelling within Pipeline Geometries 

For the purposes of demonstrating the methodology, a straight pipe will be 

used as an example within this section as the associated hydrodynamics are 

already well-understood[28]. The approach can however be adapted and 

applied to any scenario in which the law of the wall is valid, as will be 

demonstrated later in this chapter.  

4.2.1.1 Geometry and Meshing 

The first stage in generating a hydrodynamic model is defining the geometry 

to which the physics is to be applied. The geometry being modelled here is a 

section of straight pipe with an internal pipeline diameter of 0.1 m and a length 

of 0.5 m. If it assumed that the flow within the straight pipe is uniform and that 

the pipeline material is homogeneous, the 3-dimensional (3-D) geometry can 

be simplified to be 2-dimensional (2-D) and axis-symmetric.  Simplifying the 

model in this way significantly reduces the number of degrees of freedom 

(DoF) being solved for, allowing a much denser mesh to be utilised without 

excessively increasing the computational cost. 
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The rectangular shape of the 2-D geometry allows a uniform, high quality 

quadrilateral mesh (minimum element quality = 0.987) to be readily generated 

across the domain. For this work, it is most important the hydrodynamic 

behaviour within the boundary layer is accurately captured, as such boundary 

layers are applied at the surface to increase the mesh density in the near-wall 

region.   

A visualisation of the geometry and associated mesh is shown in Figure 4-2. 

 

Figure 4-2 – Geometry and mesh for a 2-D axisymmetric straight pipe 
geometry with a pipe diameter of 0.1 m and length of 0.5 m. 

4.2.1.2 Fluid Properties 

For all flow models within this chapter, the fluid properties were assigned to 

those of water, including the temperature dependency. The fluid is assumed to 

be incompressible and as such only the density of the fluid (𝜌𝑓) and the 

dynamic viscosity (𝜇) need to be calculated. The formulae for these fluid 

properties are shown in Table 4.1: 

Table 4.1 – Formulae used to calculate the fluid properties of water 

Property Formula[26, 134] Units  

𝜇 0.001002 × 10
1.1709(293.15−𝑇𝐾)−0.001827(293.15−𝑇𝐾)2

(𝑇𝐾−273.15)+89.93  cP (4.1) 

𝜌𝑓 753.596 + 1.87748𝑇𝐾 − 0.003564𝑇𝐾
2 kg⋅m-3 (4.2) 
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4.2.1.3 RANS k-ω SST Turbulence Model 

As discussed in section 4.1.2, generally considered to be the most versatile of 

class of turbulence models are RANS turbulence models, specifically 

variations of the k-ε and k-ω models. There are numerous examples 

throughout literature of the applicability of these models to both pipe flows[96, 

97, 99, 101, 135] and rotating cylinder experiments[136-138]. For the 

purposes of this work, the k-ω SST model has been selected as the most 

appropriate of the turbulence models. It has been previously found that the k-

ε model performs strongly when modelling bulk flows and the k-ω model 

performs strongly in predicting near-wall behaviour[71]. The SST variant of the 

k-ω turbulence model takes advantage of this by using the k-ε approximation 

in the bulk and the k-ω approximation close the wall.  

Originally devised by F. R. Menter in 1994[139], the k-ω SST models solves 

for 𝜇𝑡 by combining two equations, one for the turbulent kinetic energy (𝑘) and 

one for the specific turbulent dissipation rate (𝜔):  

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑈𝑖𝑘)

𝜕𝑥𝑖
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1

𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
 (4.4) 

Additionally, a modification is made to the definition of the eddy viscosity in 

order to account for the transport of the principal turbulent shear stress: 

𝜈𝑡 =
𝑎1𝑘

max(𝑎1𝜔,𝛺𝐹2)
 (4.5) 

Within Equation 4.4, there is a blending function (𝐹1) which varies as a function 

of the wall distance, transitioning between a value of one close to the wall and 

zero in the free-stream. The result of this is the gradual reduction of the final 

term in the calculation of 𝜔 which smoothly adjusts the equation from the k-ω 

formulation to the k-ε formulation.  

The k-ω SST model is a low Reynolds number formulation, it is able to resolve 

the turbulence equations all the way down to the wall. This is in contrast to the 

wall function approximations used within the k-ε  model[69, 140]. As the 

corrosion models used within this work operate within the hydrodynamic 

boundary layer near the surface, it is important that flow effects within this 

region are accurately captured, providing additional justification of the k-ω SST 

model. 
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The downside to utilising a low-Re model, however, is that it requires a dense 

mesh within the near-wall region to resolve the equations. Models which utilise 

wall functions can operate with a coarse mesh in this region as they utilise the 

law of the wall to approximate the behaviour. This is not the case for the k-ω 

SST model however, meaning that the mesh must be refined close to the 

boundary[140]. This can be achieved within COMSOL via the use of boundary 

layers, which define the position of mesh nodes in relation to a given boundary. 

These boundary layers are often very small due to the hydrodynamic boundary 

layer being comparatively very thin, which does increase the computational 

cost due to the increased number of degrees of freedom. 

4.2.1.4 Extraction of Hydrodynamic Data 

There are two outputs of interest that are needed when integrating the 

turbulence model into a corrosion model: the boundary layer height (𝛿) and 

the turbulent diffusivity (𝐷𝑇). 𝛿 is a scalar value which corresponds to 

perpendicular distance from the corroding surface, while 𝐷𝑇 is calculated as a 

function of the perpendicular distance from the surface. Therefore, before 

evaluating the corrosion on the internal pipe surface, the values for these two 

variables must be extracted from the turbulence model. 

Firstly, in order to determine 𝛿, the universal law of the wall profile (as seen in 

Figure 4-1) is utilised, requiring values of the dimensionless fluid velocity and 

dimensionless wall distance (𝑢+ and 𝑦+ respectively) to be calculated. These 

are calculated via Equations 4.6 and 4.7, which combined the properties of the 

fluid with the outputs of the turbulence model. 

𝑢+ =
𝑢

√
𝜏𝜔

𝜌

 
(4.6) 

𝑦+ = 𝑦 ⋅
𝑢𝜏

𝜈
 (4.7) 

Where 𝑢 is the tangential fluid velocity (m∙s-1), 𝜏𝜔 is the wall shear stress (Pa), 

𝜌 is the density of the fluid (kg∙m-3), 𝑦 is the perpendicular wall distance (m), 

𝑢𝜏 is the friction velocity (m∙s-1), and 𝜈 is the kinematic viscosity of the fluid 

(m2∙s).  

Both dimensionless values are evaluated at each mesh node point along a 

perpendicular line protruding outwards from the surface of the pipe. The 

difference between 𝑢+and 𝑦+ is then calculated and the value of 𝛿 is equal to 

the value of 𝑦 when this difference exceeds 0.01. This value is set as a 
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tolerance to determine the co-ordinate at which 𝑢+ ≠ 𝑦+, indicating a deviation 

from the linear relationship described by the law of the wall and shown 

previously in Figure 4-1. 

The values of 𝐷𝑇 are then also evaluated along the same perpendicular line 

out from the surface. 𝐷𝑇 is calculated as function of the turbulent flow 

properties (𝜇𝑡 and 𝑆𝑐𝑡) and the fluid density: 

𝐷𝑇 =
𝜇𝑇

𝜌𝑆𝑐𝑡
 (4.8) 

Where 𝜇𝑇 is the turbulent viscosity (m2∙s-1) and 𝑆𝑐𝑇 is the turbulent Schmidt 

number; the ratio of turbulent viscosity to turbulent diffusivity which generally 

varies between 0.7-0.9[141]. Due to the inherent uncertainty in accurately 

determining 𝑆𝐶𝑇
, the standard value within COMSOL of 0.71[142] was used 

here. 

As with 𝑢+ and 𝑦+, 𝐷𝑇 is calculated at each mesh node point along the line, 

however this results in a number of discrete data points rather than a 

continuous function, which is needed by the corrosion model. Therefore, an 

interpolation function is fit to the data to convert the output to the correct form. 

A cubic function is used as this aligns with the form of the empirical functions 

used in mechanistic CO2 corrosion models[12, 25, 26, 36]. 

4.2.2 Integration of Hydrodynamic Data into Corrosion Model 

A detailed description of the CO2 corrosion model being implemented has 

already been provided in Chapter 3 and so will not be reiterated here. 

However, a summary of the species included in the model as well as the 

chemical and electrochemical reactions are provided in Table 4.2. 
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Table 4.2 – Summary of species, boundary layer reaction kinetics, and 
electrochemical surface reactions included in the corrosion model. 

Bulk Species Reaction Kinetics 
Electrochemical 

Surface Reactions 

CO2(g) CO2(aq)
+ H2O(l) ⇌ H2CO3(aq)

 Fe(s) → Fe(aq)
2+ + 2e− 

CO2(aq) 

H2CO3(aq) H2CO3(aq) ⇌ HCO3(aq)
− + H(aq)

+  2H(aq)
+ + 2e− → H2(g)

 
HCO3

−
(aq) 

CO3
2−

(aq) HCO3(aq)

−  ⇌ CO3(aq)

2− + H(aq)
+   

H(aq)
+  

OH(aq)
−  

H2O(l) ⇌ H(aq)
+ + OH(aq)

−   
Fe(aq)

2+  

Na(aq)
+  

  
Cl(aq)

−  

Importantly for the methodology being discussed here, the influence of the 

hydrodynamics in the model is included via the species transport equation with 

utilises a modified form of the flux equation (Equation 4.9). The turbulent 

diffusivity is included as an additional diffusion term alongside the molecular 

diffusion. Species transport due to diffusion and electromigration are 

determined by the concentration gradient and electrolyte potential gradient, 

respectively, which will change based upon the thickness of the boundary 

layer. 

𝑁𝑗 = −(𝐷𝑀,𝑗 + 𝐷𝑇,𝑗)
𝜕𝑐𝑗

𝜕𝑥
− 𝑧𝑗𝑢𝑗𝐹𝑐𝑗

𝜕𝛷𝑙

𝜕𝑥
 (4.9) 

Where 𝑁𝑗 is the flux of species 𝑗, 𝐷𝑀 is the molecular diffusion coefficient, 𝐷𝑇 

is the turbulent diffusivity, 𝑐𝑗 is the species concentration, 𝑥 is the distance 

perpendicular to the surface, 𝑧𝑗 is the electrical charge, 𝑢𝑗 is the mobility of 

species, 𝐹 is the Faraday constant, and 𝛷𝑙 is the electrolyte potential. 

4.2.3 Validation Against Empirical Values 

An initial validation of the methodology has been conducted for straight pipe 

flow to compare the outputs against empirical data and existing formulae. For 

a fully developed flow within a straight pipe, the boundary layer properties are 

consistent across the entire length, meaning the effect on corrosion rate is the 

same at any point on the surface. It is therefore possible to directly compare 

CFD data to the empirical equations used in the corrosion model to ensure 

agreement under the same conditions. 
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For the purposes of this comparison, the empirical relationships for 𝛿 and 𝐷𝑇 

proposed by Aravinth[124] (based on works by Notter and Sleicher[43]  and 

Churchill[125]) have been used. These relationships, given by Equations 4.10 

and 4.11, are employed in the work by Kahyarian et al.[12, 36] and in various 

other models throughout literature[143, 144]. 

𝛿 =
5𝜈

(
𝜏𝜔

𝜌𝑓𝑙𝑢𝑖𝑑
)

1
2

 
(4.10) 

𝐷𝑇 =
0.0007𝑦+3

√(1 + 0.00405𝑦+2)

 
(4.11) 

It should be noted that 𝛿 is calculated in this instance under the assumption 

that the viscous sublayer ends at 𝑦+ = 5, in accordance with the universal law 

of the wall theory[132]. 

The height of the boundary layer was determined from the computational 

model by plotting u+ against y+ (as shown in Figure 4-1) and comparing to the 

plot of u+ = y+. The point at which the two plots deviate above a set tolerance 

of 0.01 was used to define the boundary layer height. A comparison of these 

values for various flow velocities against the empirical values calculated via 

Equation 4.10 is shown in Figure 4-3. 

 

Figure 4-3 – Comparison of boundary layer height as function of fluid 

velocity in a 0.1 m diameter straight pipe between CFD data and 

empirical values at 293.15 K. 
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Strong agreement can be seen between the two approaches, particularly at 

higher fluid velocities where bulk turbulence is greater. For the purposes of this 

work, an inlet fluid velocity of 5 m/s is used, with an error of just 0.71% between 

the empirical and computational solutions for a straight pipe.  

Figure 4-4 shows the calculated output of 𝐷𝑇 at this velocity from the CFD 

model compared against the continuous empirical function given by Equation 

4.11 for 0.01 < 𝑦+ < 100. 

 

Figure 4-4 – Comparison of empirical and simulated turbulent 
diffusivity values as a function of wall distance in a 0.1 m diameter 
straight pipe values at 5 m/s and 293.15 K. 

When plotted over a wide range of 𝑦+ values, it can be seen that both the 

simulated and empirical values follow the same pattern, with the 𝐷𝑇 

increasingly cubically as a function of 𝑦+. Looking more closely at the 

boundary layer region on a linear scale, it can be seen that there is very strong 

agreement between both calculations of 𝐷𝑇 within the viscous sublayer: 
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Figure 4-5 – Linearly scaled comparison of empirical and simulated 
turbulent diffusivity values as a function of wall distance within the 
viscous sublayer of a 0.1 m diameter straight pipe values at 5 m/s and 
293.15 K. 

A noticeable increase in the difference between the two values can be 

observed for 𝑦+ > 5, which may be due to the transitional nature of the flow at 

this point. It may be possible to achieve greater agreement between the two 

by increasing the mesh resolution further from the wall. However, as the 

corrosion models employed utilise calculated 𝛿 values below 𝑦+ = 5 in every 

case, this is not necessary as the deviation away from the wall does not 

significantly impact the results. The methodology proposed here can therefore 

be considered valid for the conditions explored in this work.  

4.3 Converging Channel 

With the successful validation of the methodology for a well-understood 

geometry, the approach can now utilise to explore alternative geometries, such 

as that of a converging channel.  

From the conservation of mass principle, it is known that, for an incompressible 

fluid flowing through a control volume, the mass flow rate is constant (Equation 

4.12). Therefore, in the case of a converging channel, as the cross-sectional 

area decreases the fluid velocity must increase to maintain the mass flow rate 

(Equation 4.13). 
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𝑚1̇ = 𝑚2̇  (4.12) 

𝜌𝑢1𝐴1 = 𝜌𝑢2𝐴2 (4.13) 

Where 𝑚̇ is the mass flow rate (kg∙s-1), 𝜌 is the density of the fluid (kg∙m-3), 𝑢 

is the fluid velocity (m∙s-1), and 𝐴 is the cross-sectional area (m2). 

The acceleration of the bulk fluid flow, combined with the variation in the 

channel geometry, represents a change in the local hydrodynamics, which 

directly impact the corrosion behaviour. By evaluating the hydrodynamics at 

various points on a surface, it is possible to model the changes to the chemical 

and electrochemical responses.  

4.3.1 Turbulent Flow Model 

As with the straight pipe model, in order to minimise the computational cost, a 

2-dimensional representation of the flow geometry has been created here. A 1 

m long channel converging from a diameter of 0.1 m to 0.05 m, representing 

a 50% reduction in the cross-sectional area across the length. 

A mapped quadrilateral mesh comprising 35,391 elements was applied with 

total of 60 boundary layers applied to the surface. A stretching factor of 1.15 

was used to ensure a smooth transition between the bulk and a minimum 

element size of the order 10-8 m closest to the surface. By utilising a coarser 

mesh towards the centre of the channel and much finer mesh near the wall, 

hydrodynamics behaviour within the boundary layer can be captured without 

unnecessarily increasing solver times to increase the bulk flow resolution. 

A series of vertical cut-lines, distributed evenly at 0.1 m intervals, were added 

across the length of the channel, as shown in Figure 4-6. These lines represent 

the locations at which the hydrodynamic profile is to be evaluated and 

integrated into the corrosion model.  

 

Figure 4-6 – Converging channel geometry diagram showing mesh 
distribution and position of cut lines. 

The same RANS k-ω turbulence model discussed in section 4.2.1.3 was 

applied to the model, with a no-slip condition being defined at each of the walls. 
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A straight 0.2 m section was added prior to the converging section in order to 

allow a fully developed hydrodynamic profile to form prior to form at the inlet 

(see Figure 4-7). A uniform velocity of 5 ms-1 was defined at the start of this 

straight section.  

 

Figure 4-7 – Velocity profile showing additional straight section to 
ensure fully developed flow profile. 

Figure 4-8 shows the resulting velocity profile of the converging section, with 

the reducing area resulting in an increase from the inlet velocity of 5 m∙s-1 to 

an outlet velocity of around 10 m∙s-1. The effect of the no-slip condition can 

also be seen here, with the fluid velocity decreasing in the near-wall region as 

the inertial forces are reduced. 

 

 

Figure 4-8 – Plot of the fluid velocity against the x-position in the 

converging channel flow model. 

4.3.2 Corrosion Response 

At each of the positions indicated by Figure 4-6, the value of 𝛿 was once again 

determined by calculating the point of separation between the values of 𝑢+ 

and 𝑦+ to a tolerance of 0.01. The corresponding values of 𝐷𝑇 were then 

evaluated at each node point along the respective cut-line from the surface 
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(𝑦 = 0) up to the end of the boundary layer (𝑦 = 𝛿), and a linear interpolation 

function was fit to the discrete values to generate a continuous function for 𝐷𝑇 

at each of the 10 positions.  The outputs were then one-way coupled to the 

Kahyarian corrosion model to map the physicochemical response through the 

channel.  

4.3.2.1 Corrosion Rate 

Figure 4-9 shows the predicted corrosion rate in mm∙yr-1 along the surface at 

each of the 10 positions indicated in Figure 4-6 for a temperature of 293.15 K, 

1 bar PCO2, and pH 5. 

 

Figure 4-9 - Plot of the corrosion rate as a function of the x-position 
within the converging channel at 293.15 K, 1 bar PCO2 and pH 5. 

Along the length of the converging channel, a strong correlation between the 

corrosion rate and the area of the channel can be identified. The convergence 

of the channel produces a corresponding increase in the local corrosion rate 

as the species transport rates are increased. The relationship between these 

two values can be quantified by fitting a cubic equation to the output allowing 

the corrosion rate to be defined as function of the distance along the channel: 

𝐶𝑅 = −0.0251𝑥3 + 0.197𝑥2 + 0.116𝑥 + 1.462 (4.14) 

Where 𝐶𝑅 is the corrosion rate (mm∙yr-1) and 𝑥 is the horizontal distance from 

the inlet (m). 

As the channel converges, the fluid velocity increases to double the inlet 

velocity resulting in a thinning of the boundary layer and increase in the 

turbulent diffusivity (Figure 4-10). Within the corrosion model this means 

steeper concentration gradients between the surface and bulk, accelerating 
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the rate of molecular diffusion (𝐷𝑀) alongside the increased turbulent diffusion.  

Under the conditions being assessed here the system is mass-transport 

controlled, hence an increase in the rate of species transport through the 

boundary layer produces a corresponding increase in the electrochemical 

surface reactions. The effect of this is seen in Figure 4-9, as the convergence 

of the channel causes an 18.6% increase in the corrosion rate between 

positions 1 and 10 (Figure 4-6).  

(a) 

 

(b) 

 

Figure 4-10 - Plots of (a) Boundary layer height at each x-position and 

(b) Turbulent diffusivity as a function of distance at x-positions 1 and 

10. 
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4.3.2.2 Local Chemistry 

The increase in the corrosion rate along the channel observed in Figure 4-9 

implies a shift in the production and consumption rates of electroactive 

species, resulting in changes to the local chemistry. It is possible to investigate 

how the chemistry is affected by plotting how species deviate from their bulk 

concentrations along each of the cut-lines. As a continual increase in the 

corrosion rate is observed across the length of the channel, the two extreme 

points (positions 1 and 10) have been isolated for evaluation here, shown in 

Figure 4-11. 

(a) 

 

(b) 

 

Figure 4-11 – Plot of concentration deviation through the boundary 

layers for (a) cut line 1 and (b) cut line 10. 
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Interestingly, despite the higher corrosion rate (and therefore anodic reaction 

rate) at position 10, the change in concentration through the boundary is 

actually smaller at the higher velocity. The effect can be most clearly seen in 

the aqueous iron (Fe2+) concentration, as the release of Fe2+ from the surface 

is directly correlated with the rate of corrosion. Despite the greater rate of 

production at the surface, the increased rate of mass-transport away due to 

hydrodynamic effects means a lower build-up of ions on the surface itself. This 

effect is not solely limited to Fe2+ however, as all electroactive species see a 

proportional decrease in their concentration deviation. Species with reduced 

concentrations, such as H2CO3 and H+ are more readily replenished, and 

species with increased concentrations, such as HCO3
- are more rapidly 

transported into the bulk. This can be an important factor to consider in other 

areas of modelling research, such as the growth of FeCO3 films, which are 

dependent on the surface concentration of species. A higher corrosion rate 

may imply a greater change in the local concentration, however if this is as a 

result hydrodynamic effects, Figure 4-11 indicates that the opposite may be 

true. 

A slight difference can also be noted in the behaviour of the aqueous CO2 

concentration across the two positions. When the rate of mass-transport is 

higher, there is a greater proportional reduction in the concentration than the 

other species. It is likely that this is due to the rate of the CO2 hydration reaction 

being significantly slower than the subsequent dissociation reactions. As such, 

the rate of supply becomes very close to the rate at which it is being converted 

to H2CO3, reducing the deviation between the bulk and the surface as the 

channel converges. 

4.4 Rotating Cylinder Electrode 

The rotating cylinder electrode (RCE) is an experimental set-up that is 

commonly used in corrosion research to study the effect of turbulence[145]. A 

cylindrical electrode is connected to an electrochemical set-up in order to 

measure the corrosion rate. Mass-transfer correlations, such as the one 

proposed by Eisenberg et al.[130] are then often used to map the 

hydrodynamic characteristics to an equivalent straight pipe. However, in doing 

so, the complexities of the flow are greatly simplified to be represented by a 

single mass-transport term.  

In order to further demonstrate the applicability of the methodology proposed 

within this chapter, a series of corrosion tests have been conducted utilising 
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an RCE set-up. A model of an RCE has then been created within COMSOL 

and, as with the straight pipe and converging channel examples, the 

hydrodynamic properties of the boundary layer have been extracted and 

imported into a corrosion model. By combining experimental and simulated 

data for an identical hydrodynamic scenario, the accuracy of each corrosion 

model can be assessed. Modelling the complete RCE cell, as opposed to 

deriving an equivalent straight pipe scenario, ensures that all flow effects are 

accurately accounted for. 

4.4.1 Experimental Testing 

The RCE is a well-established experimental technique that has been studied 

extensively over the years[130, 145-148] and is a useful tool in corrosion 

research. By rapidly rotating a cylindrical electrode within a beaker, turbulent 

flow conditions can be simulated on a small scale under laboratory conditions. 

This allows for the conditions within the set-up to be carefully controlled and 

for electrochemical measurements of the corrosion rate to be taken. 

For this work, a simple 3-electrode cell was set-up using an RCE to take 

corrosion rate measurements using the linear polarisation resistance (LPR) 

technique. Tests were conducted at temperatures of 298.15 K (25 °C) and 

313.15 K (40 °C), bulk solution pHs of 4, 5, and 6, and at rotation rates ranging 

from 500 rpm to 2500 rpm. The experimental data is then compared to 

simulated data generated by combining a CFD model of an RCE with the 

previously developed corrosion models. 

4.4.1.1 Equipment Set-Up 

4.4.1.1.1 Equipment List 

Table 4.3 below provides a complete list of all equipment used in the following 

experimental section. All quantities listed relate to the amount required to 

conduct a singular experiment with one RCE set-up. 
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Table 4.3 - List of all equipment used in the collection of experimental 
RCE corrosion rate and polarisation data. 

Equipment Quantity Equipment Quantity Consumable Quantity 

RCE Motor 1 Hot Plate 1 
Isopropyl-

alcohol 
~ 25 ml 

1 L Glass 

Beaker 
1 

Weighing 

Scale 
1 

De-ionised 

Water (Testing) 
1 L 

X65 Carbon 

Steel Sample 
1 

AC 

Potentiostat 
1 

De-ionised 

Water 

(Cleaning) 

100 ml 

CO2 Supply 

Line 
1 

PTFE Beaker 

Lid 
1 NaCl 10 g 

pH Probe 1 

50 mm 

Magnetic 

Stirrer 

1 NaHCO3 
0.01 – 2.1 

g 

Ag/AgCl 

Counter 

Electrode 

1 Multimeter 1 P240 Grit Paper 1 sheet 

Pt Reference 

Electrode 
1 Spring Clamp 2 P600 Grit Paper 1 sheet 

25 mm M6 

Threaded 

Rod 

1 M6 Hex Nuts 2 P800 Grit Paper 1 sheet 

4.4.1.1.2 Rotating Cylinder Electrode Set-Up 

X65 carbon steel was selected as the test material for the RCE experiments. 

A common material used in a range of corrosion tests throughout literature, 

X65 steel is representative of the carbon steel used in many pipeline systems. 

Small, cylindrical samples measuring 12 mm in diameter and 10 mm in height 

were fitted onto a vertically mounted stainless-steel shaft connected to a 

motor. A 12 mm diameter casing made from polytetrafluoroethylene (PTFE) 

was fixed to the shaft either side of the sample to ensure only the outer sample 

surface made contact with the test solution. The contact between the internal 

surface of the X65 sample and the stainless-steel shaft enabled electrical 

contact with the sample. This was verified using a multimeter to check for a 
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stable resistance of < 0.1Ω between the external surface of the sample and 

the RCE shaft. 

The X65 sample functioned as the working electrode and a combined Mettler 

Toledo ORP Ag/AgCl reference electrode and platinum counter electrode were 

used to complete the 3-electrode cell. Each of the electrodes were then 

connected to an ACM Instruments Gill AC 4-channel potentiostat, which was 

used to apply a potential difference between the carbon steel sample and the 

reference electrode.  

4.4.1.1.3 Brine Solution 

For each static RCE test, a 1 wt.% NaCl brine solution was prepared and 

saturated with CO2. A 1 L glass beaker was scrubbed clean with dish soap and 

water and then rinsed 3 times with deionised (DI) water with a resistivity of > 

18.2 MΩ. The beaker was then thoroughly dried with compressed air. A 

measuring cylinder was used to measure 1 L of DI water which was added to 

the clean beaker. 

Taking the density of water to be approximately 1,000 kg⋅m-3 due to the 

variation with temperature, 10 g of NaCl is needed to produce a 1 wt.% brine. 

A mass balance was therefore used to measure 10 g of NaCl which was then 

added to the beaker containing DI water. A 50 mm magnetic stirrer was 

cleaned with isopropyl alcohol and placed into the brine. 

The beaker containing the brine solution was then placed on a hot plate and 

covered with a PTFE lid, secured in place with two spring clamps. A CO2 

supply tube was then fed through a small hole in the lid and the gas taps were 

opened to allow a steady stream of CO2 to bubble through solution.  The stirrer 

within the hot plate was turned on and set to a rotation rate of 250 rpm and the 

solution was left for a minimum of 12 hours to ensure it was fully saturated with 

CO2.   

Once saturated, the solution was adjusted to the required pH via the addition 

of sodium bicarbonate (NaHCO3). Solution pH values of 4, 5, and 6 were 

achieved by adding 0.01 g, 0.2 g, and 2.1 g of NaHCO3, respectively. A 

calibrated OrionTM TriodeTM pH probe was used to confirm the pH was correct 

to a tolerance of ± 0.05. 

4.4.1.1.4 Sample Preparation 

Before beginning a test, each of the samples were wet-ground to remove any 

surface imperfections. An M6 threaded rod was fixed vertically into the RCE 
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motor and the samples were fixed in place between two M6 hex nuts. The 

motor was set to a rotation rate of 800 rpm and grit paper was then applied to 

the surface with light pressure. P240, P600, and P800 grit papers were used 

in sequence to remove progressively smaller surface imperfections, with the 

sample being clean with isopropyl-alcohol between each stage. The samples 

were then visually inspected to check for any surface irregularities before 

being rinsed with DI water. Compressed air was used to fully dry the samples 

before being place on the weighing scale. The mass of each sample was 

recorded and then samples were then fixed into the RCE set-up as described 

in section 4.4.1.1.2. 

4.4.1.2 Experimental Methodology and Test Plan 

4.4.1.2.1 Testing Matrix 

For the purposes of experimentally validating the corrosion models discussed 

in previous chapters, a testing matrix was designed to capture a range of 

conditions. The parameters varied through testing were the temperature, the 

solution pH, and the RCE rotation rate. Due to the difficulties associated with 

high pressure testing, all tests were conducted at atmospheric pressure.  

The input conditions used throughout testing are summarised in Table 4.4 

below, all combinations of conditions listed in the testing matrix were 

investigated. For a given temperature and solution pH combination, the 

rotation rate was initially set to the lowest speed of 500 rpm and then 

incrementally increased throughout testing. Experiments were run 3 times for 

each set of conditions to ensure repeatable results and the average of the 3 

results was then calculated.  

Table 4.4 – Testing matrix for static RCE experiments, conducted at 
atmospheric pressure in 1 wt.% NaCl brine. 

Parameter Test Values Units 

Temperature 25 40 °C 

Solution pH 4 5 6  

Rotation Rate 500 1,000 1,500 2,000 2,500 rpm 

At each set of temperature and pH conditions, a secondary RCE test was 

conducted at a fixed 500 rpm rotation rate. The purpose of this secondary test 

was to provide mass-loss data to validate the Tafel constants derived from the 

polarisation of the primary sample (see Section 4.4.1.2.4).   
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4.4.1.2.2 Methodology 

Throughout testing, two RCE set-ups were used simultaneously, a primary 

sample was used to gather electrochemical measurements, and a secondary 

sample was used to ensure the corrosion reactions did not significantly change 

the solution chemistry throughout the test duration. The rotation rate of the 

primary sample was altered throughout the testing window, whilst the 

secondary sample remained at a constant 500 rpm. LPR measurements were 

conducted on both samples. 

Prior to each test, the RCE set-up, brine solution, and X65 carbon steel sample 

were prepared as detailed in section 4.4.1.1. After mounting the sample, the 

RCE shaft was set to a rotation rate of 250 rpm and cleaned with isopropyl 

alcohol. The rotation rate was then set to the initial test speed of 500 rpm and 

lowered into solution before being left for 10 minutes to allow the open circuit 

potential (OCP) to stabilise. 

Once the OCP reached a stable potential, LPR sweeps were set to run at 5-

minute intervals scanning at a rate of 0.25 mV∙s-1 at ± 5 mV from the OCP. The 

rotation rate remained constant for 1 hour at each speed, resulting in a total of 

12 LPR measurements before the rotation rate was increased by 500 rpm. The 

rate was increased every hour until the maximum rotation rate of 2,500 rpm 

had been reached. After 1 hour at the maximum speed, the RCE was slowed 

back down to 500 rpm for 30 minutes to ensure the corrosion rate hadn’t 

changed significantly over the duration of the test. 

At this point, the secondary sample was removed from the solution, rinsed with 

DI water and thoroughly dried with compressed air. The final pH of the solution 

was re-measured using a calibrated pH probe and recorded to assess 

changes to the solution chemistry. 

The primary sample was left in solution at a rotation rate of 500 rpm in order 

to perform polarisation scans. The sample was first cathodically polarised to 

ensure the destructive nature of the anodic polarisation did not interfere with 

the results. A cathodic sweep was performed between +5 mv and – 400 mV 

from the OCP at a scan rate of 0.5 mV∙s-1.  The scan data was saved as .txt 

file and an anodic scan was then conducted between -5 mV and +400 mV from 

the OCP with the same scan rate. The scan data was saved as a .txt file and 

the sample was removed from solution, rinsed with DI water, and dried with 

compressed air. 
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4.4.1.2.3 Solution Resistance 

A potential source of inaccuracy in the calculation of corrosion rates using the 

method described above is the influence of solution resistance. The LPR 

measurements calculate the corrosion rate by measuring the electrical 

resistance between the sample and the counter electrode when a potential 

difference is applied. However, for charge to be transferred between the two 

electrodes it must pass through the brine solution, which introduces a 

secondary source of resistance. For accurate measurement of the charge-

transfer resistance (𝑅𝑐𝑡), the solution resistance (𝑅𝑠) must be deducted from 

the polarisation resistance (𝑅𝑝). 

𝑅𝑐𝑡 = 𝑅𝑝 − 𝑅𝑠 (4.15) 

In order to calculate 𝑅𝑠, a second electrochemical technique known as 

electrochemical impedance spectroscopy (EIS) is used. EIS is a highly 

complex technique which functions by applying an AC current to the system 

and measuring the output sinusoidal response over a range of 

frequencies[56]. The technique is often used to measure the formation and 

properties of protective films[57, 58, 149], however the purposes of this work, 

it was simply used to determine the value for 𝑅𝑆 at for each set of conditions. 

Two CO2 saturated pH 4 brine solutions were prepared in accordance with the 

experimental procedure (see Section 4.4.1.1.3) and a wet-ground X65 sample 

was fixed in place within both. The combined counter/reference electrodes 

were placed in solution and the temperature was set to 25 °C in one and 40 

°C in the other, with both RCE motors set to a rotation rate of 500 rpm. The 

sample was the polarised to ±5 mV relative to the OCP over a frequency range 

of 20 kHz to 0.1 Hz, taking a reading at every 10 points/decade. A Nyquist plot, 

which compares the imaginary vs real components of the impedance (𝑍𝐼𝑚 and 

𝑍𝑅𝑒 respectively), was then plotted to determine the solution resistance, equal 

to real axis value at the high frequency intercept (see Figure 4-12). 
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Once 𝑅𝑆 values had been obtained at pH, 0.19 g of NaHCO3 was added to 

raise the pH to 5; the pH was confirmed using the pH probe. The process was 

repeated to collected 𝑅𝑆 values for pH 5, before an additional 1.9 g of NaHCO3 

was added to raise the pH to 6, which was once again confirmed using the pH 

probe. A final set of 𝑅𝑆 measurements were then collected at pH 6. Table 4.5 

summarises all values for 𝑅𝑆 measured using this method. These values were 

then used to determine the value of 𝑅𝐶𝑇 for all LPR measurements using 

Equation 4.15. 

  

 

Figure 4-12 – Nyquist plot impedance measurements conducted at pH 
4, 25 °C and 500 rpm showing the value of 𝑹𝑺 . 
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Table 4.5 – Measured solution resistances for brine solutions at pH 4, 5, 
and 6 at temperatures of 25 °C and 40 °C. 

Temperature (°C) pH 𝑹𝑺 (Ω∙cm-2) 

25 

4 46.7 

5 46.2 

6 44.5 

40 

4 37.9 

5 37.8 

6 35.2 

4.4.1.2.4 Tafel Constants 

At the end of each experiment, polarisation scans were performed, the outputs 

of which can be used to determine the Tafel constants associated with the 

specific conditions. For each applied voltage in the scan, a current density 

value was measured. These values were then exported into Microsoft Excel 

and common logarithm of the absolute value of the current density (log10|𝑖|) 

was calculated. The values were then exported into OriginPro in order to use 

its ‘Tafel Extrapolation’ function. This feature within OriginPro allows for the 

linear sections of the polarisation plot to be manually selected and linearly 

extrapolated automatically to ensure the anodic and cathodic slopes intersect 

at the corrosion potential (𝐸𝑐𝑜𝑟𝑟). Figure 4-13 provides an example of the 

identification of these slopes at 25 °C, pH 4, showing 𝑏𝑎 and 𝑏𝑐 values of 59.3 

mV/decade and -117.6 mV/decade respectively.  
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Figure 4-13 – Experimental polarisation scan at 25 °C, pH 6 showing 
the anodic and cathodic Tafel extrapolation. 

Polarisations scans were conducted at the end of each experiment, producing 

3 Tafel constants for each set of conditions, these values are summarised in 

Table 4.6. One set of values at 40 °C, pH 5 have not been included due to data 

loss during the experiment. 
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Table 4.6 – Summary of experimentally determined anodic and cathodic 
Tafel values 

Temperature pH 𝒃𝒂 (mV/decade) 𝒃𝒄 (mV/decade) 

25 
 

4 
 

61.5 -118.7 

67.3 -108.0 

51.3 -86.0 

25 
 

5 
 

58.8 -162.2 

54.9 -173.8 

52.7 -153.9 

25 
 

6 
 

60.4 -167.2 

61.7 -149.5 

59.3 -117.6 

40 
 

4 
 

66.3 -82.5 

60.6 -98.2 

58.6 -77.2 

40 
 

5 
 

61.9 -164.3 

56.3 -142.7 

- - 

40 6 

62.8 -136.3 

60.6 -125.8 

58.8 -118.0 

Average 59.6 -128.3 

Standard Deviation (𝜎) 4.1 30.2 

For the anodic Tafel slope, the data provided in Table 4.6 shows strong 

agreement across all tests indicating a 𝑏𝑎 value of 60 mV/decade, with some 

small deviation which can be reasonably attributed to degree of subjectivity 

included in identifying the location of the Tafel slopes.   

The cathodic Tafel slopes however have much greater deviation in their 

measurement, with a 𝜎 value over seven times that of the anodic slopes. Even 

when test conditions are unchanged, large variations can be seen. For 

example, at 25 °C, pH 6, the measured 𝑏𝑐 changes by as much as 50 

mV/decade. This indicates that the variation is not due to changing conditions, 

but in the determination of the value. As the anodic and cathodic slopes were 

calculated during the same experiments, it is unlikely that the differences are 

due to inaccuracies in the measurement. It can however be attributed to the 
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very short linear section of the cathodic polarisation scans making it difficult to 

accurately locate the Tafel slope (see Figure 4-13). Averaging the data across 

all test conditions however produces a 𝑏𝑐 of -128 mV/decade, which aligns 

with the value of -120 mV/decade commonly quoted in literature[3, 4, 30, 32].  

Tafel values of 60 mV/decade and -120 mV/decade for 𝑏𝑎 and 𝑏𝑐 respectively 

have therefore been used in the following section when calculating corrosion 

rates. 

4.4.1.2.5 Data Processing 

The experimental testing to this point has produced data relating to the charge-

transfer resistance and the associated anodic and cathodic Tafel constants (𝑏𝑎 

and 𝑏𝑐 respectively). Converting these values into an experimental corrosion 

rate for the RCE samples requires several data processing steps.  

Firstly, the 𝑅𝐶𝑇 values must be converted into corrosion current densities (𝑖𝑐𝑜𝑟𝑟) 

via the Stern-Geary equation: 

𝑖𝑐𝑜𝑟𝑟 =
1

2.303 ∙ 𝑅𝑐𝑡 ∙ (
1
𝑏𝑎

+
1

|𝑏𝑐|
)
 

(4.16) 

The full derivation of the Stern-Geary equation as well as subsequent 

equations in this section can be found in section 1.4 of Chapter 1 of this thesis. 

As the Tafel constants are given in mV/decade, the 𝑖𝑐𝑜𝑟𝑟 values calculated via 

Equation 4.16 have units of mA/cm2. These values are therefore converted 

into A/cm2 by divided by 1,000.  

Faraday’s Law can then be used to convert 𝑖𝑐𝑜𝑟𝑟 into a total mass loss: 

𝑊 =
𝐼𝑐𝑜𝑟𝑟 ∙ 𝑡 ∙ 𝑀𝑤

𝑛 ∙ 𝐹
=

𝑖𝑐𝑜𝑟𝑟 ∙ 𝐴 ∙ 𝑡 ∙ 𝑀𝑤

𝑛 ∙ 𝐹
 (4.17) 

Where 𝑊 is the mass loss of the corroding metal (g), 𝐼𝑐𝑜𝑟𝑟 is the corrosion 

current (A), 𝐴 is the area of the corroding surface (cm2), 𝑡 is the time (s), 𝑀𝑤 

is the molecular weight of the corroding metal (g⋅mol-1), 𝑛 is the number of 

electrons involved, and 𝐹 is the Faraday constant (96,485 C⋅mol-1). 

The mass loss of the sample can then be converted into a corrosion rate in 

m∙s-1 via the following equation: 

𝐶𝑅 =
𝑊

100 ∙ 𝜌𝑠 ∙ 𝐴 ∙ 𝑡
 (4.18) 

Where 𝜌𝑠 is the density of steel (g/cm3). 
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Finally, the corrosion rate can be converted from m∙s-1 to the more standard 

units of mm∙yr-1: 

𝐶𝑅 (mm ∙ yr−1) = 𝐶𝑅(m ∙ s−1) × 1000 × 365.25 × 24 × 60 × 60 (4.19) 

The material properties used in Equations 4.17 and 4.18 are representative of 

the X65 carbon steel used for the RCE samples. These properties are 

summarised in Table 4.7 below. 

Table 4.7 – Summary of material properties of X65 carbon steel samples 
used in the calculation of the corrosion rate. 

Material Property Symbol Value 

Molar Mass 𝑀 55.845 g⋅mol-1 

Density 𝜌𝑠 7.85 g⋅cm3 

Surface Area 𝐴 3.77 cm2 

4.4.1.3 Experimental Results 

Across the duration of each experiment, a total of 12 LPR corrosion 

measurements were taken at each RCE rotation rate. Each experiment was 

then repeated twice more to give a total of 36 𝑅𝑃 measurements for every 

parameter combination. These 𝑅𝑃 values were then converted into corrosion 

rates via the Equations 4.15-4.19. The mean value of these corrosion rates 

was then calculated, and these final average values are provided in Table 4.8. 
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Table 4.8 – Average corrosion rates derived experimentally from LPR 
measurements for all combinations of temperature, pH, and RCE rotation 
rate included in the text matrix. 

 Corrosion Rate (mm/yr) 

Temperature 

(°C) 

Rotation Rate 

(rpm) 
pH 4 pH 5 pH 6 

25 

500 1.55 0.88 0.79 

1,000 1.68 0.91 0.76 

1,500 1.83 0.95 0.85 

2,000 1.95 0.96 1.06 

2,500 2.09 1.13 1.23 

40 

500 2.49 1.60 1.24 

1,000 2.78 1.64 1.32 

1,500 3.01 1.83 1.39 

2,000 3.20 1.94 1.47 

2,500 3.28 2.02 1.60 

4.4.2 RCE Simulation 

Following the collection of the experimental data, the next stage is to build a 

simulated version of the RCE set-up. By recreating the RCE geometry within 

COMSOL and introducing a turbulence model to predict the flow field at 

various rotation rates, it is possible to numerically derive the hydrodynamic 

parameters associated with experimental cell. The hydrodynamics can then 

be integrated into the previously built corrosion models in order to evaluate the 

predicted corrosion rates specific to the RCE geometry. This allows for a direct 

and fair comparison between the mechanistic CO2 corrosion models and real-

world empirical data.  

4.4.2.1 Geometry and Discretization 

4.4.2.1.1 RCE Geometry 

The first stage in building a simulated representation of the experimental set-

up is the construction of the geometry. As the RCE experiment is a cylindrical 

shaft rotating within a cylindrical beaker, it is possible to represent the 
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geometry as a 2-dimensional axis-symmetric model. The geometry used here 

is shown in Figure 4-14, representative of a 12 mm diameter RCE shaft 

rotating in a 1 L glass beaker containing a 30 mm stirrer. All measurements 

have been taken directly from the experimental set-up used to measure the 

corrosion rates provided in Table 4.8. 

 

Figure 4-14 - 2D axis-symmetric geometry representing a RCE shaft 

and stirrer within a 1 L beaker. 

4.4.2.1.2 Boundary Conditions 

As indicated in Figure 4-14, a vertical axis of rotation was specified within the 

model at a radius of 0 m. Static walls were assigned with a no-slip condition to 

boundaries 1, 2, and 3 to represent the base, internal wall, and lid of the beaker 

respectively. Boundaries 4-7 were defined as moving walls, with zero 

translational velocity, but with a 𝜑 component defining rotational velocity (𝑣𝑤,𝜑), 

calculated via Equation 4.20.  

𝑣𝑤,𝜑 = 𝑟𝜔𝑠 (4.20) 

Where 𝑟 is the radial position (m) and 𝜔𝑠 is the rotational speed (s-1). 

The boundaries representing (4 and 5) the stirrer were set to a fixed rotational 

speed of 250 rpm (4.17 s-1) and the boundaries representing the RCE shaft (6 

and 7) were set to speeds varying between 500 rpm (8.33 s-1) and 2500 rpm 

(33.33 s-1). 

A pressure of 0 Pa was specified in the top-right corner of the model (at the 

intersection between boundaries 1 and 2) to constrain the pressure within the 
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model. This is representative of the experimental scenario with the surface of 

the brine solution being exposed to atmospheric pressure.   

4.4.2.1.3 Meshing Parameters 

When defining a mesh for the RCE model, it is important to consider the length 

scales of the hydrodynamic boundary layer used in the corrosion models. The 

element size used within the corrosion models is of the order 10-7 m, with the 

total domain spanning an order of 10-5 m. With this in mind, a series of 

boundary layers were defined along the surface of the rotating shaft with a first 

layer height specified at 1×10-7 m. However, with the total area of the model 

being 6.33×10-3 m2, utilising such small elements across the entire domain 

would result in very long solver times and may even result in convergence 

issues for the less turbulent regions of the model.  

As the flow effects within the bulk do not significantly influence the corrosion 

behaviour within the boundary layer, it is sufficient to apply a coarse mesh to 

this region. By using a refined mesh close to the surface and a coarse mesh 

in the bulk, it is possible to accurately resolve the steep near-wall velocity 

gradients without a large increase in computational cost.  

However, a drastic change between two mesh resolutions can lead to poor 

quality elements and therefore convergence issues with the solver. To prevent 

this, a stretching factor of 1.1 was then applied with a total of 75 boundary 

layers to ensure a smooth transition between the surface and the bulk mesh. 

The number of boundary layers used results a total boundary layer size of 

1.27×10-4 m, significantly above the 10-5 m domain size expected for the 

corrosion models.  

COMSOL’s pre-defined coarse, free triangular mesh was then applied to the 

remaining geometry, with elements ranging in size from 1.5×10-4 m to a 

maximum of 3.35×10-3 m. When combined with the defined boundary layers, 

this generated a mesh comprised of a total of 3,926 elements, shown in Figure 

4-15. 
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Figure 4-15 – RCE geometry showing free triangular mesh with 
boundary layer refinement close to the surface of the rotating shaft. 

4.4.2.2 Flow Parameters 

4.4.2.2.1 Cut-Line Evaluation 

As was the case for both the straight pipe and converging channel flows 

examined thus far, the hydrodynamic parameters needed to model the 

corrosion behaviour must be evaluated along a straight line perpendicular to 

the corroding surface. For the case of an RCE, in which the flow behaviour is 

axisymmetric, the orientation of this line in the x-y plane does not affect the 

output. It is possible however, that slight differences may be observed based 

on the vertical position (z-coordinate) of the line due to the flow features at the 

base of the rotating shaft. These flow features are not expected to have a 

significant impact on the results, however, to minimise the potential for error, 

the hydrodynamics in each instance were evaluated at coordinates 

representing the centre of an RCE sample in an experimental set-up.  

A cut-line was defined between the surface of the rotating shaft and the 

boundary of the cell, defined by end-point coordinates in m of (0.006,0, 0.065) 

to (1, 0, 0.065).  
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Figure 4-16 – 3-dimensional representation of the RCE geometry 
showing a cut-line out from the surface to be used for evaluation of 
hydrodynamic parameters. 

4.4.2.2.2 Changes to 𝜹 Derivation 

The RCE example presents a new challenge not present in the pipe flow 

examples in the calculation of the hydrodynamic boundary layer height in that 

the wall is not static. The no-slip boundary condition is still applied, meaning 

that the relative velocity of the fluid adjacent to the wall is still zero, however 

the movement of the wall means that the absolute value of the fluid is a non-

zero value. As such, the dimensionless velocity 𝑢+ does not converge to zero, 

meaning the standard law of the wall method of deriving 𝛿 cannot be used. 

However, the due to the nature of laminar flow, 𝑢+ and 𝑦+ still increase 

proportionally within the viscous sublayer. Therefore, by plotting these values 

on a log-log plot, it is possible to use the gradients of the lines to identify the 

end of the boundary layer. As seen in Figure 4-17, 𝛿 can be identified as the 

point which the gradient of the line deviates from that of the line 𝑢+ = 𝑦+, using 

a tolerance of 10%.  
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Figure 4-17 -  Logarithmic plot of 𝒖+ against 𝒚+ showing the derivation 
of 𝜹 via the change in gradient for a temperature of 25 °C and a rotation 
rate of 2,500 rpm. 

The value of 𝛿 obtained from the 𝑢+ vs 𝑦+ plot represents the distance 

between the surface and the end of the boundary layer in dimensionless units. 

In order to convert this into m, Equation 4.7 must be rearranged to calculate 

the value of 𝑦 at this point: 

𝑦 = 𝑦+ ∙
𝜈

𝑢𝜏
 (4.21) 

4.4.2.2.3 Turbulent Diffusivity 

The magnitude of turbulent diffusion is evaluated by calculating  𝐷𝑇 each node 

point along cut-line via Equation 4.8. As the corrosion models only consider 

species transport within the boundary layer, this data can be truncated to 

remove any data points after this point (𝑦 > 𝛿). The result of this is a series of 

discrete data points which describe the change in 𝐷𝑇 as a function of the 

distance from the surface. In order to convert this into continuous data, an 

interpolation function was used within COMSOL. Due to the high number of 

boundary layers used in this instance, a linear interpolation function was found 

to be the most appropriate in each case. Figure 4-18 shows the output function 

for a temperature of 25 °C and a rotation rate of 2,500 rpm where the height 

of the boundary layer is 2.75×10-4 m. 
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Figure 4-18 – Plot of interpolated 𝑫𝑻 function against the distance from 
the surface for a temperature of 25 °C and rotation rate of 2,500 rpm. 

4.4.2.3 Simulation Results 

As the geometry is fixed, and the boundary layer is unaffected by the solution 

pH, the hydrodynamic properties need only to be calculated for each 

combination of temperature and shaft rotation rates. Table 4.9 shows the 𝛿 

values calculated via the approach detailed in section 4.4.2.2.2 for rotation 

rates varying between 500-2500 rpm at a temperatures of 25 °C and 40 °C, in 

accordance with the testing matrix detailed in section 4.4.1.2.1. For each set 

of conditions, a corresponding 𝐷𝑇 function was calculated as detailed in 

section 4.4.2.2.3. 
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Table 4.9 – Summary of calculated 𝜹 values for different rotation rates at 
temperatures of 25 °C and 40 °C.  

Temperature (°C) 
Rotation Rate 

(rpm) 

Boundary Layer 

Height (𝒚+) 

Boundary Layer 

Height (m) 

25 

500 3.05 6.04×10-4 

1,000 3.93 5.01×10-4 

1,500 4.80 4.16×10-4 

2,000 5.03 3.38×10-4 

2,500 4.93 2.75×10-4 

40 

500 3.85 6.39×10-4 

1,000 3.85 3.70×10-4 

1,500 4.52 3.07×10-4 

2,000 4.84 2.54×10-4 

2,500 5.02 2.16×10-4 

The hydrodynamic parameters, alongside other input parameters (pH, CO2 

partial pressure, and NaCl concentration) were incorporated into the 

Nordsveen et al.[26] and Kahyarian et al.[12, 36] corrosion models discussed 

in Chapters 2 and 3, respectively. Table 4.10 summarises the predicted 

corrosion rates from each of the models at every condition specified in the 

testing matrix.  
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Table 4.10 – Simulated corrosions rates from the Nordsveen and 
Kahyarian models based on hydrodynamic inputs derived from CFD 
simulation. 

 
Corrosion Rate – 

Nordsveen (mm∙yr-1) 

Corrosion Rate – 

Kahyarian (mm∙yr-1) 

Temperature 

(°C) 

Rotation 

Rate 

(rpm) 

pH 4 pH 5 pH 6 pH 4 pH 5 pH 6 

25 

500 1.07 1.02 1.00 1.43 1.45 1.73 

1,000 1.15 1.06 1.02 1.53 1.45 1.74 

1,500 0.88 1.10 1.03 1.71 1.50 1.74 

2,000 1.01 1.13 1.04 1.88 1.55 1.74 

2,500 1.14 1.14 1.04 2.03 1.58 1.74 

40 

500 1.61 1.54 1.54 2.64 2.82 5.22 

1,000 1.86 1.68 1.59 2.93 2.78 4.68 

1,500 2.02 1.73 1.61 3.20 2.88 4.55 

2,000 2.17 1.76 1.62 3.44 2.96 4.48 

2,500 2.34 1.79 1.62 3.70 3.02 4.44 
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Chapter 5 - Discussion 

Through the combination of turbulence modelling, corrosion modelling, 

hydrodynamic theory, and experimental testing, three sets of corrosion data 

have now been assembled analysing corrosion within an RCE. The summary 

of the experimental results and the summary of both sets of simulated results 

are provided at the end of the previous chapter (Table 4.8 and Table 4.10 

respectively). In the following chapter, direct comparisons are made between 

each of these data sets in order to gain insight as to the strengths and 

weakness of each of the corrosion models.  

5.1 Experimental vs Simulated Corrosion Rates 

With the large amount of corrosion rate data collected throughout this chapter, 

it is useful to first collate all of the information into a single comparison plot. 

Due to the variation of multiple parameters within the data sets, it is difficult to 

directly compare the outputs as functions of the inputs. However, it is possible 

to compare the simulated outputs against the actual values derived from the 

experimental set-up. Figure 5-1 plots each of the Nordsveen and Kahyarian 

model outputs against the experimental data. For each set of conditions within 

each model, 5 data points are shown which represent each of the 5 rotation 

rates specified in Table 4.4. Perfect prediction of the corrosion rates would 

therefore fall along the line 𝑦 = 𝑥, and so this line has also been plotted. 
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Figure 5-1 – Comparison of simulated and experimental corrosion rates 
for an RCE in a CO2-H2O environment at temperatures 25 °C and 40 °C 
and pHs of 4, 5, and 6 for rotation rates of 500-2500 rpm. Results from 
the Nordsveen et al.[26] model are indicated by ◆ and results from the 
Kahyarian et al.[12, 36] model are indicated by ●. 

From Figure 5-1 some immediate observations can be made about the 

accuracy of the two corrosion models. In both cases a positive correlation can 

be seen between the simulated and experimental values, with higher 

experimental corrosion rates generally being reflected in the corrosion models. 

The values predicted by the Kahyarian model are higher and have a tendency 

to overpredict the corrosion rate, as opposed to the lower values of Nordsveen 

which tend to underpredict. 

At lower corrosion rates (<1.5 mm/yr) a strong correlation can be seen 

between the Nordsveen model’s predictions and the measured corrosion 

rates, with the difference between the two being < 0.2mm/yr in most cases. 

However, as the conditions become harsher and the corrosion rates increase, 

the accuracy begins to drop with the model underpredicting the corrosion rate 

by up to 52%.  

The Kahyarian model on the other hand provides reasonably accurate 

predictions for both low and high corrosion rates, seemingly performing better 
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in the harsher environments. However, two clusters of data points can be 

clearly identified in which the model significantly overpredicts the corrosion 

behaviour (Figure 5-2). The most extreme of these points predicts a corrosion 

rate more than triple the experimental value.  

 

Figure 5-2 – Clusters of overpredicted data points within the Kahyarian 
model and the associated environmental conditions. 

Further investigation reveals that both of these clusters represent individual 

sets of environmental conditions, with each of the 5 data points within them 

representing the RCE rotation rates. From this it seems that at 40 °C, the 

Kahyarian model begins to overpredict at the higher pH values, with the 

discrepancy becoming larger as the pH increases. The reason for this can be 

investigated by more closely examining the corrosion model under these 

conditions.  

By replacing the electroneutral surface boundary condition with an applied 

potential, simulated polarisation curves can be generated for a given set of 

conditions by performing a parametric sweep of the applied potential. A more 

complete description of how this is achieved is detailed in Chapter 3 of the 

thesis. Figure 5-3 shows the polarisation curve generated for the Kahyarian 
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model at pH 6, 40 °C for a rotation rate of 500 rpm, the conditions for which 

the model produces the largest overprediction. 

 

Figure 5-3 - Anodic and cathodic reaction simulated polarisation 
curves within the Kahyarian corrosion model at 500 rpm, 40 °C, and pH 

6. 

From the polarisation scan, it becomes evident that the over-prediction of the 

Kahyarian model is likely to be related to the known issue of the surface 

potential becoming highly negative in the mass-transport region. It is 

suspected that the reason for this is related to the method by which H+ ions 

are supplied to the surface. At the surface there are two sources of H+: H2CO3 

dissociation, and transport from the bulk solution. When the pH is low, there is 

a large bulk concentration and as such the diffusive contribution is high due to 

the steep concentration gradient. However, when the pH is high, there is 

limited supply through diffusion and H2CO3 dissociation becomes the primary 

source of H+ ions. This can be seen by plotting the rate of the dissociation 

reaction at the surface as a function of bulk pH, which clearly shows the 

increase in the rate of dissociation: 
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Figure 5-4 - Plot of the rate of H2CO3 dissociation at the surface within 
the Kahyarian model as a function of bulk pH at 500 rpm and 40 °C. 

The local drop in the local H2CO3 concentration increases the rate of H2CO3 

diffusion, supplying additional ions to the bulk. It is important to remember that 

the bulk H2CO3 concentration is independent of the pH and so remains 

constant for a given temperature and partial pressure. This compounded effect 

of increased H2CO3 diffusion and dissociation extends the mass-transport 

region of the polarisation curve, increasing the corrosion rate.  

A by-product of the dissociation reaction being the primary source of H+ ions 

under these conditions is a significant influx of HCO3
- and CO3

2- ions. The large 

number of cations present produces the very negative corrosion potential seen 

in Figure 5-3.  

The same effect is not observed in the Nordsveen model due to the inclusion 

of a secondary reduction reaction. When the bulk pH is low, the relatively high 

concentration of H2CO3 results in the direct reduction of H2CO3 becoming the 

dominant reaction. When H2CO3 reduces directly, rather than dissociating at 

the surface, it acts as both a source of electrons for the electrochemical 

exchange and a source of H+ ions at the surface. This prevents the surface H+ 

concentration from becoming too small, limiting the corrosion rate. This effect 

can be seen by plotting the ratio of the cathodic currents within the Nordsveen 

model as a function of bulk pH: 
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Figure 5-5 - Ratio of cathodic currents within the Nordsveen model as 
a function of bulk pH at 500 rpm and 40 °C. 

5.2 Prediction of Specific Trends 

Perhaps the most fundamental benefit of corrosion models is their ability to 

predict the response to changing conditions. Even if the predicted corrosion 

rate is not completely accurate, knowing whether or not a change in a certain 

parameter will increase or decrease the corrosion rate is incredibly useful. 

In Figure 5-6 the corrosion rate data from both models, as well as the 

experimentally determined values are compared for each specific combination 

of temperature, pH, and RCE rotation rate.  
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(a) 

 

(b) 

 

(c) 
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(d) 

 

(e) 

 

Figure 5-6 – Comparison of numerical models with experimental data 
for pHs 4, 5, and 6, and temperatures of 25 °C and 40 °C at RCE rotation 

rates of: (a) 500 rpm (b) 1000 rpm (c) 1500 rpm (d) 2000 rpm (e) 2500 
rpm. 

From the experimental corrosion rate data provided in Table 4.8 and presented 

in Figure 5-6, several general trends can be identified based on how the 

changing conditions influence the corrosion response: 

• Increasing temperature increases the corrosion rate and has a greater 

influence at low pH and high rotation rates. 

• Lowering the pH increases the corrosion rate and has a greater 

influence at high temperatures.  
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• Increasing rotation rate increases the corrosion rate across all tested 

conditions. 

5.2.1 Prediction of Trends - Kahyarian Model 

Looking firstly at the Kahyarian model it can be seen that an increase in 

temperature correlates with increase the corrosion rate across all conditions. 

Discounting the previously discussed issue with overprediction, particularly at 

40 °C, pH 6, the model captures the experimental temperature dependency 

reasonably well. However, the relative increase in corrosion rates between 25 

°C and 40 °C is greater than in the experimental data for all pH values and 

rotation rates. This indicated most clearly by the corrosion rate values at pH, 

where in each case the Kahyarian model slightly underpredicts at 25 °C, but 

slightly overpredicts at 40 °C. As this occurs at every rotation rate and pH, it is 

likely that this is not due to species transport within the model, but in the 

calculation of temperature dependency of the surface reactions. It may be 

possible to improve the accuracy of the model in this regard by adjusting the 

𝛼 values within the electrochemical reactions. 

The corrosion rate change in response to the increase in pH at high 

temperature produces the biggest discrepancy when compared to the 

experimental data, however the reason for this has been covered previously 

in section 5.1, and so will not be discussed further here. However, even when 

focusing solely on the low temperature conditions, it can be seen that the 

lowest corrosion rates are seen at pH 5 in the Kahyarian model across all 

rotation velocities. Interestingly, this is reflected in the corrosion rate data at 

2,000 rpm and 2,500 rpm, however as the corrosion rates are so low under 

these conditions this may be due to the accuracy of the test method. Small 

changes in the surface finish of the samples or the stability of the LPR 

measurements may introduce error which becomes more noticeable at low 

corrosion rates. However, the trend in the Kahyarian model is much more 

definite, with the corrosion rate consistently increasing at pH 6. This suggests 

that the previously discussed increase in the dissociation of H2CO3 has an 

impact whenever the Kahyarian model is under mass-transport controlled 

conditions. 

Looking at the effect of increasing the rotation rate, it can be seen that the 

Kahyarian model captures this well. In general, the corrosion rate increases 

with the rotation rate, as is seen in the experimental data. However, it can be 

seen that the transition to the dependence upon the H2CO3 dissociation 

reaction has an effect here too, as turbulent mass-transport becomes less 
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influential within the model as pH increases. This is shown in Table 5.1, which 

shows the percentage difference in the corrosion rate between 500 rpm and 

2500 rpm calculated as: 

Percentage Difference =
𝐶𝑅2500 −  𝐶𝑅500

𝐶𝑅500
 (5.1) 

Table 5.1 – Comparison of predicted corrosion rates between 500 rpm 
and 2,500 rpm for experimental data and the Kahyarian model. 

 Percentage Difference in CR between 500-2500 rpm 

Conditions Experimental Kahyarian 

pH 4, 25 °C 34.6% 42.4% 

pH 4, 40 °C 31.6% 40.1% 

pH 5, 25 °C 28.0% 9.0% 

pH 5, 40 °C 26.4% 7.1% 

pH 6, 25 °C 56.9% 0.2% 

pH 6, 40 °C 29.0% -14.9% 

From Table 5.1, it can be seen that the experimental data sees a consistent 

increase in corrosion rate as a function of rotation rate across all conditions. 

The Kahyarian model on the other hand sees a gradual reduction in the 

relative difference as the pH increases, indicating that the importance of mass-

transport is not being accurately accounted for at higher pHs. 

5.2.2 Prediction of Trends – Nordsveen Model 

As previously discussed, the Nordsveen model tends to underpredict the 

corrosion rate when the conditions are more aggressive. However, looking 

past that, it does capture the change in the corrosion rate with respect to 

temperature with a high degree of accuracy. An increase in the corrosion rate 

with temperature is seen across all conditions, as was found experimentally. 

However, the relative increase in the corrosion rate between 25 °C and 40 °C 

was found to be 68% on average in the Nordsveen model, which is very close 

to the 67% increase seen in the experiment results. For comparison, the 

Kahyarian model predicted an average 116% increase across all conditions, 

which, even when adjusted to remove the significant overprediction at pH 6, 

only drops to 89%. This provides strong support to the accuracy of the 

temperature dependencies of the reactions provided in the Nordsveen model. 
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Although further testing would be required at higher temperatures to confirm 

whether these relationships hold beyond 40 °C. 

Looking next at the influence of pH, the Nordsveen model once again follows 

the predicted experimental trend of lower corrosion rates at higher pHs. 

However, the relative change in the corrosion rate as function of pH is much 

lower than is seen experimentally. Between pH 6 and pH 4, the experimental 

results see an average increase in the corrosion rate of 0.88 mm/yr and 1.55 

mm/yr at 25 °C and 40 °C respectively. Within the Nordsveen model these 

average values are only 0.02 mm/yr and 0.40 mm/yr, indicating that the model 

significantly underpredicts the influence of pH. This may be due to the 

inclusion of the direct reduction of H2CO3 as a secondary cathodic reaction. 

As shown in Figure 5-5, as the pH increases, the dominant reaction shifts 

further in favour of H2CO3 reduction. Both of the cathodic reactions within the 

Nordsveen model are defined via the same formula: 

𝑖0 = 𝑖0,𝑟𝑒𝑓 (
𝑐𝐻

+

𝑐𝐻+,𝑟𝑒𝑓

)

𝑎1

(
𝑐𝐶𝑂2

𝑐𝐶𝑂2,𝑟𝑒𝑓

)

𝑎2

(
𝑐𝐻2𝐶𝑂3

𝑐𝐻2𝐶𝑂3,𝑟𝑒𝑓

)

𝑎3

𝑒
−

𝛥𝐻
𝑅

(
1
𝑇
−

1
𝑇𝑟𝑒𝑓

)
 (5.2) 

The influence of the local pH on each of the cathodic reactions is determined 

by the value of 𝑎1, defined by Nordsveen et al.[26] as 0.5 and -0.5 for H+ 

reduction and H2CO3 reduction respectively. These values were quoted by 

Nešić and Postlethwaite[113], based on experiments originally conducted by 

Bockris et al.[150] in 1961. However, in the original publication the pH 

dependence was determined based upon the dissolution kinetics of Fe, not 

the individual cathodic reactions. The experimental data collected here 

suggests a more accurate representation pH dependence using the direct 

reduction model may require some adjustment of the 𝑎1 values. 

The increased mass-transport rates due to higher rotation rates are also 

captured for most conditions by the Nordsveen model. Greater change is seen 

when the pH is low, as would be expected due to the increased bulk species 

concentrations, and this is reflected in the experimental data. However, at 25 

°C and pH 4, a decrease is seen in the corrosion rate when increasing from 

1,000 rpm (Figure 5-6(b)) to 1,500 rpm (Figure 5-6(c)), which goes against the 

general trend. Looking more closely at these conditions, it can be seen that 

the surface pH transitions from just above 5 to just below 5 at 1,500 rpm (Table 

5.2). These values are therefore affected by the step change in the anodic 

kinetics, discussed in detail in Chapter 2. Due to this change being defined 

within the model as a piecewise function, rather than the continuous function 

described in the 1996 work by Nešić et al.[114], the accuracy of the model 
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around this point is significantly reduced. As seen here, this results in a 

predicted reduction in corrosion rate which is not seen in the experimental 

data. 

Table 5.2 – Surface pH values for each rotation rate within the Nordsveen 
model at 25 °C and pH 4. 

Rotation Rate (rpm) Surface pH 

500 5.81 

1000 5.61 

1500 4.91 

2000 4.81 

2500 4.73 

5.3 Summary of Experimental vs Numerical Data 

In this a new method for the determination of hydrodynamic parameters in the 

near-wall region has been explored. By utilising turbulent flow models, 

combined with the theoretical understanding of near-wall behaviour, simulated 

values of 𝐷𝑇 and 𝛿 have been obtained. The approach has been extended to 

demonstrate applications beyond a standard straight pipe flow, to calculate 

flow properties within both a converging channel and an RCE. 

A series of static RCE experiments have been conducted on samples of 

carbon steel within a CO2 saturated solution. Electrochemical techniques have 

been employed to determine the corrosion currents of samples at pH 4, 5, and 

6, and temperatures of 25 °C and 40 °C across rotation rates varying between 

500 – 2500 rpm. Polarisation scans have then been conducted to determine 

the associated Tafel constants to convert the measured current densities into 

corrosion rates for each set of conditions.  

Corrosion models by Nordsveen et al.[26] and Kahyarian et al.[12, 36] have 

been used in conjunction with simulated hydrodynamic data to generate 

predicted corrosion rates for the experimental conditions, in order to provide 

insight into the performance of each model. Each model was compared 

directly to the experimental results and both the overall performance and 

specific prediction of trends were assessed. 

When compared to the experimental data, it was found that the Kahyarian 

model had a tendency to overpredict the corrosion rate. This was particularly 
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noticeable under high temperatures, high pH conditions where the surface 

concentration of H+ is very low and the dissociation of H2CO3 becomes more 

prevalent. However, the model performed strongly under harsher conditions, 

in which the experimental corrosion rates were high. At pH 4, the model 

managed to capture the high corrosion rates across the entire range of rotation 

velocities.  

The Nordsveen model on the other hand had a tendency to underpredict the 

corrosion rate, particularly under the harsher conditions for which the 

Kahyarian model performed well. However, at both pH 5 and pH 6, the 

Nordsveen model performed very strongly in accurately predicting both the 

corrosion rate and the impact of increasing temperatures. The influence of pH 

is slightly understated in the model however, likely due to the inclusion of direct 

H2CO3 reduction compensating for any significant changes in the H+ 

concentration. The most significant inaccuracy identified within the Nordsveen 

model however was identified when the surface pH is approximately 5 due to 

a step change in the anodic kinetics. 

Overall, both models were found to perform reasonably well and mirrored the 

experimental data in many respects. The Kahyarian model performed better 

under harsher conditions, and the Nordsveen model performed better at 

higher pHs. In both cases however, limitations have been identified, indicating 

the potential for improvement by combining the favourable aspects of each 

model. 

5.4 Model Refinement 

Throughout this thesis, an in-depth exploration of the current state-of-the-art 

mechanistic corrosion models has been conducted, providing valuable insight 

into how they function. As a result of this research, several areas for potential 

development and improvement of these models have been identified. 

Additionally, with both models fully functional within COMSOL Multiphysics®, 

there is the possibility to incorporate additional physicochemical effects in 

order to expand their applicability to a wider range of operating and 

environmental conditions. 

In the following sections, the identified developmental areas are discussed in 

greater detail. In each instance, proposals are put forth for a potential 

modelling approach and the foreseen challenges are highlighted. Suggestions 

are also made for how the models could be further advanced to incorporate 

aspects of film formation and machine learning methods. 
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5.4.1 Leeds CO2 Corrosion Model Proposal 

In Chapters 2 and 3 the process through which CO2 corrosion models 

produced by Nordsveen et al.[26] and Kahyarian et al.[12, 36] respectively 

were recreated within COMSOL Multiphysics® is outlined. The development 

process and associated troubleshooting steps required for both models clearly 

highlighted the various strengths and weaknesses of each approach. In some 

instances, the implementation of relevant physics in one model presented 

clear advantages over the other, either in accuracy or ease of implementation. 

In many areas, both models present reasonable and valid approaches, 

however there are also instances in which neither model presents an optimal 

modelling strategy. It is for this reason that a proposal for a new model for CO2 

corrosion is presented here. The intention is to combine the most beneficial 

aspects of existing models alongside additional improvements that have been 

identified during the development of the COMSOL models.  

5.4.1.1 Surface Electrochemistry 

When considering the numerical representation of the electrochemical surface 

reactions there are three primary considerations that have arisen: 

1. Role of carbonic acid (H2CO3) in the corrosion behaviour. 

2. Complexity of the anodic and cathodic kinetics. 

3. Limitations of near-zero hydrogen ion (H+) concentration. 

The first of these, refers specifically to whether the H2CO3 in solution is 

assumed to be directly reduced at the metal surface, or it is assumed to 

dissociate rapidly at the surface, supplying ions H+ which are subsequently 

reduced (known as the ‘buffering effect’). Since the publication of the original 

model by Nordsveen et al.[26], research conducted by Remita et al.[32] and 

Tran et al.[33] has provided strong evidence in favour of the buffering effect 

mechanism. However, as noted in the 2016 review paper by Kahyarian et 

al.[31], whilst the experiments conducted by Tran et al.[33] were more 

extensive, testing was conducted on stainless steel and it is uncertain whether 

the same behaviour can be assumed for mild steel. Although the consensus 

appears to be shifting towards acceptance of the buffering mechanism in 

recent years, researchers remain divided. The 2022 model published by 

Alsalem et al.[39], for example employs the buffering mechanism, whilst the 

2018 model published by Hu et al.[151] opts for the older direct reduction 

model. It is clear that more research is needed in this area to be able to 

definitively determine the ‘correct’ mechanism. However, from the data 
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gathered within Chapter 4 of this thesis, the use of the buffering mechanism 

within the corrosion model appeared more capable of predicting the corrosion 

behaviour under more acidic conditions. Combined with the data from the 

currently available literature, the buffering mechanism is the preferred 

mechanism for a Leeds model. 

However, despite the strong performance of the buffering mechanism within 

the Kahyarian model at the higher temperature and lower pH, poor 

performance was identified under other conditions which was particularly 

noticeable when the bulk pH was higher. The Nordsveen model performed 

much better in this regard, and as such it may be possible to integrate certain 

aspects of both models to improve overall performance. This shifts the focus 

to the second point listed, which considers the complexity of the equations 

which define the electrochemical surface reactions. Table 5.3 below 

summarises the equations used in both models. 

Table 5.3 – Summary of the equations defining the electrochemical 
surface reactions within the Nordsveen and Kahyarian models. 

 Electrochemical Equations 

Generalised 
Current 
Density 

(Nordsveen) 

𝑖0 = 𝑖0,𝑟𝑒𝑓 (
𝑐𝐻

+

𝑐𝐻+,𝑟𝑒𝑓
)

𝑎1

(
𝑐𝐶𝑂2

𝑐𝐶𝑂2,𝑟𝑒𝑓
)

𝑎2

(
𝑐𝐻2𝐶𝑂3

𝑐𝐻2𝐶𝑂3,𝑟𝑒𝑓
)

𝑎3

𝑒
−

𝛥𝐻
𝑅

(
1
𝑇
−

1
𝑇𝑟𝑒𝑓

)
 

𝑖𝑙𝑜𝑐 = ±𝑖0  ×  10
𝜂
𝑏𝑎 

Anodic 
Current 
Density 

(Kahyarian) 

𝑖𝑎,𝑗 = 𝐹𝑘𝑗 ∙ (𝑎𝐻+
𝑠 )

𝑚
𝐻+,𝑗 ∙ (𝑎𝐶𝑂2

𝑠 )
𝑚𝐶𝑂2,𝑗

∙  𝑒
(
𝛼𝑗𝐹𝜂

𝑅𝑇𝐾
)
 

𝜃 =
𝐾𝜃 ∙ (𝑎𝐻+

𝑠 )
𝑚

𝐻+,𝜃 ∙ (𝑎𝐶𝑂2

𝑠 )
𝑚𝐶𝑂2,𝜃

∙  𝑒
(
𝛼𝜃𝐹𝜂
𝑅𝑇𝐾

)

1 + 𝐾𝜃 ∙ (𝑎𝐻+
𝑠 )

𝑚𝐻+,𝜃 ∙ (𝑎𝐶𝑂2

𝑠 )
𝑚𝐶𝑂2,𝜃

∙  𝑒
(
𝛼𝜃𝐹𝜂
𝑅𝑇𝐾

)
 

𝑖𝑎 =
(1 − 𝜃)𝑖𝑎,1𝑖𝑎,2

𝑖𝑎,1 + 𝑖𝑎,2
+ 𝜃𝑖𝑎,3 

Cathodic 
Current 
Density 

(Kahyarian) 

𝑖𝑐 = −𝐹𝑘𝐻+ ∙ (𝑎𝐻+
𝑠 )

𝑚
𝐻+,𝑐 ∙  𝑒

(
𝛼

𝐻+𝐹𝜂

𝑅𝑇𝐾
)
 

Comparing the surface reaction equations used within the two models, it 

becomes clear that the anodic kinetics used within the Kahyarian model are 

far more complex than in the Nordsveen model. The purpose of the 𝜃 term and 
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the three individual current densities in these equations is to capture the 

actively corroding (𝑖𝑎,1), transition (𝑖𝑎,2), and pre-passivation (𝑖𝑎,3) ranges. 

However, the highly complex nature of these equations makes it very difficult 

to identify the root cause of any poor predictive performance. As such, it would 

simplify the fine-tuning of the model to reduce these equations to a single 

current expression, as done by Nordsveen et al.[26] and Alsalem et al.[39]  

In the Nordsveen model the different regimes are instead accounted for by 

varying the exponential terms as a function of pH. However, the primary issue 

noted with the current implementation of the Nordsveen current density 

equations is the step change observed when the surface pH reaches values 

of 4 or 5. The same problem is not found within the Kahyarian model due to 

the 𝜃 function providing a smooth transition between the current densities. The 

optimal aspects of both sets of electrochemical equations could therefore be 

combined by utilising a single equation, with the changes to the exponential 

terms being described by a continuous function, as opposed to a piecewise 

function. In the original paper by Nešić and Thevenot[114], cited as the source 

of the anodic kinetics by Nordsveen et al.[26], it is even stated that “In reality 

there are of course no sharp changes at pH 4 or pH 5 but rather there is 

continuous transition that leads from one mechanism to another”. 

The final consideration mentioned here relates to an issue associated with the 

buffering model, as identified in Chapter 3 of this thesis. When H+ is the sole 

cathodic reaction, a high charge-transfer rate within the mass-transport region 

leads to significant depletion of ions close to the surface. As this tends towards 

zero, the computational limits of the model are reached, with the values 

becoming sufficiently small as to be assumed zero. As the anodic kinetics are 

directly linked to the H+ concentration on the boundary node, this commonly 

results in solver errors. In reality, such high surface pH values are not 

seen[152, 153], indicating that this issue is related to the solver method itself. 

Due to the dissociation reactions not being computed on the boundary node, 

the massive depletion of H+ is largely superficial and is correct on the adjacent 

node. Therefore, one possible solution to this problem is to implement a 

damping function on the surface node, which artificially limits the concentration 

of the surface node in relation to adjacent node. This would prevent the pH on 

the surface node from deviating too far from the fluid in the boundary, however 

it would introduce a small degree of manual interference with the mechanistic 

equations. 
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An alternative solution would be to implement the corrosion model utilising a 

finite volume method (FVM), as opposed to the finite element method (FEM) 

used currently. As FVM evaluates dependent variables at cell centres rather 

than at the nodes[90], this would bypass the current limitation. The downside 

of this approach however is that it is not currently possible within COMSOL 

Multiphysics®, and as such the model would need to be implemented using 

different modelling software, such as Ansys, which utilises FVM.  

5.4.1.2 Hydrodynamic Incorporation 

Within Chapter 4 of this thesis, a methodology is outlined which allows for the 

determination of the hydrodynamic properties of the boundary layer based 

upon the overall flow characteristics. The advantage of using turbulence 

models to calculate the hydrodynamic properties, as opposed to using 

empirical values found in the literature[28, 43, 124, 125], is that it expands the 

application of the corrosion model to include variations in the pipe geometry 

as well as non-uniform flows. By removing these assumptions associated with 

the empirical formulae, this provides greater flexibility to the model, which 

represents a crucial first step when considering the future progression of 

hydrodynamic modelling (see Section 5.4.2). Due to this, capacity to introduce 

hydrodynamic characteristics from an external turbulence model is an 

important feature in the development of a Leeds model. 

However, it would be counterproductive to remove the ability to utilise the 

empirical formulae entirely. Whilst the use of turbulence models removes many 

of the limitations of these formulae, it must be acknowledged that it is a much 

more time-consuming process, requiring the entire flow field to be modelled. 

For the purposes of straight pipe flows, this is an unnecessary computational 

expense as the equations provided within the literature are a much more rapid 

method of obtaining the same (or at least similar) values. It is therefore 

proposed here that the empirical values are calculated regardless and stored 

in the parameter list of the model to be accessed and utilised for the prediction 

corrosion specifically within straight pipe flows. 

In order to decide which set of empirical relationships are the most appropriate 

for this purpose, it is helpful to summarise the formulae used in both the model 

by Nordsveen et al.[26] and the model by Kahyarian et al.[12, 36] These 

formulae, alongside the values used within COMSOL to numerically calculate 

the hydrodynamic effects are shown in Table 5.4. 
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Table 5.4 – Summary of hydrodynamic values used in the Nordsveen, 
Kahyarian, and COMSOL models. 

Model 
Boundary Layer Thickness 

(𝜹) 
Turbulent Diffusivity (𝑫𝑻) 

Nordsveen 25𝑅𝑒−
7
8 ∙ 𝑑 0.18 (

𝑦

𝛿
)
3

∙ (
𝜇

𝜌
) 

Kahyarian 

5𝜈

(
𝜏𝜔

𝜌 )

1
2

 0.0007(𝑦+)3

√(1 + 0.00405(𝑦+)2
 

COMSOL 
𝜈

𝜇𝜏
∙ min{𝑦+: 𝑦+ ≠ 𝑢+} 

𝜇𝜏

𝜌 ∙ 𝑆𝑐𝑡
 

In the calculation of 𝛿, there is one significant difference between the formulae 

used in the two models, in that the Kahyarian model uses a pre-defined 𝑦+ 

value (𝑦+ = 5) to represent the end of the boundary layer, whilst the 

Nordsveen model doesn’t. This allows flexibility in the Nordsveen model to 

calculate the boundary layer thickness purely as a function of the 

hydrodynamic properties. This aligns with the methodology used to calculate 

𝛿 within the COMSOL model, and as such would represent greater internal 

consistency in the approach. It would therefore be sensible to use the formula 

used by Nordsveen et al.[26], as originally proposed by Davies[28], for the 

purposes of this work. It should be noted however, that the formula provided 

by Kahyarian et al.[12, 36] does provide the capacity to introduce surface 

roughness into the equation via the wall shear stress (𝜏𝜔) and would be more 

beneficial if considering rough pipelines.  

As for the calculation of 𝐷𝑇, Figure 5-7 shows a comparison between the 

empirical formulae used in the models and the values calculated using a 

turbulence model for a smooth straight pipe (𝑆𝑐𝑡 = 0.71).  
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Figure 5-7 – Comparison of 𝑫𝑻 values calculated using a turbulence 
model within COMSOL with values from the empirical formulae in the 
Nordsveen and Kahyarian models. 

In each case, the calculated values for the boundary layer height 𝐷𝑇 are very 

similar, with both empirical equations slightly below the numerical solution at 

low 𝑦+ values, and above at larger 𝑦+ values. When compared within the 

expected boundary layer region (𝑦+ < 0), the equation used in the Kahyarian 

model is much closer to the numerical values. The exponential growth of the 

equation used in the Nordsveen model occurs slightly sooner, leading to a 

significant difference to the numerical prediction at 𝑦+ = 5. Combined with the 

relative simplicity of the equation, being solely a function of 𝑦+, it is reasonable 

to conclude that the formula provided by Kahyarian et al.[12, 36] would be the 

most appropriate for this work.   

5.4.1.3 Species Activity Calculations 

As discussed in previous chapters, there is difference between the 

concentration of a species and the ‘effective concentration’ when considering 

solution chemistry. The difference between these two values is indicated by 

the activity coefficient (𝛾). The concept of species activity is used to 

approximate the real-world behaviour of a system and the deviation from the 

ideal state[29]. By calculating equilibrium constants and kinetic reaction rates 

based on species activity rather than concentration, as Kahyarian et al.[12, 36] 
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have done, the model is better able to predict corrosion responses at high ionic 

strengths. 

The most complete description of species activities is given by the Pitzer 

equations[120], which account for the individual interactions of each of the 

species in solution[121]. However, the issue with this approach is that is 

becomes highly complex when multiple ions are included within the model, 

requiring large numbers of Pitzer parameters to be defined in order to account 

for the relative effects of all species. It is for this reason that the Debye-Hückel 

approximation is often used instead[123]. Instead of modelling every 

interaction, this approach calculates a single mean activity coefficient for each 

species, reducing the overall complexity. 

As part of the validation between the COMSOL model and the publications by 

Kahyarian et al.[12, 36], a strong agreement between the two models found 

despite the use of the Debye-Hückel approximation in the calculation of the 

activity coefficients. This provides strong evidence that this approximation is 

sufficiently close to the values calculated via the Pitzer equations[120] that its 

use is justified for dilute solutions (𝐼 < 1 M). However, in 1974 Truesdell and 

Jones[154] proposed a modification to the extended Debye-Hückel to capture 

an effect seen in experimental data in which the activity coefficients begin to 

increase at high ionic strengths. The updated formula, given by Equation 5.3, 

simply adds an additional 𝑏𝐼 term to the existing formula: 

log 𝛾𝑖 = −
𝐴𝑧𝑖

2√𝐼

1 + 𝐵𝑎𝑖√𝐼
+ 𝑏𝐼 (5.3) 

This small change extends the validity of the approximation to include 

solutions with ionic strengths of up to 2 M[29]. Beyond this, the full Pitzer 

equations would need to be implemented in order to accurately account for the 

effects of ionic strength. However, it is uncommon for low temperature 

solutions to reach such high salinity, with even the ionic strength of seawater 

only being around 0.7[29]. Therefore, for many applications of a CO2 corrosion 

model, the much simpler Truesdell-Jones approximation can be used to 

provide a reasonable prediction of the behaviour. 

5.4.2 Progression of Hydrodynamic Modelling 

In Chapter 4, a method was proposed for integrating hydrodynamic data from 

turbulence models into the corrosion models detailed in Chapters 2 and 3. By 

initially solving for the flow field and the extracting hydrodynamic values in the 

near-wall region, a one-way coupling between the two models could be 
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introduced. The methodology proposed demonstrates the basic approach 

behind the future development of the prediction of corrosion in turbulent 

environments. However, the work discussed thus far does not represent a 

complete picture of the real-world scenario. 

In this section, the known limitations of the current hydrodynamic method are 

highlighted, and the theory behind the progression of the approach going 

forwards is discussed. It is the belief of the author that the inclusion of the 

following phenomena would result in a robust and comprehensive 

representation of flow effects on corrosion behaviour. 

5.4.2.1 Higher Dimensional Modelling 

Perhaps the most evident limitation of the current methodology is that it 

considers the hydrodynamic profile along the surface as a series of 

independent 1-D cut-lines. As such there is an underlying assumption of 

uniform flow which means that the diffusion of species is only considered 

perpendicular from the surface. However, from the numerical explorations 

conducted throughout this work, it is known that, when under mass-transport 

control, the corrosion rate will vary as a function of the hydrodynamics. Hence, 

if the flow is non-uniform the electrochemical surface reactions produce and 

consume the electroactive species at different rates throughout the geometry. 

In turn, this shifts the charge balance of the system, altering the local pH and 

therefore the concentrations of all chemical species. With variations in local 

species concentrations parallel to the metal surfaces, concentration gradients 

would be introduced that initiate diffusion across the surface, referred to here 

as cross-flow. 

The natural progression of the hydrodynamic methodology is to progress from 

1-D into higher spatial dimensions. However, in order to do so, the cross-flow 

behaviour must be accounted for within the transport equations. This can be 

achieved by adding additional spatial gradients into the flux equation to 

represent the added degrees of freedom. In the current models, changes to 

the local species concentrations (𝑐𝑗) are calculated using the Nernst-Planck 

equation: 

𝜕𝑐𝑗

𝜕𝑡
= −

𝜕𝑁𝑗

𝜕𝑥
+ 𝑅𝑗 (5.4) 

Where 𝑁𝑗 is the species flux and 𝑅𝑗 is a source/sink term describing the local 

change in species 𝑗. 
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In two-, or three-dimensional space, the flux equation would need to be 

modified to account for changes in the 𝑦 and 𝑧 directions: 

𝜕𝑐𝑗

𝜕𝑡
= −∇ ∙ 𝑁 + 𝑅𝑗 (5.5) 

Where the generalised flux equation is also modified from the one-dimensional 

form to incorporate the additional spatial gradients: 

𝑁𝑗 = −𝐷𝑀,𝑗∇𝑐𝑗 − 𝑧𝑗𝑢𝑗𝐹𝑐𝑗∇𝛷 + 𝑐𝑗𝑣  (5.6) 

Where 𝐷𝑀,𝑗 is the molecular diffusion coefficient, 𝑧𝑗 is the valence, 𝑢𝑗 is the 

mobility of species, 𝐹 is the Faraday constant, 𝛷 is the electrolyte potential, 

and 𝑣 is the solution velocity. 

Retaining the assumption that transport within the boundary layer is diffusion 

controlled, and that convection is negligible (𝑐𝑗𝑣 ≈ 0), the flux equation 

becomes: 

𝑁𝑗 = −(𝐷𝑀,𝑗 + 𝐷𝑇)∇𝑐𝑗 − 𝑧𝑗𝑢𝑗𝐹𝑐𝑗∇𝛷 (5.7) 

5.4.2.2 Galvanic Interaction 

Advancing the model to incorporate the effects of non-uniform flow does not 

solely introduce complexity in the diffusion of species, it would also have an 

effect on the electrochemical response of the system. As it stands, for a 1-D 

model, there is a boundary condition applied at the surface which states that 

total current exchange is zero. In effect this means that the anodic and 

cathodic currents are always equal: 

∑𝐼𝑎𝑛𝑜𝑑𝑖𝑐 + ∑𝐼𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐 = 0 (5.8) 

Where 𝐼𝑎𝑛𝑜𝑑𝑖𝑐 and 𝐼𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐 are the anodic and cathodic currents respectively. 

This boundary condition ensures the modelled system remains electroneutral 

at any given point. Under a uniform flow condition this is a valid assumption 

as the rates of reaction do not change as a function of position. However, once 

the reaction rates are no longer equal, galvanic effects must be considered. 

Galvanic coupling refers to the concept of local anodes and local cathodes 

across a material. Often considered in relation to connected metallic 

components, galvanic effects can occur across a single material if the 

electrochemical behaviour varies significantly at different points along the 
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surface[5]. The local surface potential can shift the electrochemical response 

to favour either the anodic or cathodic branch of the corrosion reaction, 

depending on the rate of reaction and availability of ions. Electrons therefore 

may be consumed and produced at different points, meaning that isolated 

points along the surface are not necessarily electroneutral. However, as there 

is no external current exchange, it still remains true that the total current 

exchange in the system is zero. To account for this effect, the boundary 

condition given in Equation 5.8 would simply need to be updated to sum all 

anodic and cathodic currents across the entire surface: 

𝐼𝑡𝑜𝑡 = ∫𝑖𝑎 𝑑𝐴
 

𝐴

+ ∫𝑖𝑐 𝑑𝐴
 

𝐴

= 0 (5.9) 

Where 𝐼𝑡𝑜𝑡 is the total current, 𝑖𝑎 is the anodic current density, 𝑖𝑐 is the cathodic 

current density, and 𝐴 is the area of the corroding surface. 

As modelling the galvanic interaction would require consideration of the 

movement of electrons, an additional transport term would need to be added 

on the surface. Accurately accounting for this would also mean introducing an 

additional material property, the conductivity of the metal (𝜎𝑠).  

From Ohm’s Law, it is known that: 

𝐸 = 𝐼 ∙ 𝑅 (5.10) 

Where 𝐸 is the potential, 𝑅 is the resistance, and 𝐼 is the current. 

The current over a given area (𝐴) can be calculated as a function of the current 

density through the metal (𝑖𝑠): 

𝐼 = 𝑖𝑠 ∙ 𝐴 (5.11) 

Additionally, the resistance can be defined in terms of 𝜎𝑠 and the characteristic 
length (𝐿), which for a pipeline would be the thickness of the pipe wall: 

𝑅 =
𝜎𝑠 ∙ 𝐿

𝐴
 (5.12) 

Combining Equations 5.10-5.12 gives: 

𝐸 = (𝑖𝑠 ∙ 𝐴) ∙ (
𝜎𝑠 ∙ 𝐿

𝐴
) = 𝑖𝑠 ∙ 𝜎𝑠 ∙ 𝐿 (5.13) 

Which can be rearranged to give: 
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𝑖𝑠 =
𝐸

𝜎𝑆 ∙ 𝐿
 (5.14) 

Using Equation 5.14, the exchange current between the anodic and cathodic 

sites on the surface can be calculated. These currents can then be coupled 

with the electrochemical surface reactions to calculate the impact on the 

corrosion rate.  

5.4.2.3 Transport of Species 

Currently, there is an assumption within each of the models that the 

concentration of Fe2+ within the bulk is constant. Nominally this is set to 1 

ppmMolar in order to represent the accumulation of ions in the bulk. As there are 

ions being released from the surface and not being consumed elsewhere, it 

logically follows that the concentration within the bulk cannot be zero. It many 

cases the bulk concentration is sufficiently low as to be insignificant to the 

overall corrosion behaviour. However, if it were the case that the bulk 

concentration was unusually high, this would directly affect the diffusion of 

species through the boundary layer. A high concentration of Fe2+ in the bulk 

would reduce the rate of diffusion away from the surface due to the 

corresponding drop in the concentration gradients. This would increase the 

surface concentration, influencing the local charge balance, as well as 

contributing to the local saturation ratio (𝑆𝑅).  

Instances in which this may be the case include flow cells with either low 

volumetric capacity or low flow rates, such as those used by Kahyarian and 

Nešić[12, 36] and Barker et al.[59]. As noted by Chen[155], the volumetric 

capacity of such cells can range from tens of mL down to μL scales. This may 

also apply to flow regimes in which regions of recirculation occur, such as may 

be found in geometries with rapid expansions (for example the backward-

facing step shown in Figure 5-8). 
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Figure 5-8 – Model of a backward-facing step scenario showing a 
recirculation region. 

In such cases it may become necessary to account for the accumulation of 

Fe2+ within the bulk over time. In order to achieve this, a transportation of 

species mode would need to be introduced utilising the flow patterns from a 

turbulence model for the complete geometry. By introducing a flux of species 

at the corroding surfaces, based upon the outputs of the corrosion model, 

these ions could be introduced into flow model and evaluated over time. Such 

an approach was demonstrated in Owen et al.[96] in 2019 in which the 

transport of H+ ions through a rapid pipe expansion was modelled. The local 

H+ concentrations were then used in conjunction with a simple mass-transfer 

model to predict corrosion rates throughout the geometry. 

5.4.2.4 Complex Flow Fields 

The methodology for determining the hydrodynamic characteristics within the 

boundary layer, as discussed in Chapter 4, currently rely on the ‘universal law 

of the wall’ principle. By plotting the dimensionless velocity (𝑢+) against the 

dimensionless wall distance (𝑦+) and identifying the point at which the two are 

no longer equal, it is generally possible to determine the viscous sublayer 

height. However, despite its name, the universal law of the wall cannot be 

applied universally. In cases of swirling, impinging, or separating flows, or 

flows with steep pressure or temperature gradients[49], the velocity profile 

deviates from the generalised profile. The consequence of this is that the both 

the approach outlined with Chapter 4, as well as the empirical equations used 

in existing corrosion models become invalid.  

In order to account for more complex flow fields, it becomes necessary to 

remove some of the simplifications previously made to the model. Firstly, it 

would be no longer reasonable to assume that the entire surface could be 

represented in one-dimension; the variations in hydrodynamics would alter the 

local corrosion response.  Furthermore, the lack of a clear definition for the 
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value of 𝛿 under certain flow regimes, means that the domain cannot simply 

be discretized into a number of individual 1-D domains. Instead, the flow model 

would need to incorporate higher spatial dimensions, as discussed in section 

5.4.2.1. Alongside this however, as there would be no clear transition between 

the boundary layer and the bulk flow, it would be necessary to define an 

extended near-wall region to ensure all local flow effects are captured. This 

would require that the flow profile is fully resolved down to the wall. 

Additionally, as this extended near-wall region may extend into the turbulent 

section of the flow, it would become necessary to re-integrate the convection 

term into the flux equation: 

𝑁𝑗 = −(𝐷𝑀,𝑗 + 𝐹𝑇𝐷𝑇)∇𝑐𝑗 − 𝑧𝑗𝑢𝑗𝐹𝑐𝑗∇𝛷 + 𝑐𝑗𝑣  (5.15) 

It should be noted that within Equation 5.15, 𝐷𝑇 has been multiplied by an 

additional transition function (𝐹𝑇). The purpose of this is to ensure that 

convective effects of the flow are not accounted for twice, once by the 𝐷𝑇∇𝑐𝑗 

term and then again by 𝑐𝑗𝑣  term. The function 𝐷𝑇 would be a variable function 

between 1 and 0 defined based on the local flow velocity (𝑣). 

5.4.3 Film Formation Models 

Throughout the numerical exploration of mechanistic CO2 corrosion models in 

this work, the potential for the precipitation of FeCO3 has been discussed in 

detail. This is because it is known that in such systems, particularly under high 

temperature, high pH conditions[9], it is possible for FeCO3 to out of solution 

and form protective layers (films) on the corroding surfaces. Under such 

conditions, CO2 corrosion models which do not consider the formation of these 

films can no longer be considered accurate.  

When FeCO3 films form on a corroding surface they form a barrier between 

the electrolyte and the surface which impedes the diffusion of corrosive 

species from the bulk fluid and can block actively corroding sites[156]. If thick, 

dense FeCO3 films are formed on the surface, this can reduce the rate of the 

surface reactions by over an order of magnitude[9]. As these effects are not 

captured by pure corrosion models, it can result in significant overprediction of 

the corrosion rate. 

The following section discusses how the rate of FeCO3 precipitation can be 

mathematically determined and integrated into the corrosion models.  

𝐹𝑇 = 𝑓(𝑣) (5.16) 
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5.4.3.1 Diffusion Barrier 

Perhaps the simplest implementation of FeCO3 scaling within a corrosion 

model is via the introduction of a diffusion barrier. FeCO3 films are often 

porous[9] and as such do not completely prevent species from reaching the 

corroding surface. However, within these films the fluid is static and as such 

turbulent effects can be entirely ignored. Species transport therefore becomes 

primarily determined by the diffusion, determined by the properties of the 

surface film. By segmenting the one-dimensional domain into a film and a 

hydrodynamic boundary layer, it is possible to account for the effects of FeCO3 

precipitation by assigning different transport equations either side of the 

protective surface. Above the layer, the transport equations would remain 

unchanged from the current corrosion models. Within the layer however, the 

transport equation would be reduced to only include molecular diffusion and 

electromigration, with the diffusion term being determined by the properties of 

the film. 

 

Figure 5-9 – Diagram of corrosion model including an FeCO3 surface 

film summarising transport properties within each section of the 

domain. 

The implementation of a diffusion barrier is clearly demonstrated in the papers 

by Nešić et al.[37], and Nešić and Lee[38] which formed parts 2 and 3 

respectively of the original publication by Nordsveen et al.[26] In these papers, 

the properties of the boundary layer are defined by two important 

characteristics: 

• Volumetric Porosity (𝜀𝑉) - A measure of the total void space within the 

layer. 

• Tortuosity (𝜏) - A measure of the complexity of the flow path within the 

layer[157].  
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Both of these properties are necessary to consider when modelling transport 

within an FeCO3 layer as combined they account for both the volume of free 

space as well as the freedom with which ions are able to move. A film with a 

low porosity forms a dense layer on the surface, preventing the transport of 

ions through it. However, even a film with a high porosity can significantly 

reduce the diffusive transport if the tortuosity is sufficiently high as to restrict 

movement between pores[158]. Transport due to diffusion within a FeCO3 is 

therefore generally defined via an effective diffusion term (𝐷𝑒𝑓𝑓), which is a 

function of both 𝜀 and 𝜏. In the Nordsveen works, 𝐷𝑒𝑓𝑓 is calculated as: 

𝐷𝑒𝑓𝑓 = 𝜀1.5 ∙ (𝐷𝑀 + 𝐷𝑇) (5.17) 

Where 𝐷𝑀 is the molecular diffusion coefficient, and 𝐷𝑇 is the turbulent 

diffusivity (set to zero within the film). The exponent value of 1.5 is derived 

from the product of 𝜀 and 𝜏, known as the permeability (𝜅𝑓): 

𝜅𝑓 = 𝜀 ∙ 𝜏 (5.18) 

Where 𝜏 is defined as: 

𝜏 = 𝜀0.5 (5.19) 

A similar approach is taken in the 2023 work by Alsalem et al.[39] when 

modelling CO2 corrosion of a rotating cylinder electrode. Their one-

dimensional corrosion model accounted for the precipitation of an FeCO3 film 

via an effective diffusivity, calculated from the surface porosity (𝜃), alongside 

the Bruggeman model of tortuosity[159]: 

𝐷𝑒𝑓𝑓 =
𝜃

𝜏
∙ 𝐷𝑀 (5.20) 

𝜏 = 𝜃−0.5 (5.21) 

The assumption made by Nordsveen et al.[26] is that 𝜀 ≈ 𝜃, in which case 

formulae (Equations 5.17 and 5.20) can be rearranged to show that both 

models calculate the same value for 𝐷𝑒𝑓𝑓.  

5.4.3.2 Precipitation and Film Growth 

For a simple diffusion barrier model, the height of the protective film 𝛿𝑓 can be 

manually defined based upon either real-world or experimentally derived 

values. However, it is possible to numerically determine an approximate 

thickness of the film based on the precipitation rate within the solution. The 

precipitation rate of FeCO3 (𝑃𝐹𝑒𝐶𝑂3
), given in mol∙m-3∙s-1, is the rate at which 
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aqueous Fe2+ ions and CO3
2- ions combined to form solid FeCO3. A 2018 

review by Barker et al.[9] identified a total of 4 precipitation models available 

within the literature, published by: Greenberg and Tomson[20], Johnson and 

Tomson[21], Van Hunnik et al.[22], and Sun and Nešić.[15]. These formulae 

are provided in Table 5.5 below. 

Table 5.5 – Summary of models available in literature for the calculation 
of the precipitation rate of FeCO3. 

Model 𝑷𝑭𝒆𝑪𝑶𝟑
  

Greenberg and 

Tomson 
𝐴0𝑒

−(
𝐸𝑎
𝑅𝑇

) (
𝐴

𝑉
)𝐾𝑠𝑝(√𝑆𝑅 − 1)

2
 (5.22) 

Johnson and Tomson 𝐴0𝑒
−(

𝐸𝑎
𝑅𝑇

) (
𝐴

𝑉
)𝐾𝑠𝑝(√𝑆𝑅 − 1)

2
 (5.23) 

Van Hunnik, Pots, and 

Hendriksen 
𝐴0𝑒

−(
𝐸𝑎
𝑅𝑇

) (
𝐴

𝑉
)𝐾𝑠𝑝(𝑆𝑅 − 1) (1 −

1

𝑆𝑅
) (5.24) 

Sun and Nešić 𝐴0𝑒
−(

𝐸𝑎
𝑅𝑇

) (
𝐴

𝑉
)𝐾𝑠𝑝(𝑆𝑅 − 1) (5.25) 

Where in each case 𝐴0 is a pre-exponent factor, 𝐸𝑎 is the activation energy 

(kJ∙mol-1), 𝐴 is the surface area of the crystals (m2), 𝑉 is the volume of solution 

(m3), 𝐾𝑠𝑝 is the solubility product (M2), and 𝑆𝑅 is the saturation ratio. 

The contributions of the local concentrations of both Fe2+ and CO3
2- to the rate 

of precipitation are included in the calculation of 𝑆𝑅, which is defined as: 

𝑆𝑅 =
[Fe2+] ∙ [CO3

2−]

𝐾𝑠𝑝
 (5.26) 

Where [Fe2+] and [CO3
2−] are the molar concentrations of aqueous Fe2+ and 

CO3
2- respectively. 

As noted by Barker et al.[9] however, there is a fundamental flaw in directly 

utilising the precipitation rate to determine film thickness in that it assumes that 

all precipitated FeCO3 contributes to the growth of the film. In reality this is not 

the case as FeCO3 can precipitate elsewhere in the system, leading to 

overpredictions if assuming complete deposition on the steel surface. It is for 

this reason that Sun and Nešić[15]. proposed instead using the corrosion layer 

accumulation rate (𝐶𝐿𝐴𝑅), a concept initially introduced by Gulbrandsen, to 

differentiate between surface precipitation and total precipitation. 𝐶𝐿𝐴𝑅 

specifically defines the precipitation rate on the steel surface, taking the same 
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form as the equations provided in Table 5.5, but omitting the area to volume 

ratio: 

𝐶𝐿𝐴𝑅 =  𝐴0𝑒
−(

𝐸𝑎
𝑅𝑇

)𝐾𝑠𝑝(𝑆𝑅 − 1) (5.27) 

As the corrosion behaviour is not influence by FeCO3 precipitation elsewhere 

in the system, it seems logical to use 𝐶𝐿𝐴𝑅 as opposed to 𝑃𝐹𝑒𝐶𝑂3
 when 

modelling surface films.  

Regardless of the precipitation rate model that used however, another 

consideration that must be accounted for is the loss of ions within the solution. 

The formation of FeCO3 is the result of chemical reactions between Fe2+ and 

CO3
2- ions in solution: 

Fe(aq)
2+ + CO3

2−
(aq) → FeCO3(s)

 (5.28) 

Therefore, within the boundary layer reactions, an additional kinetic equation 

must be specified which accounts for the depletion of ions: 

𝑟7 = −𝐶𝐿𝐴𝑅 (5.29) 

The reaction 𝑟7 provided in Equation 5.29 would then need to be added to the 

ODEs defining the rate of production of both Fe2+ and CO3
2- within the 

boundary layer. 

5.4.3.3 Moving Boundary 

The method of modelling of protective films discussed thus far focus on the 

effects of FeCO3 as a stationary problem. The assumption is that the thickness 

of the film (𝛿𝑓) remains constant and is therefore pre-defined within the 

domain. However, as FeCO3 layers are formed through a deposition process, 

it may be of interest to instead model the growth of these films over time. Due 

to the various complex mechanisms by which FeCO3 crystals can nucleate 

and grow[9], it is unrealistic to expect that the specific characteristics of the 

film could be accurately captured with such a simple model. However, if the 

precipitated FeCO3 is assumed to form a uniform layer across the surface, 

Equation 5.27 can be used to predict the growth rate at any given point based 

upon local species concentrations at the surface. Therefore, by converting the 

model to a time-dependent model rather than a stationary model, it is possible 

to evaluate the growth of the film over time. 

The production of a boundary layer model which shows the gradual change in 

the size of the FeCO3 film would require the inclusion of a moving boundary. 

Fortunately, the functionality to introduce a moving boundary is already 
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included within the COMSOL Multiphysics® software. The boundary, 

representing the interface between the surface of the film and the fluid (𝑥 = 𝛿𝑓, 

see Figure 5-9), would move with a velocity relative to 𝐶𝐿𝐴𝑅. As the units for 

𝐶𝐿𝐴𝑅, as calculated via Equation 5.27, are mol∙m-2∙s-1, this can be converted 

to a velocity in m∙s-1 via the following equation: 

𝑣𝑓 = 𝐶𝐿𝐴𝑅 ∙
𝑀𝑤,𝐹𝑒𝐶𝑂3

𝜌𝑓𝑖𝑙𝑚
 (5.30) 

Where 𝑣𝑓 is the growth velocity of the film (m∙s-1), 𝑀𝑤,𝐹𝑒𝐶𝑂3
 is the molecular 

weight of FeCO3 (kg∙mol-1), and 𝜌𝑓𝑖𝑙𝑚 is the density of the film (kg∙m-3). 

The size of the domain (𝛿) would then vary with the growth of the film: 

𝛿𝑓 = 𝑣𝑓 ∙ 𝑡 (5.31) 

𝛿 = 𝛿𝑓 + 𝛿ℎ (5.32) 

Where 𝑡 is the time (s) and 𝛿ℎ is the height of the hydrodynamic boundary 

layer. 

Due to the very slow rate at which these processes occur, converting 𝑣𝑓 into 

mm∙yr-1 and utilising time steps with units of years is likely to be more 

convenient. 

The same approach could also be used to incorporate the regression of the 

surface due to corrosion. In this case the velocity (𝑣𝑠) would be equal to the 

negative of the corrosion rate (𝐶𝑅) and the change in 𝛿𝑓 would be dependent 

upon the difference between 𝑣𝑓 and 𝑣𝑠. 

𝑣𝑠 = −𝐶𝑅 (5.33) 

𝛿𝑓 = (𝑣𝑓 − 𝑣𝑠) ∙ 𝑡 (5.34) 

A visualisation of this approach and times 𝑡 = 0 and 𝑡 = 𝑡1, where 𝑡1 is an 

arbitrary time step greater than 0, is shown in Figure 5-10 below. 
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(a)      

        

 

(b) 

 

Figure 5-10 – Diagram of moving boundary at times (a) 𝒕 = 𝟎 and (b) 𝒕 =
𝒕𝟏, showing the growth of an FeCO3 film. 

5.4.4 Prediction Models and Machine Learning 

Many of the publications associated with the work detailed within this thesis 

have focused on the numerical exploration of the established corrosion 

models[131, 160-162]. In each of these works, thousands of data points were 

individually calculated via the use of parametric sweeps and iterative loops, 

with output values being stored in large matrices. Whilst these processes have 

been optimized as much as possible up to this point, solving the corrosion 

models for every individual combination of input conditions remains time-

consuming and computationally expensive. The rise in process automation 

and machine learning in recent years offers a potential solution to the current 

limitations, however. By developing tools based upon data from the corrosion 
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models, it would become possible to rapidly evaluate a wide range of 

conditions without the need to run every set of conditions directly. The following 

section outlines several potential routes to achieve such a goal.  

5.4.4.1 Multi-Dimensional Sampling 

The first stage in the development of many prediction tools is to generate an 

initial data set on which to train the model. The data set needs to be sufficiently 

large as to allow the machine learning algorithm to capture the effects of the 

various inputs, without overtraining the model. 

Throughout the development and testing of the corrosion models discussed in 

previous chapters, six controlling inputs have been identified which can have 

a significant effect on the outputs of the model, namely: 

• Temperature 

• Partial pressure of CO2 

• Bulk fluid pH 

• Bulk fluid velocity 

• Pipe diameter 

• Ionic strength 

Generating a complete training data set would therefore require that each of 

the above parameters are appropriately sampled to incorporate their 

respective influence. There are many different sampling methods which exist, 

each of isolate a portion of the data from which to extract outputs. 

Perhaps the simplest technique, which is commonly used for Monte Carlo 

methods[163], is to just randomly sample the data. The benefit of such a 

technique is that it is generally easy to implement as it does not require any 

pre-treatment of the data. However, as the method is entirely random, it means 

that a large number of points are required to ensure the full data range is 

adequately represented. It is therefore not an appropriate technique to use for 

the purposes of this work as the objective is to reduce the computational 

expense.  

A slightly more sophisticated technique, and the default sampling technique 

used within COMSOL Multiphysics® v6.2, is Latin Hypercube Sampling 

(LHS).[164] Fundamentally, LHS functions based on the concept of a Latin 

square, in which data within an n×n array is arranged such that is appears in 

each row and column exactly once.  
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(a) 

 

(b) 

 

Figure 5-11 – Examples of data sampling in 2-D based on (a) random 
sampling and (b) LHS techniques. 

A Latin hypercube extends this concept to higher dimensions and is the basis 

of LHS. In order to ensure that the final data selection follows the rules of a 

Latin hypercube, LHS implements memory to account for the previously 

selected data points. The subsequent data points are then randomly selected 

from the available locations within the hypercube. The result is an even 

distribution of data points across the entire domain, reducing the number of 

computations required compared to purely random sampling. 

LHS would be a reasonable approach to use for the purposes generating data 

for training a corrosion model tool. However, there is one weakness in the 

approach in that it disproportionately favours data within the centre of the cube. 

As each variable is limited in the number of data points within its range, it is 

unlikely that the extreme values of all variable ranges will be selected. The 

result of this is that it causes LHS to miss these values, effectively cutting off 

the corners of the hypercube. This can be improved upon by introducing a 

probability density function to adjust the distribution of the data. For example, 

a 𝛽 distribution using values of 𝛼 = 0.5 and 𝛽 = 0.5 would skew the distribution 

to favour the ends of the data ranges[165].  

5.4.4.2 ‘Black Box’ Model 

The benefits of accurate corrosion models for both industrial and research 

applications are clear. However, their use is often limited by their complex 

nature and the need for specialist knowledge in order to make them function 
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reliably.  A potential solution to this problem is via the development of a ‘black 

box’ model which hides the underlying mathematics from the end user. These 

models operate by simply requiring the user to enter their specific input 

conditions and then providing a pre-selected list of relevant outputs based on 

the model’s calculations. In this instance, the user has little control over the 

model itself, which simplifies the experience significantly, allowing it to be used 

much more widely. 

Black box models are very useful for industrial applications, as evidenced by 

the existence of models such as the NORSOK[98], Hydocor[166], 

Corpos[167], and Cassandra[168] models[169], each developed by various 

industrial companies. These models vary in complexity, both in terms of 

required inputs, as well as the outputs they produce, but they each allow for 

rapid evaluation of corrosion behaviour without a full understanding of the 

supporting mathematics being necessary. 

There are many ways in which a black box model can be produced, two of the 

most relevant approaches are discussed here. The first relates to forming a 

series of equations which directly relate outputs to their inputs based on a large 

data set. The second relates to building a graphical user interface (GUI) within 

COMSOL, which allows the base model to be run directly from a simplified 

interface. 

5.4.4.2.1 Multivariate Function 

The process of curve fitting to a set of data is a well-established practice, and 

in fact forms the basis of many of the reaction rate equations used within the 

mechanistic models. Empirical models for corrosion prediction use this same 

technique, scaling mathematical functions via correction factors to fit 

experimental data[31]. However, such models are generally limited to a small 

range of conditions due to the difficulties with running large-scale multi-

variable experiments. The lack of a theoretical foundation for the formulae also 

limits extrapolation beyond the range of parameters for which the model has 

been developed. 

The limitation of experimentally derived empirical data could be avoided 

however by instead basing the formula of the outputs of a fully mechanistic 

model. As discussed previously, with a one-dimensional computational model, 

it is entirely possible to run a very large number of simulations across a wide 

range of input parameters. By first generating a large output data set from a 

representative selection of inputs, as discussed in Section 5.4.4.1, multivariate 
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polynomial regression techniques can then be used to define output values as 

functions of the inputs. For example, the corrosion rate could be defined as a 

function of the six inputs discussed previously: 

𝐶𝑅 = 𝑓(𝑇, 𝑃𝐶𝑂2
, 𝑝𝐻, 𝑣, 𝑑, 𝐼) (5.35) 

There are various methods that can be used to perform the polynomial fitting, 

however, given the previous use of MATLAB LiveLinkTM to perform parametric 

sweeps, an appropriate approach may be to use the ‘polyfit’ or ‘polyfitn’ 

functions within MATLAB. The polyfit function calculates the coefficients of 𝑛𝑡ℎ 

order polynomial which produce the best fit using a least-squares 

approach[170]. The corresponding 𝑅2 value can then be used to determine 

whether or not an accurate polynomial fit could be achieved. If not, a more 

involved technique such as surrogate modelling, discussed in the following 

section, may be required. 

5.4.4.2.2 Surrogate Modelling  

Whilst an efficient and relatively simple approach, it may not always be 

possible to obtain a sufficiently strong data fit via polynomial regression. 

Therefore, a more robust approach would be to train a surrogate model which 

uses machine learning to train a model based on an existing dataset. As of 

version 6.2[171], the functionality to do exactly this have been introduced into 

COMSOL Multiphysics®.  

The purpose of a surrogate model is to provide an approximation of a given 

output without needing to actually solve the primary model. In order to do this, 

COMSOL utilises a known data set to train the model via a deep neural 

network (DNN). The DNN attempts to replicate learning process of the brain 

to determine links between inputs and outputs 

A number of layers and nodes within the DNN are specified based upon the 

complexity of the data, and then the known data is fed into the machine 

learning algorithm. The data is divided into training data, used to teach the 

model how the outputs relate to the inputs, and validation data used to check 

whether the model can accurately predict outputs[172]. It is important to 

ensure that sufficient data is used to train the model to accurately capture the 

relationships between the inputs and outputs. However, if too much data is 

provided to the model, the issue of overtraining may arise, in which the model 

effectively remembers results as opposed to predicting values, which may 

reduce accuracy[173]. Development of a strong surrogate model may require 
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some fine-tuning in regard to the structure and number of nodes and layers, 

as well as the size of the training data set. But, once a surrogate model is 

created which is able to accurately determine how a change in a given input 

affects the corresponding output, it becomes a powerful tool for rapid 

evaluation of corrosion behaviour. The removal of the need to run the full 

model reduces the solver time and can be combined with a COMSOL 

application to make it accessible to those unfamiliar with the software. 

5.4.4.2.3 COMSOL Application  

Within COMSOL Multiphysics®, there is in-built functionality to create 

applications via a tool known as the ‘application builder’[174]. The applications 

built with this tool generally solve the same equations as the full model 

(although they can be used to run surrogate models), however the designer of 

the application is able to limit the parameters and variables that can be 

adjusted by the user. Additionally, the output plots and tables produced can be 

pre-defined to both allow for rapid evaluation of the results, and to hide any 

superfluous information. For example, an application built for the corrosion 

model discussed within this section could provide the 6 variables outlined in 

section 5.4.4.1 as inputs, with limits defining the maximum and minimum input 

values. The outputs may then include, for example, tables or plots of the 

corrosion rate, surface pH, bulk solution chemistry, velocity flow field, surface 

saturation index, or the surface potential.  
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Figure 5-12 – Example COMSOL application with showing input 
options, output plot options and data tables. 

Functional applications can also be compiled into standalone executable files, 

which are useable without the need for a COMSOL license. Compiling an 

application allows for it to be shared with individuals who may not have the 

required software installed to evaluate the full model. Additional guidance and 

information can be provided to the user via the GUI in order to remove the 

necessity for specific training to use the application. 
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Chapter 6 - Conclusion 

In this concluding chapter, an overview of the final state of the developed 

models is provided alongside a compiled summary of the main findings 

discussed throughout the preceding chapters of this thesis. The novelty of the 

completed work is reviewed and discussed in relation to the existing works in 

the field of CO2 corrosion modelling. Finally, the applications of the completed 

work, both in relation to industrial applications, as well as the advancement of 

the academic field are discussed. 

6.1 Final State of Developed Models  

Two separate one-dimensional CO2 corrosion models based on existing works 

have been re-created within the COMSOL Multiphysics® software. The first, 

based on the 2003 work by Nordsveen et al.[26], implements the direct 

reduction mechanism of CO2 corrosion which comprises two cathodic 

reactions, H+ reduction and H2CO3 reduction. The second, based on work by 

Kahyarian et al.[12, 36], implements the buffering mechanism of CO2 

corrosion, which utilises only one cathodic reaction, being H+ reduction. Both 

corrosion models were validated against the respective literature to ensure 

that they accurately reflected the results used as the basis for each model’s 

respective development. Regions of inaccuracy were identified in both models 

due to the limitations of the equations defining the electrode kinetics. 

Discontinuities were identified in the first model as a function of pH due to step 

changes in the kinetic variables. In the second model, the H+ concentration on 

the surface node under mass-transport control region was found to be 

superficially low due to the solver method. In both cases, these issues have 

been highlighted and functional solutions have been proposed, via either the 

implementation of a continuous function in the first instance, or via 2nd node 

evaluation or a damping function in the second instance. Despite this, both 

models have been developed to a functional state, capable of performing rapid 

analysis under a range of conditions that allows for in-depth analysis. 

Code has been written in MATLAB LiveLinkTM which can be used to directly 

drive each of the COMSOL models. By using the linked software, an approach 

has been developed which is facilitates rapid generation and storage of large 

data sets representing a wide range of input conditions. In each case, these 

MATLAB scripts have been written to automatically record relevant output 

values, including corrosion rate, surface pH, surface FeCO3 saturation ratio, 

and surface species concentrations.    
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A new methodology for integrating hydrodynamic effects via turbulence 

models has also been created. By solving both the turbulence model and the 

corrosion model, a one-way coupling has been established between the two, 

evaluating corrosion behaviour at specified positions along a geometry. The 

validity of this method was first established utilising a straight pipe model and 

subsequently provided the foundations for applying the corrosion model to 

different geometries, as demonstrated by a converging channel model. 

Following this validation and testing, a scale representation of an RCE was 

modelled within COMSOL. The hydrodynamic methodology was used to 

extract the characteristics of the flow near the rotating surface to ultimately 

produce a new RCE corrosion model. This model allowed for a more accurate 

representation of a standard experimental set-up to be used when comparing 

experimental and simulated results. 

6.2 Main Findings 

Numerical explorations of both corrosion models were conducted and 

compared to experimental data collected via an RCE. The model based on the 

work of Nordsveen et al.[26] predicted consistent increases in the corrosion 

rate with partial pressure and pH, as well as a general increasing trend with 

temperature. The complexities of the interactions within the model, in 

particular, the inclusion of the direction reduction of H2CO3 produced various 

contour shapes based upon the combined set of modelled conditions. Surface 

pH was found to increase at the surface across all conditions due to the loss 

of H+, with the greatest change occurring at high temperature, low pressure 

when the surface reaction rates occur quickly but the bulk concentration of 

H2CO3 is low. Across the range of conditions tested, it was found invariably 

that the increased rate of species transport at higher temperature due to the 

thinner boundary layer and higher diffusion rates were not sufficient to 

overcome the increased surface consumption of H+. This in turn shifted the 

ratio of the cathodic reactions in favour of the H2CO3 reduction reaction due to 

the relatively high surface concentration. In regard to FeCO3 surface 

saturation, the saturation index predicted by the model was found to increase 

in a reasonably predictable manner with increasing pressure and temperature. 

At higher pHs the system was supersaturated at the surface across most of 

the evaluated conditions due to the increased CO3
2- concentration in solution. 

When compared to experimental data, the Nordsveen model performed 

strongly in predicting corrosion rates in less-aggressive environments. At pH 

5 and 6 the model was able to accurately predict corrosion behaviour in 
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response to changing temperatures and hydrodynamic conditions. Under 

more-aggressive conditions however, at higher temperatures and low pH, the 

model was found to underpredict the corrosion rate. Further investigation of 

the model suggested that this underprediction may be due to a combination of 

H2CO3 reduction compensating for any significant drop in H+ concentration, as 

well as a steps change in the anodic kinetics when the surface pH reached 

either 4 or 5.  

From the numerical exploration of the model based on the work by Kahyarian 

et al.[12, 36] the primary finding was the identification of two distinct response 

patterns based upon the modelled conditions. The first region, occurring at low 

temperatures and high CO2 partial pressures predicted corrosion rates that 

were independent of both changes in pressure and hydrodynamic conditions. 

Investigation of the model revealed this to be due to the system being under 

charge-transfer control at these conditions and therefore limited by the rate of 

the surface reactions. This was further supported by the small difference 

between the surface and bulk pHs, indicating a high surface H+ concentration. 

Conversely, the second region, which was found to be under mass-transport 

control, was highly sensitive to changes in the pressure and fluid velocity. The 

high rate of consumption of H+ ions relative to the supply resulted in very high 

surface pH values in this region, as well as an increased dependence on 

factors which increased the surface concentration. The temperature 

dependence was reduced in this region the system is insensitive to increased 

surface reaction rates, however the higher rates of species transport from the 

bulk did still produce an increase in the corrosion rate with temperature. The 

contrast of these two regimes produced a complex transition region when 

plotting the FeCO3 SI as a function of PCO2 and temperature. In both regions a 

stable and predictable response was eventually reached, however the 

differences between the responses produced a region in which the saturation 

behaviour was highly unstable due to the competing influences. 

When compared to the experimental data, the Kahyarian model performed 

strongly at low pH conditions, with strong correlation to the experimental data 

even at the higher temperatures. This indicated strong performance when the 

system was charge-transfer controlled. However, at higher pHs, the model had 

a tendency to significantly overpredict the corrosion rate, particularly at higher 

temperatures. Under these conditions, the surface H+ concentration dropped 

very low, drastically increasing the rate of H2CO3 dissociation. The H+ ions 

produced in this reaction were then immediately consumed, increasing the 

corrosion rate. In general, the Kahyarian model could predict the general 
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response of the system to increases in temperature, pH, and rotation speed 

(fluid velocity). However, the surface chemistry immediately adjacent to the 

corroding surface under harsh, mass-transport limited conditions was found to 

introduce a degree of unreliability.  

In regard to the incorporation of CFD into the corrosion models, it was found 

that this could be achieved by combining the law of the wall theory with 

simulated data from a turbulence model in COMSOL. Data from a simulated 

pipe flow was found to strongly correlate with the empirical values used in both 

of the published corrosion models. When expanding to a converging channel, 

evaluation of 𝛿 and 𝐷𝑇 along cut-lines across the surface allowed for the 

corrosion rate to be predicted as a function of the position along the surface. 

A slight complication was found when applying the approach to an RCE model, 

as the moving wall produced an off-set between the simulated and theoretical 

u+ values. However, it was found that this could be resolved by relative 

gradients of the u+ vs y+ plots to determine the value of 𝛿. By using this 

approach, a simulated model of an RCE could be developed and used to 

perform a more direct comparison between experimental and simulated data.  

6.3 Industrial Relevance and Novelty 

In an industrial context, accurate and reliable prediction of corrosion behaviour 

and factors such as the growth of surface films are important for economic and 

environmental reasons, as well as for safety. Knowing how, when and where 

a system might be vulnerable to the effects of corrosion can allow for 

preventative measures to be taken in order to avoid potential failure. The work 

conducted throughout this thesis is highly relevant in this regard. The 

numerical explorations of tens of thousands of input conditions into each of the 

corrosion models goes far beyond any currently available literature. By 

conducting such an extensive study, results can be published demonstrating 

how these models behave in response to a wide array of conditions that may 

be found in real-world applications. The hydrodynamic advancement also 

allows the application of the existing corrosion models to be expanded beyond 

the current 1-D straight pipe scenario. The flexibility of the generalised 

approach allows more complex geometry features, such as beds and changes 

in diameter to be evaluated to produce more refined models of specific 

systems. For industrial applications this means that bespoke corrosion models 

can be generated that much more accurately reflect the real-world 

environment. 
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The independent experimental evaluation of each of the models also provides 

useful insight into the accuracy of each of the corrosion models. By performing 

validation against a system that is completely separate from the environment 

in which the models were initially developed, the robustness of the models has 

been shown for general applications. The experimental work has also provided 

new insights as to the relative performance of the two models and the 

conditions in which each showed the strongest correlation with real-world data. 

This is vitally important information for industrial applications in choosing a 

corrosion model to adopt for a given system, as the simulation can be tailored 

to the application.  

Lastly, the industrial relevance of constructing a comprehensive mechanistic 

model of CO2 corrosion within multiphysics software such as COMSOL cannot 

be understated. As seen throughout this work, corrosion is a highly 

complicated topic with many influencing factors. It is not feasible to account 

for all physical phenomena in a general model of CO2 corrosion, however the 

novelty of the models constructed here is the ease with which additional 

factors can be introduced. This has been demonstrated in this work through 

the integration of CFD, however further development could introduce 

specialised physics to refine the models further for specific applications. By 

building the models within COMSOL Multiphysics, a framework has been 

created that facilitates the rapid production of unique and highly specialised 

industrially-relevant models.  

6.4 Contribution to Academic Advancement 

It is the belief of the author that the outputs of this work have made a significant 

contribution to the academic field both within the University of Leeds and in 

the wider academic community. This is evidenced by the numerous 

publications in both conference proceedings and academic journals that have 

been the direct result of this work. The numerical explorations conducted offer 

a vast array of reference points for future academic works, both numerical and 

experimental. As well as this, the hydrodynamic methodology produced 

provides a pathway for the development of specialised corrosion models. 

Additionally, as explored in detail in Chapter 5, the production of both corrosion 

models within COMSOL Multiphysics facilitates a range of further development 

opportunities. Expansion of the current equations into two- or three-

dimensional space, combined with the hydrodynamic methodology detailed 

here, would allow for complete evaluation of complex surfaces. Combined with 
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the incorporation of galvanic effects, this would expand mechanistic modelling 

capabilities far beyond current models.   

However, even in one dimension, the models produced throughout this work 

provide a basis for significant advancement in the modelling of surface films. 

A simple version of this can be achieved by incorporating a diffusion barrier of 

a fixed thickness within the existing, which would allow for examination of the 

effects of restricted ionic movement through a film. A more complex version 

could introduce factors such as the local depletion of ions and moving 

boundaries, both of the corroding surface and of the film itself. COMSOL’s 

multiphysics capabilities even make it possible to account for local changes in 

the characteristics of the film. Each of these developments would constitute a 

highly useful advancement to the academic field and is possible to produce as 

an extension the fundamental work conducted throughout this thesis. 
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