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Abstract 

This thesis presents the outcome of a systematic study carried out to establish an 

understanding of the influence of flow conditions on the corrosion behaviour of X65 

carbon steel in CO2 saturated environments. An assessment of both the corrosion 

behaviour of uncovered and film-covered surfaces of X65 is made under different 

flow conditions.  

All the experiments under flowing conditions were conducted using a newly designed 

flow loop. This was designed to provide a platform to study the effect of flow 

parameters and the physical/chemical properties of the solution on corrosion 

behaviour. A range of wall shear stresses that were gradually increased throughout 

the test section could be achieved and corrosion rate could be monitored in-situ.  

Firstly the corrosion behaviour of an uncovered surface under flowing conditions was 

examined at two values of solution pH of 6.6 and 4 at two temperatures 50ºC and 

80ºC. Such an approach enabled the investigation of the effect of flow parameters 

(described by wall shear stress, Reynold`s number, mass transfer coefficient, and 

water chemistry/properties) on the corrosion behaviour of the X65 carbon steel.  

The results enabled the effect of these parameters on the corrosion to be unravelled 

and it demonstrated how a combination of these parameters may influence the 

corrosion rate. Furthermore, the parameter with which the corrosion rate shows a 

direct correlation at each pH level was determined. Furthermore, the influence of the 

flowing conditions on the Rate Determining Step (RDS) of the cathodic reduction 

process at pH 4 & 6.6 solution was investigated; the data analysis at temperatures 

50ºC & 80ºC and pH 4 showed a threshold of a diffusion boundary layer thickness, at 

which the reduction reaction switches from diffusion-controlled to mixed diffusion 

and charge-transfer controlled.  

The second part of this study was the corrosion behaviour of the FeCO3 film-covered 

surface. Prior to the corrosion rate tests, the protective film was formed using static 

conditions in a high-pressure CO2 autoclave at different immersion times.  The 

outcome of the formation tests series revealed the critical time required to achieve the 

optimum thickness of the iron carbonate film. The corrosion rate and film stability 

tests in static and flowing conditions were evaluated. Iron carbonate film stability was 

determined under static conditions through corrosion rate measurement and 
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topography analysis of the protected surface at pH values of 6.6 and 4, at two 

temperatures of 50ºC and 80ºC.  

The outcome of the static tests showed that the stability of the iron carbonate film is 

a function of the solution chemistry and temperature. The critical pH level at which 

the formed corrosion product film starts to show clear sign of dissolution in static 

conditions was evaluated at both temperatures.  

The stability of the iron carbonate film was further investigated under flowing 

conditions in a range of shear stress values of 10 to 655 Pa. The wall shear stress 

levels where the protectiveness of the film starts to reduce were determined at both 

temperatures 50ºC and 80ºC. The film removal mechanisms were identified; the 

removal process was a strong function of mass transfer. The nature of the film after 

exposure to shear stress was evaluated using SEM/EDX and XRD. The removal 

mechanisms of the protective film were determined. 

The thesis contributes to the current debate of how flow would effect a carbon steel 

corrosion behaviour in the CO2 environment, and in particular how flow would affect 

corrosion in the absence/presence of an iron carbonate film. 
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Nomenclature 

 

τ Flow shear stress N/m2 

ΔG Gibbs free energy kJ * mol-1 

ρ Fluid’s density kg/m3 

Dh Hydraulic diameter of the flow cell m 

ʋ Flow velocity m/s 

Cf Dean Friction factor dimensionless 

µ Fluid viscosity kg/m-s 

D Diffusion coefficient at given temperature m2/s 

Dref Diffusion coefficient of H+ at 20ºC = 9.31 × 10-9 * m2/s 

Tref Reference temperature 293 K 

Sc Schmitt number dimensionless 

Km Mass transfer coefficient m/s 

δm Diffusion boundary thickness m 

Lc Characteristic length m 

a & b empirical constants dimensionless 

ϵ Surface roughness m 

R Universal gas constant 8.3143 J/(mol * K) 

T Absolute temperature K 

ac & aa Apparent transfer coefficients dimensionless 

F Faraday constant (96,490 C/mol) 

ßc & ßa Tafel slope constants  mV/decade 

B Stern Geary constant mV/decade 

*Nesic et al 1996 
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Chapter 1. Introduction  

Corrosion can be defined as a process through which metals revert to their natural 

stable state [1-7] due to the fact that metals are thermodynamically unstable. Most 

metals found and processed from mineral/ore to the metallic state will increase their 

energies, except for some precious metals (gold, silver and platinum) which are found 

in their metallic state [2]. Therefore unstable metals with high energy will react to 

form a system that is thermodynamically more stable [3]. Metals return to their natural 

oxidation states through chemical reactions with the environment which can be 

divided into oxidation and reduction processes [1]. Corrosion is an electrochemical 

reaction involving charge and mass transfer through the “corrosion cell”.  The 

complexity of the electrochemical reaction depends on the anodic material (corroded), 

the corrosion solution and the cathodic reaction, in general, the electrochemical 

reactions can split into two or more reduction and oxidation reactions [4].  

The impact of corrosion on industry and the environment has been viewed in both 

financial and environmental terms. It has the potential to impact on pollution and 

affects both capital and operational expenditure. Studies show that the annual cost of 

corrosion related damage in the U.S. is approximated by $276 billion [8]. Capital 

expenditure operating expenses relating to the failure of the pipeline are estimated. In 

the oil and gas industry, 22% of the failures are associated with corrosion reactions, 

Figure 1-1 shows the percentage of pipeline failures in 2011 and more than half of 

these failures are caused by sweet corrosion [1-7, 9]. 

Gibbs free energy (∆G) is the main driving force in the corrosion process. ∆G is the 

change in the free energy between the corroded metal and the environment. The ∆G 

value must be negative for the corrosion process to proceed [5, 6].  
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Pipelines are widely used to transport crude oil and its products, as they are both 

economic and efficient for delivering large volumes of products [10]. Due to low costs 

and good mechanical properties, carbon steel alloys are the most commonly used 

material to manufacture oil and gas pipelines [11, 12]. However, within the long line 

transportation and subsea flowlines, there is often a highly corrosive environment 

giving the tendency for an increased risk of failure [13]. Failure due corrosion is one 

of the main threats in oil transportation pipelines; water present in the oil production 

process combined with other soluble corrosive gases such as carbon dioxide creates 

an environment which initiates the corrosion process [5]. Erosion due particle 

impingement is an additional threat to the pipeline integrity. However, this study 

focused on the internal corrosion due to an electrochemical reaction between the 

surface of the steel and the aqueous CO2 solution, and how the flowing conditions 

affect the process. To initiate corrosion attack on a steel surface the aqueous CO2 

solution should be in contact with the steel surface. Within these physical & chemical 

conditions, CO2 corrosion will occur [10, 14, 15]. An understanding of the corrosion 

mechanism and attack on oil transport pipelines is vital to the operation of oil industry 

transmission lines [16]. To minimise the high cost and the effect of corrosion in the 

oil industry and environment, the kinetics of CO2 corrosion at different flow 

conditions have been investigated in depth [10] 2003, [6] 1991, [5] 2006, [17] 1978, 

[18] 2015. However, due to the complexity of the corrosion behaviour under CO2 

saturated conditions, these phenomena are not fully understood [13].  

 

Figure 1-1. Causes of Pipeline failure in 2011 [19] 
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Kermani et al [10] in 2003 proposed that the effect of fluid flow on corrosion is yet to 

be understood and that the flow dynamics, if present, adds more complexity to the 

prediction process of the corrosion rate. Today there are still several aspects related 

to flow effects on corrosion that are not fully understood. Efrid [20] proposed that 

wall shear stress and mass transfer of the species involved in the corrosion process are 

the parameters by which the effect of the flow of corrosion products is determined. 

Furthermore, Ruzic et al [21-23] studied the effect of flowing conditions on the 

corrosion rate and film stability. The findings showed that flow velocity is the 

parameter which governs the flow pattern and that high velocity leads to an increase 

in the mass transfer of species from/towards the steel surface, resulting in an increase 

of corrosion rate. However, Palacios et al [24] studied the effect of flow velocity on 

the corrosion rate in single-phase flow with a constant pH value; the author noticed 

that the corrosion rate decreased when a greater fluid velocity was applied, but the 

corrosion rate increased again at higher flow velocities. Villarreal et al [25], showed 

an initial increase in corrosion rate with increasing flow velocity, and then the 

corrosion rate slightly declined at a higher fluid velocity. This was attributed to the 

mechanism of the cathodic species reduction, where, at low velocity, the reduction 

process is controlled by mass transfer rate. At higher velocities, the reduction of the 

cathodic species becomes under activation-control. In addition, at much higher flow 

velocities the author observed a rapid increase in corrosion rate, which was attributed 

to the possible removal of the protective films from the surface resulting in further 

corrosion attack on the carbon steel surface. The standard flow velocity for liquids 1-

3 m/s and 5-15 m/s for gases. Therefore, for this study, the range of velocities was 

selected between 0.6 to 13.75 m/s, in order to investigate the effect of the flow 

(aqueous CO2 solution) on the corrosion behaviour within the expected flow velocities 

in oil and gas industry. 

Slaimana et al [26], conducted a study to investigate the effect of Reynold`s number 

on the corrosion rate at different temperatures. The authors found that the flow 

intensity had a significant effect on the corrosion rate. This effect was dependent on 

the solution temperature and flow velocity. Ferreira et al [27] carried out research to 

understand the effect of flow conditions and the surface properties on mild steel 

corrosion behaviour in a CO2 environment using Rotating Cylinder Electrode (RCE). 

They showed that mild steel corrosion rate increases with surface roughness and flow 

velocity.  
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Carbon steel is not a Corrosion Resistant Alloy (CRA) and can undergo severe 

corrosion attack if it exposed to a corrosive environment such as an aqueous CO2 

solution or organic acids. Nevertheless, carbon steel can display self-corrosion 

protection if a protective corrosion film can form on its surface as consequence of the 

electrochemical reaction between the bulk solution and the surface. Therefore, carbon 

steel pipelines can be operated safely when iron carbonate FeCO3 films form on the 

internal surface of the pipeline in presence of aqueous CO2 solutions [28]. The 

protective films can act as a diffusion barrier that hinders the diffusion of corrosive 

species to/from the steel surface and slows down the corrosion process [29]. The 

degree of the protection depends on the structure and the coverage of the protective 

films on the surface; fully covered surfaces with dense and compact iron carbonate 

films provide higher protection than scattered uneven covered surfaces with porous 

films [10].  

The physical properties of the films are highly dependent on the formation conditions. 

CO2 partial pressure is one of these conditions that can influence the protective film 

structure [30]. Nesic et al  [31] suggested that under low CO2 partial pressure 

conditions, it is not easy to form a fully-protective iron carbonate layer in a short 

period of time. However, using a high-pressure autoclave reduces the time required 

to form dense and compact protective films, by increasing the concentration of 

dissolved CO2 in the water, and consequently increasing the precipitation rate of iron 

carbonate films. This is attributed to the increase in supersaturation level at the surface 

due to fast iron dissolution. The film formation rate will be accelerated on the surface 

resulting in a dense and less porous iron carbonate film in a relatively short exposure 

time. Cabrini et al [32] conducted a study to investigate the corrosion behaviour of 

carbon steel and the formation of protective films under high partial pressure CO2 

conditions. The outcome confirmed that film formation under high CO2 partial 

pressure and at 60°C is dense, with a compact structure and it fully covered the 

surface.  

Many studies have been carried out to investigate the effect of flowing conditions on 

the protective film stability [21-23, 33]. Wall shear stress was considered as the 

primary factor for the mechanical film removal (i.e. film removal due to the 

mechanical effect of the flow) [34-36]. However, it is thought that critical shear stress 

values are too small to be the cause of the mechanical removal disruption [21]. The 

intensities of the near-wall turbulence also have a very influential role in the removal 
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process [37]. Dawson et al  [38] examined the protective film removal under 

hydrodynamic conditions. The outcome of the study confirmed that hydrodynamic 

force has an influence on the removal of the film. Furthermore, Yang et al  [39] studied 

the chemical dissolution of the protective films in aqueous CO2 solution. The 

conclusions were that the key parameter of the dissolution process is the level of 

undersaturation and the change of the flow velocity does not have a major effect on 

iron carbonate dissolution.  

To be able to predict CO2 corrosion rates in flow conditions, it is important to establish 

an understanding of the influence of the flow on the corrosion behaviour of the carbon 

steel at a different range of temperatures and pH levels. The pH range of the water 

associated with the oil and gas production is between 4 to 6 [40] and the stability of 

the protective films within this range of pH solutions under static and flowing 

conditions was investigated. In addition to the study of the corrosion behaviour of the 

unprotected surface of the X65 carbon steel at CO2 saturated environment. X65 carbon 

steel was selected for this study (X grade carbon steel), due to the wide usage of this 

grade in water and oil transportation pipelines for the excellent strength, low costs and 

weldability [15].    

1.1  Aim and objectives of this study 

The first part of this work introduces an understanding of the corrosion behaviour of 

the carbon steel under flowing conditions, 50ºC and 80ºC and pH values of 4 and 6.6. 

The second part, investigates the stability of the protective film under flowing 

conditions, to assist in the determination of the operation limitation of wall shear stress 

and fluid properties for safe operation without the removal of the protective film. The 

wall shear stress as a parameter was selected to study the effect of flow on the 

corrosion rate. Knowing that wall shear stress is a function of velocity, fluid properties 

and Re (via friction factor), makes the wall shear stress a valid parameter to represent 

the flowing conditions [20]. 

This will help to establish a threshold of flowing conditions at different temperatures 

and pH values, at which the low corrosion of the protected surface is maintained, and 

obtain an understanding to the possible removal mechanisms of the protective film. 

Therefore, the main objectives of this research are:  
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To evaluate the corrosion behaviour of the carbon steel under static and flowing 

conditions in CO2 saturation conditions. This was achieved by: 

 Design and development of a flow loop to generate a realistic flow across 

the samples. To simulate the flowing conditions in the pipelines 

transportation industry. 

 Assessing the corrosion behaviour using in-situ investigation of the 

unprotected surface of X65 carbon steel under flowing conditions at 

different pH and temperature levels.  

Study the formation of the protective films as a function of time under high CO2 

pressure, to determine the critical time immersion to form dense and compact iron 

carbonate films FeCO3. This was done by:  

 Examining the effect of static and flowing conditions on the protective film 

corrosion/removal at different pH and temperature levels.  

 Identifying the removal mechanisms of the protective film under static and 

flowing conditions at different temperatures.  

1.2  Outline of this project 

Chapter 2 includes a description of the fundamental theories of the CO2 corrosion 

behaviour of the carbon steel and illustrates the different corrosion mechanisms and 

reactions.  

Chapter 3 includes the review of the studies in the literature related to the corrosion 

behaviour of the protected/unprotected carbon steel surface under flowing conditions. 

Chapter 4 describes the sample materials and preparation steps followed by the steps 

of the flow loop design. Surface analysis techniques used to examine the surface and 

cross-section of the sample prior and after the tests are described.  

Chapter 5 details the description of the Computational Fluid Dynamics (CFD) 

simulation steps of the flow through the test section at different fluid properties and 

different test section geometries. The outcome of the CFD simulation is compared to 

the outcome of the analytic calculations of the flow parameters. The outcome of both 

the CFD and the analytic calculations were used to select the exact dimensions for the 

test section to generate the required flow characteristics.   
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Chapter 6 illustrates the first results of corrosion behaviour of the unprotected surface 

of the X65 carbon steel under flowing conditions of wall shear stress and pH 6.6. The 

effect of temperature was examined on the corrosion rate.  

Chapter 7 presents the outcome of the corrosion behaviour tests of the unprotected 

surface of the X65 carbon steel as a function of wall shear stress at pH 4 and 

temperatures 50ºC and 80ºC. It is well documented that the corrosion rate tends to 

differ in behaviour as a function of the temperature range (.i.e. low temperatures < 

60ºC and high temperature ≥ 80ºC) because of the film formation [10, 11]. Therefore 

50ºC and 80ºC were chosen for this study to examine how the corrosion behaviour 

under flowing conditions will differ at these two levels of temperatures. This part of 

the research considers the influence of the high concentration of the diffusion-

controlled species at pH 4 on the corrosion behaviour under flowing conditions.  

Chapter 8 describes the results of the procedure of the film under high CO2 pressure. 

The immersion time to obtain the maximum thickness of protective film with compact 

and dense structure was determined. The second part investigates the stability of the 

protective film under flowing conditions by understanding the corrosion behaviour of 

the iron carbonate covered the surface of X65 carbon steel under static and flowing 

conditions at different pH and wall shear stress levels at 50ºC.  

Chapter 9 describes the stability of the protective films under static and flowing 

conditions at 80ºC, illustrates how the corrosion behaviour of the protective films 

exhibited different behaviour than at 50ºC. The critical pH in static conditions and the 

critical wall shear stress in flowing conditions at 80ºC were determined. The possible 

removal mechanisms were identified at 80ºC and solution pH equal to the critical level 

in static conditions. Several surface analyses were adopted to examine the topology 

of the surface and cross-section of the protective films such as SEM, element mapping 

profile, XRD and EDS used to identify the chemical composition of the protective 

films on the X65 carbon steel surface.   

Chapter 10 is composed the discussion of all the main findings in the previous result 

chapters. The discussion chapter highlights the main findings and compares it to the 

related experimental data in the literature.  

Chapter 11 presents the main conclusions and the recommend test procedures for 

future work.  
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Chapter 2. Mechanism of CO2 corrosion 

2.1 Corrosion in the oil and gas industry 

The demand for the hydrocarbon resources has increased in the last few decades due 

to the development of the global demand for energy.  To meet that demand, oil/gas 

companies are required to work in harsher environments; at greater depths and at 

higher temperatures, pressures and in more severe acidic conditions. This has elevated 

the challenges in this industry, both in terms of the material performance in such harsh 

environments and the ability to predict the operational life of the materials in these 

conditions [41-45].  

The oil and gas industry extensively uses carbon steel, stainless steel and other 

metallic materials in its transport pipelines, drilling heads and operating plants. The 

degradation of the steel alloys affects almost every component and operational stage 

in the oil/gas field. From drilling, casings to production units and pipeline 

transmission; corrosion is considered to be a major concern within the oil/gas industry 

further research of corrosion at such conditions is needed to establish a clear 

understanding of the kinetics and mechanisms [45].  

The capital cost and the mechanical properties make carbon steel a very common alloy 

in the oil/gas industry, although within multi-phase long line transportation and subsea 

flowlines there is a highly corrosive environment while the tendency for increased 

risk of failure [13]. Corrosion, therefore, remains the main operational and economic 

threat affecting the environment and the cost of the production. Figure 2-1 shows the 

damage inside pipelines as result of corrosion attack.  

 

Figure 2-1.  Pipeline degradation due corrosion attack [46]  
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The most prevalent forms of corrosion attack in the oil and gas industry are hydrogen 

sulphide corrosion (sour corrosion) and carbon dioxide corrosion (sweet corrosion) 

which can cause severe corrosion of completion strings. 

Carbon steel corrosion can be observed in different forms, and many factors can 

influence the corrosion process such as the concentration of oxygen. It plays such an 

important role in corrosion and is not normally present in produced waters. It is only 

at the drilling stage that oxygen contaminated fluids are first introduced. If drilling 

muds and seawater are left untreated of contamination and oxygen, this will corrode 

not only well casings but also drilling equipment, pipelines and mud handling 

equipment [43-45].  

Many failures in industry result from CO2 corrosion of carbon steel and low alloy steel 

due to the lack of predictive capability and full understanding of the formation and 

parameters which are controlling sweet corrosion.  

Carbon steel is one of the main materials used in the oil and gas pipeline transportation 

industry. It is not resistant to internal corrosion caused by CO2, H2S and organic acids, 

but iron carbonate films formed on the surface may give some resistance to carbon 

steel in some operational cases. The reason for the high usage of these materials with 

a relatively low level of corrosion resistance is the costs of supply, construction and 

repair when compared to other alloys like stainless steels and Ni-based alloys costs 

[45, 47, 48]. 

2.1.1 CO2 corrosion  

CO2 corrosion was first recorded in the US Oil/gas industry in the 1940s [49]; carbon 

and low alloy steels were widely associated with this kind of corrosion attack due to 

their expanding use within the industry [6]. CO2 gas is not corrosive by itself at the 

range of temperatures in the oil and gas production, but an aqueous solution of CO2 

promotes an electrochemical reaction between the steel substrate and the aqueous 

phase [48]. CO2 gas is soluble in water and also soluble in hydrocarbon phases, 

therefore, hydrocarbon reservoirs can provide a ready reservoir of CO2 dissolved in 

the phases [1, 4, 50, 51]. 
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2.1.2 CO2 corrosion mechanism 

CO2 corrosion in carbon steel is widely investigated. However, the complexity of this 

phenomenon requires further elucidation. Researchers proposed various mechanisms 

for the CO2 corrosion process. However, most of these mechanisms occur at specific 

conditions and offer inadequate knowledge of the CO2 corrosion process if any of 

these conditions change [10].   

The basic CO2 corrosion reaction mechanisms have been well understood and 

supported by many researchers through the work done over the past six decades. The 

major chemical reactions include CO2 dissolution and hydration to form carbonic acid 

as shown in following reactions; 

CO2 (gas) → CO2 (aq) 2.1 

 

When dissolved in water, CO2 is hydrated to give carbonic acid, a weak acid compared 

to other mineral acids since it dissociates in several steps as in 2.3 and 2.4.  

CO2 (aq) + H2O →  H2CO3 2.2 

H2CO3 ↔  H+ +  HCO3
− 2.3 

HCO3
−  ↔  H+ +  CO3

2− 2.4 

Some of the chemical reactions are very fast compared with other simultaneous 

reactions, thereby preserving the chemical equilibrium throughout the solution [52]. 

In other words, when chemical reactions proceed quickly, other slower processes 

(such as electrochemical reactions or diffusion) can create high/low local 

concentration zones of ions near the surface. In both ways, the chemical reactions 

occurring in the solution can significantly influence the rate of electrochemical 

reactions at the steel surface and the rate of corrosion. At high local concentrations of 

species, the solubility limit is exceeded and precipitation of surface films can occur 

[41, 42]. In a precipitation process, heterogeneous nucleation occurs first on the 

surface of the steel or within the pores of an existing film since homogeneous 

nucleation in the bulk requires a much higher concentration of the species. Nucleation 

is followed by crystalline film growth. Under certain conditions, surface films become 

very protective and reduce the rate of corrosion by forming a diffusion barrier for the 

species involved in the corrosion reaction and by covering the steel surface [51, 53]   
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In CO2 corrosion, when the concentrations of Fe2+ and CO3
2- ions exceed the solubility 

limit in the solution, they combine to form solid iron carbonate FeCO3 film; 

Fe2+ + 𝐶𝑂3
2−  →  FeCO3(s) 2.5 

 

CO2 concentration in the aqueous solution increases the corrosion rate of the carbon 

steel by increasing the rate of the hydrogen-evolution reaction: 

2H+ + 2e−  →  H2 2.6 

 

Hydrogen evolution rate cannot exceed the rate of mass transfer limit at which the H+ 

ions are transported to the surface from the bulk solution [52].  

The presence of H2CO3 can increase the corrosion rate in two possible ways: 

Firstly, the dissociation of H2CO3 according to reaction 2.7 becomes an additional 

source for H+ ions which are subsequently reduced due to the hydrogen-evolution 

reaction. 

H2CO3 ↔ H+ +  HCO3
− 2.7 

Secondly, there is a suggestion that direct-reduction of H2CO3 at the steel surface can 

increase the corrosion rate, according to reaction 2.8 [41-44, 47, 48, 50, 54, 55].  

2H2CO3 +  2e− ↔ H2 + 2CO3
2− 2.8 

2.1.3 Anodic reaction 

The anodic reaction in the CO2 corrosion involves the dissolution of the iron of the 

steel into the aqueous CO2 solution as Fe2+. The reaction of the iron dissolution is 

associated with electron release. The typical anodic reaction can be illustrated as:  

Fe → Fe2+ +  2e−  2.9 

As results of the corrosion process, two electrons are released from reaction 2.9. The 

released electrons will be consumed in the cathodic reaction, which is balanced with 

the anodic reaction and occurs at the same rate of the anodic reaction [56, 57]. 
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2.1.4 Cathodic reactions 

Five possible cathodic reactions may occur on the sample surface [11, 40, 58, 59]  one 

or a combination of these reactions can cause the corrosion current.  

2H+ +  2e− ↔  H2  2.10  

2H2CO3 +  2e− ↔  H2 + 2HCO3
−

  2.11 

2H2O +  2e− ↔  H2 +  2OH−  2.12 

2HCO3
− + 2e− ↔  H2 +  2CO3

−
  2.13 

H2CO3 ↔  H+ +  HCO3
−

  2.14 

A large number of studies have been and continue to be conducted to achieve an 

understanding of the cathodic reaction pathway and the conditions that control 

reduction of the cathodic species on the metal surface. Previous studies proposed that 

at high pH levels the main cathodic reaction is the direct reduction of the carbonic 

acid H2CO3 [40, 60, 61] as first proposed by de Waard et al [62] reaction 2.11. At pH 

< 7 many studies [40, 63, 64] proposed that the main cathodic reactions are the 

reduction of H+ reaction 2.10 and the direct reduction of the carbonic acid H2CO3 

reaction 2.11. The authors referred their assumption to thermodynamic and kinetic 

obstacles that prevent the other two cathodic reactions from taking place. Ogundele 

et al [57], carried out a study to investigate the corrosion behaviour of mild steel in a 

CO2 saturated environment, the outcome of the study showed that the direct reduction 

of the bicarbonate ion reaction 2.13 is the main source of the cathodic current.  

The author conducted the study at conditions of CO2 partial pressure 7 bar and 

temperature 95ºC. A follow-up study by,  Burstein et al [65] excluded the direct 

reduction of bicarbonate ion from the possible cathodic reactions on mild steel surface 

under low acidity conditions. The author explained his conclusion by the high 

negative overpotential required to reduce the bicarbonate ion. Other authors attribute 

the elimination of the direct reduction of bicarbonate ion to its slow chemical reaction 

kinetics compared to the other species (.i.e. H+, H2CO3 and H2O) [59]. Dugstad’s [11] 

findings confirmed the limited contribution of the bicarbonate ion reduction to the 

cathodic current density. He attributed that to the low dissociation constant of 

bicarbonate compared to the other cathodic species with a higher dissociation 

constant. Direct reduction to water is also eliminated for similar reasons, as it requires 
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a high negative overpotential and water is considered to be a poor proton/hydrogen 

ion donor [11, 59].  

Recently there were some studies suggesting another possible cathodic reaction 

known as (Hydrogen buffering effect). These studies [66-68] show that direct 

reduction of carbonic acid has a limited effect on the cathodic current. Tran et al [66] 

in his recent study, investigated the cathodic reaction mechanism on the sample 

surface using an experimental approach. The author used two pH solutions 4 & 5 at 

different CO2 partial pressures (1 & 10 bar) to study the influence of the carbonic acid 

concentration on the cathodic reaction under these pH solutions. The results showed 

that the concentration of the carbonic acid has a very limited effect on the charge 

transfer current difference over the range of pH 4 & 5 and for this reason the author 

concluded the main reduction reaction on the surface was associated with what is 

known as “Hydrogen buffering effect”, reaction 2.14. At the hydrogen buffering effect 

reaction, the carbonic acid acts solely as an additional source of H+ to the hydrogen 

reduction process on the sample surface.  

Later, Kahyarian et al [67] proposed that the direct reduction of H2CO3 on the mild 

steel surface has a limited effect on the corrosion current. Remita et al [68] conducted 

a study to investigate the effect of hydrogen buffering, by comparing the reduction of 

the cathodic species under in CO2 saturation environment and N2 purged solution with 

the same pH; the study results showed that, if the carbonic acid reduced directly on 

the surface the local pH near the surface will increase in CO2 saturated solution 

leading to a decrease in corrosion rate in comparison to the N2 purged solution. The 

outcome of the tests confirmed that was not the case, therefore the author attributed 

the corrosion behaviour to the hydrogen buffering effect from the carbonic acid.  

Hydrogen buffering effect is not a new assumption;  Hurlen et al [69] in 1984 reported 

that the additional cathodic current can be a result of H+ reduction provided by the 

carbonic acid. The author suggested that the reduction of carbonic acid on the surface 

has a negligible effect on the cathodic current.  

Dugstad [18] in 2015 reported that at high pH ≥ 6 aqueous CO2 solutions, the 

concentration of bicarbonate acid increases to approximately ~300 times the 

concentration of carbonic acid [67]; under these conditions, another reaction becomes 

a possibility’ (reaction 2.15) which is known as carbonic acid regeneration.  

https://scholar.google.co.uk/citations?user=IQxwgqEAAAAJ&hl=en&oi=sra
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2HCO−
3 ↔  H2CO3 +  CO3

2−
  2.15 

Carbonic acid regeneration from bicarbonate reserved in the bulk solution was 

proposed by Turgoose et al [70] in his study in 1992. Where an increase in bicarbonate 

in the bulk solution at high pH was observed followed by depletion again near the 

surface associated with an increase in carbonic acid; the author described this 

behaviour as a disproportionation reaction. Nevertheless, no further details are 

available in the literature regarding this assumption. 

2.2 Types of CO2 corrosion  

CO2 corrosion exhibits itself in different forms. The process and mechanism of the 

corrosion are highly influenced by the environment. The initiation of each type of CO2 

corrosion required specific conditions, which control the rate, size and the shape of 

the corrosion product formation.   

2.2.1 Uniform corrosion 

Uniform corrosion or also known as general corrosion, is a type of corrosion 

(degradation) is the most common form of corrosion [71]. Figure 2-2 shows the 

typical form of metal degradation from the surface due to uniform corrosion attack.  

General corrosion caused a uniform metal deterioration (loss) from the exposed metal 

surface. The prediction and measurement of uniform corrosion are relatively easy, 

therefore it is not the main cause of corrosion failure within the industry [72]. Uniform 

corrosion progress and development are functions of the solution properties and the 

physical characteristics of the environment [73]. 
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Figure 2-2. Uniform corrosion form [19] 

2.2.2 Localised corrosion 

Localised corrosion occurs at confined areas of the metal surface. The rest of the metal 

surface shows lower rates of corrosion. The high corrosion rate zones are usually 

unprotected and exposed to a corrosive environment, the rest of the metal surface 

shows a higher degree of protection. Sun et al [74], investigated the localised 

corrosion behaviour under different conditions. The authors concluded that localised 

corrosion occurs when the surface of the metal is not fully protected, the corrosion 

rate decrease at the areas where the protective films are present in the compact 

structure, whereas the non-protected areas generate greater corrosion rate due to the 

exposure of the bare metal to the corrosive environment. The localised corrosion 

attack initiated as consequence of the uneven distribution of the protective films on 

the metal surface. 
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Figure 2-3. Localised corrosion [75, 76] 

 

Pitting corrosion is a form of localised corrosion, pitting corrosion is a serious threat 

to many alloys. Pitting corrosion has two separate phases of initiation and 

propagation, Figure 2-4 shows the morphology of the pitting corrosion.  

 

Figure 2-4. Morphology of pitting [77] 

 

The rate of this form of corrosion is determined by the penetration rate at the attacked 

areas, where the pit depth and size are an indication of the rate of pitting corrosion. 

The pit size can be classified as deep or shallow, depending on the size of the attacked 

area. Pitting factor is another way to describe the depth of pitting, which is the ratio 

of the depth of the deepest pit to the average of the reduction of the metal surface as 

determined by using mass loss technique [1, 78, 79]. 
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Chapter 3. Literature review 

3.1 Introduction 

A reliable understanding of the corrosion behaviour under flowing conditions is 

extremely important in pipelines design and construction. Water chemistry in terms 

of pH and salinity are other key considerations for pipeline materials selection. Any 

failure in the oil/gas transportation pipelines due to corrosion can cause devastating 

consequences to public health and the environment, adding to financial losses and 

disturbances in production and delivery schedules. Pipeline material selection 

depends on the physical properties and flows characteristics of the transported fluid. 

With regards to the presence of CO2 or H2S aqueous solution for over moderate 

distances, carbon steel is the most common material of choice for its favourable 

mechanical properties, availability, relatively low cost, and the ability to form a 

corrosion product to cover the surface [80, 81]. However, under solution conditions 

of high water content, high temperature and pressure, high flow velocities/wall shear 

stress and low pH environments other corrosion resistant alloys such as stainless steels 

and duplex stainless steels are preferable than carbon steel [82, 83].  

3.2 The structure of formed films 

The common use of carbon steel alloys in the manufacturing of the oil/gas pipeline 

transmission is attributed to its ability to forms a protective film which acts as a barrier 

to prevent the transport of the corrosion species to/from the metal surface [84, 85]. 

Nevertheless, corrosion products can be categorised as protective and non-protective, 

depending on the morphology, composition and the structure of the films [86]. The 

effect of the film structure on the corrosion process was investigated within a range 

of temperatures ≤ 150°C in water containing CO2. Film morphology is an important 

indication to predict the corrosion behaviour of the metal surface [29, 87-90]. There 

are three main film types: 

• Iron carbide (Fe3C) film. 

• Iron carbonate (FeCO3) film. 

• Iron carbonate plus iron carbide (Fe3C + FeCO3) film. 
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Figure 3-1 illustrates typical structures of the corrosion films. The formation rate of 

these films is greatly influenced by the physical and chemical properties of the 

environment. Therefore the corrosion behaviour of the carbon steel is determined by 

the structure, stability and adherent of these films [91]. 

 

Figure 3-1. Protective and non-protective structures of the combination of Fe3C and 

FeCO3 [10] 

3.2.1 Iron carbide Fe3C film 

Iron carbide films form at all temperatures.  Iron carbide films form due to an anodic 

dissolution of carbon steel which leads to a preferred dissolution of the ferrite phase 

and leaves the cementite (Fe3C) phase which is conductive [10]. The Fe3C film 

structure can be fragile and porous, and flow conditions can remove these films. Also, 

a tougher cementite can form at fast flow rates in a low CO2 partial pressure 

environment; this film consists mainly of Fe3C with some constituents of alloying 

elements from the steel [92]. Reducing the flow velocity increases the amount of Fe3C, 

and the empty cementite network forms a conductive porous sponge layer, very 

adherent, with a metallic-to-black appearance. The Fe3C film influences the corrosion 

process and increases the corrosion rate by a significant factor of 3 to 10, by playing 

a number of roles [10, 93, 94]: 

 Galvanic coupling:  

The conductive Fe3C can support cathodic reactions with iron and thus 

galvanic contact between the two can accelerate the dissolution of iron by 

accelerating the cathodic reaction. The cathodic reactions at the Fe3C film 

will change the local chemical properties of the solution.  
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 Local acidic sites:  

Cathodic reactions can occur in general at Fe3C sites, thus separating the 

anodic and cathodic corrosion reactions. This results in changes in the 

solution composition with the aqueous phase at cathodic sites becoming 

more alkaline and that of the anodic regions more acidic. This can cause 

internal localized acidification and increase corrosion rate on the metal 

surface. 

 Fe2+ enrichment:  

The dissolution of the ferrite phase at the metal surface leads to a gradient in 

concentration of the Fe2+ at the metal surface. This increases the local 

supersaturation of iron carbonate and promotes the formation of such films. 

 

The formation of Fe3C can, therefore, reduce the corrosion rate, depending on its 

manner of formation and its concentration within the film structure. It promotes the 

formation of FeCO3 films, to offer a degree of protection. This contrasts with, Fe3C 

providing local acidification and promoting galvanic corrosion and hence an increased 

rate of attack [10, 93-95]. 

3.2.2 Iron carbonate FeCO3 films 

For the mitigation of corrosion of carbon steel in the CO2 environment, FeCO3 or 

siderite is the most important film that can form. Film formation is strongly dependent 

on the thermodynamics and kinetics of FeCO3 precipitation [59]. Supersaturation of 

the solution has a major influence in the role in FeCO3 film growth and its 

morphology. A high supersaturation of FeCO3 is necessary to form protective films, 

especially at low temperatures [10, 41-43, 45, 47, 48, 50, 54, 55, 62, 96, 97]. 

The properties of the iron carbonate scales such as the adherence and thickness depend 

on the metal microstructure; the steel microstructure comparing pearlite/ferrite 

promotes the formation of an adherent scale [98, 99]. FeCO3 reduces the corrosion 

rate by reducing and practically sealing the porosity of the film and can lead to 

coverage of the metal surface by it is precipitation. This eliminates the diffusion fluxes 

of the species involved in the cathodic process and, therefore, can limit its 

electrochemical activity.  
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There is a general agreement in the literature that increasing the temperature ≥ 80°C 

would improve the protectiveness of the FeCO3 scale as well as its adhesion, hardness 

and that the higher the temperature, the greater the protectiveness [10, 41-43, 45, 47, 

48, 50, 54, 55, 62, 96-99] 

3.2.3 Iron carbonate plus iron carbide Fe3C +FeCO3 films 

This type of film is the most common film found on carbon and low-alloy steel 

surfaces in CO2 containing environments. During CO2 corrosion of carbon steels, the 

Fe3C phase is cathodic (corrosion resistant) and may combine within the FeCO3 film. 

The structure of the film then depends on where and when the FeCO3 precipitation 

takes place. On one hand, if it occurs directly and integrates within the carbide phase, 

then a protective and stable film will form that can often withstand high fluid flow 

conditions. On the other hand, the initial formation of a cementite layer on the surface 

followed by partial FeCO3 sealing, close to or beyond the external limit of cementite 

can lead to a non-protective film. If the cementite phase effectively sealed the iron 

carbonate layer formed in contact with the metal surface, an incomplete sealing or a 

partial dissolution of FeCO3 anywhere else is not detrimental and the corrosion film 

remains protective [10, 100]. 

The structure of the mixed film plays an important role in the formation and 

breakdown of protective carbonate film. This is influenced by the carbon content and 

the size and distribution of carbides, which therefore is dependent of the 

microstructure of steel [10].  

3.3 Theory of iron carbonate FeCO3 formation  

Iron carbonate film is the main naturally occurring protection barrier in pipelines 

against CO2 corrosion attack. The formation and growth of these films on the steel 

surface are controlled by the precipitation rate. In order to initiate the precipitation 

process, the solution must be supersaturated [59]. The mechanism of the iron 

carbonate film formation is a complicated process. Many theories have been proposed 

to describe steps involved in the formation process, and the possible factors which 

may affect the growth rate. Kazmierczak et al [101] referred to some of these factors 

as an influential effect on the film growth, such as that of species diffusion, adsorption 

of the film to the substrate, loss of water of hydration and reactions near to the 
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substrate surface. Nancollas [102] referred to the supersaturation of the solution as 

driving force for the formation of the film. Nancollas work confirmed that the initial 

stages of nucleation, which are contained in the reactant species, are not fully 

understood. Kazmierczak et al [101] did not believe that the ratio of bulk solution 

concentration to the equilibrium concentration is the driving force in protective film 

formation process. 

Slowing down one or a combination of these factors can reduce growth rate. 

Therefore, researchers divided the growth theories into two groups depending upon 

the growth rate governing factor; theory of diffusion control and theory of surface 

reaction control [84]. 

Greenberg and Tomson [103, 104], proposed that the kinetics and precipitation of iron 

carbonate are highly temperature sensitive, in which the rate limited process is 

governed by the temperature. In other words, at elevated temperatures ≥ 150ᵒC the 

precipitation is diffusion limited, however, at lower temperatures, precipitation is 

either surface reaction or mass transfer limited. Later, Tomson investigated the 

precipitation and kinetics of iron carbonate with Greenberg [103]. Their results 

confirmed the previous findings of Nancollas [102] and Nielsen [105] in which they 

considered the surface reaction as rate limited rather than the diffusion of the species.  

3.3.1 Iron carbonate formation rate 

Iron carbonate formation involves several chemical reactions governed by various 

conditions such as temperature, pressure, ion concentration and flow conditions. The 

study of iron carbonate formation kinetics centres on the investigation of these effects 

on the chemical reaction rates which produce the iron carbonate film. Despite the 

importance of iron carbonate precipitation and dissolution kinetics, the literature on 

these processes is rather limited [104]. 

Hunnik et al [106], investigated the precipitation kinetics of FeCO3 and introduced 

the scaling tendency concept which they defined as the ratio between the precipitation 

of iron carbonate film and the corrosion rate. When this ratio increased more than the 

critical value (i.e. the precipitation rate is higher than the corrosion rate), the iron 

carbonate grew and offered protection to the surface. They observed that the ratio 

declined in steel with low carbon content, this observation agreed with the findings of  

Dugstad [12, 106], when he concluded that steel with  ≥  0.15% carbon content can 

http://www.sciencedirect.com/science/article/pii/0883292792900363
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form a carbide network on the surface which increases the supersaturation level near 

the surface leading to a protective layer being formed, despite the bulk solution 

condition remaining undersaturated.  

Dugstad et al [29]  confirmed the previous findings of  [12], where the presence of the 

iron carbide film on the surface of high carbon content steel accelerates the formation 

of iron carbonate film. Moreover, these findings illustrated the effect of temperature 

on iron carbonate and carbide formation in high carbon steel content.  At temperature 

≥ 80ºC the iron carbonate film forms on the surface, and becomes a substrate to the 

carbide films; however, at a temperature of 60ºC carbide films form beneath the iron 

carbonate and cause a high corrosion threat to the steel surface [107].  

Ueda et al [108] explained further the effect of iron carbide formation on the FeCO3 

stability. Ueda used J55 and N80 steel with 0.52% and 0.23% carbon content 

respectively at a temperature below 80ºC.  Results showed that J55 steel had better 

local corrosion resistance than 0.23% carbon N80 steel. The author attributed this 

behaviour to the effect of the iron carbide structure on the species concentration near 

the metal surface, resulting in iron carbonate formation within the carbide films. 

Furthermore, lamellar iron carbide increased the FeCO3 adhesion bond to the surface. 

However, the situation in the N80 steel is much different. The homogeneous 

formation of iron carbide on the surface acts as a cathodic site reducing the adhesion 

bond of FeCO3 to the surface, becoming an interface between the iron carbonate and 

the surface and leads to severe corrosion attack [108]. 

3.3.2 Parameters affecting the formation of iron carbonate films 

3.3.2.1 Temperature effect 

Dugstad [29] explained the effect of temperature on the iron carbonate kinetics. At 

temperature > 60ºC a high precipitation rate leads to a reduction in supersaturation. 

These conditions produce dense and crystalline films that provide high protection to 

the surface. At temperatures < 40ºC a low precipitation rate is observed and high 

relative supersaturation can exist due to the dissolution of iron carbonate. These 

conditions are likely to produce a porous, weak adherent and non-crystalline film. 

Dugstad suggested, that in order to get a dense and high protective film at low 

temperature, the supersaturation level near the steel surface must increase. The author 
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added that the high supersaturation level found near the surface can be attributed to 

the corrosion products, which prevent the movement of the reactant toward the bulk 

solution. A process balance is maintained between the corrosion and the precipitation 

rates. 

Nesic et al [109] investigated the kinetics of iron carbonate films and confirmed the 

influence of supersaturation and temperature on the film kinetics, where at high 

supersaturation, high precipitation rate was observed and a layer of iron carbonate was 

formed. However, the corrosion process can cause voids within or under the iron 

carbonate layer leading to porous sites and increasing the corrosion rate. Nesic 

explained that this behaviour is likely to occur at low tendency ratio conditions 

(Hunnik ratio [106])  (i.e. the temperature of > 60ºC and low pH levels). Figure 3-2 

shows the outcome of a FeCO3 formation test conducted by Nesic et al [109]. The 

SEM image highlights the thickness of the iron carbonate film and the visible porosity 

and voids underneath the formed layer.  

 

Figure 3-2. SEM image of a cross-section of the iron carbonate film formed on the 

surface at temperature 80ºC, pH 6.6 and  Fe+2 concentration 250 ppm [109] 

 

These voids can occur at any level of supersaturation when the iron carbonate covers 

the surface, the corrosion continues under these films creating voids that Nesic called 

“film undermining”.  



- 24 - 

However, when the rate of precipitation is more than the corrosion rate, ongoing 

precipitated films fill these voids once they are created. At low precipitation rates, 

these voids grow further and cause spalling and porosity to the layer. Nesic proposed 

that using the solution species concentrations near the steel surface in Hunnik’s [106] 

ratio offered an indication of the iron carbonate growth, rather than considering the 

bulk solution chemistry in this ratio. Nesic called this version of scaling tendency ratio 

“surface scaling tendency or SST”. The SST ratio can be very different from the one 

obtained by using bulk chemistry (Hunnik’s [106] ratio). Nesic attributed these 

possible differences to the variation of the scaling tendency with time as the 

precipitation and corrosion rates changed.  

The author’s experimental results at temperature 80ºC confirmed that the 

consideration of the high supersaturation parameter of the bulk solution solely as an 

indication of protective film formation is lacking in accuracy.  

The study by Dugstad [11] confirmed his previous findings, that the supersaturation 

is the main driving force for film precipitation. However, Dugstad concluded that 

whether nucleation or crystal growth processes dominate the precipitation, depends 

on the relative supersaturation. At low relative supersaturation, crystal growth is faster 

than nucleation leading to the formation of large crystals distributed on the metal 

surface. However, at high relative supersaturation, crystal nucleation dominates the 

precipitation process, resulting in substantially smaller crystals being formed. High 

temperature and supersaturation result in high precipitation rates, leading to the 

formation of a dense iron carbonate layer. At lower temperatures, a significant 

reduction in precipitation rate occurs. Under these conditions, if the steel surface is 

descaled or cleaned, a protective film is not expected to form. In this case, a stagnant 

period is necessary to elevate the supersaturation level at the metal surface in order to 

initiate film formation and the deposition of the FeCO3 on the surface.  

Sun et al [84] found that high temperature and stagnant solution conditions lead to 

iron carbonate layers which were dense. Sun illustrated how the stagnant conditions 

can increase the ferrous carbonate concentration which leads to elevating the 

precipitation rate at relatively low temperatures of 60ºC. Furthermore, at high 

temperatures ≥ 80ºC the main source of the ferrous ions forming a FeCO3 layer is the 

bulk solution, however, at low temperatures the source is the dissolution of the films 

and the corrosion at the metal surface. 

http://click.thesaurus.com/click/nn1ov4?clksite=thes&clkpage=the&clkld=0&clkorgn=0&clkord=0&clkmod=1clk&clkitem=continuing&clkdest=http%3A%2F%2Fthesaurus.com%2Fbrowse%2Fcontinuing
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Gao et al [89] in their interesting research investigated the growth mechanism of iron 

carbonate films of X65 steel surface under various temperatures and exposure times. 

A duplex layer structure of iron carbonate films was observed, which is a thin line that 

divides the protective layer into two layers; the outer is thin and the inner is thicker, 

which suggests a two-phase structure. At temperature 75ºC and 108h exposure, only 

a single layer structure is observed on the surface. The porosity of the formed film 

was an inverse function of the temperature, at a high temperature of 90ºC the porosity 

of the iron carbonate film decreased with time, however, at 75ºC, it took 

approximately threefold the time at 90ºC to achieve a similar porosity level as shown 

in Figure 3-3. 

 

Figure 3-3. Gao et al [89] study outcome of the temperature effect on the iron 

carbonate film porosity: a- at 75ºC b- at 90ºC  

 

Temperature accelerated the kinetics of FeCO3 precipitation, making it more 

protective. The solubility of the iron carbonate film depends on temperature. To 

achieve supersaturation, FeCO3 precipitates at high pH and/or high concentration of 

Fe2+. However, when the temperature is increased, the pH value necessary to initiate 

the FeCO3 precipitate will decrease. For example, at 80°C FeCO3 starts precipitation 

on steel surface only if the pH is ~ 6.0. At 120°C, the iron carbonate precipitates at 

pH ~ 4.0 which is a significant reduction in pH value [110].  

Hassan et al [111], investigated the formation of the protective films under flowing 

conditions at different temperatures and pH levels. The authors employed rotating 

disk electrode (RDE). The outcome of the study confirmed that iron carbonate 

formation favoured high temperature and high pH environment. Under flowing 

conditions, the formation rate of the protective films decreased as a function of the 

flow velocity. 
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3.3.2.2 Microstructure effect 

Previous studies by Dugstad [11, 29] referred to the effect of iron carbide on the iron 

carbonate protectiveness and explained how these brittle films can promote the 

formation of FeCO3,  Dugstad concluded that quenched and tempered low carbon steel 

needs stagnant periods to initiate the film forming process under low supersaturation 

and temperature conditions, where ferritic-pearlitic steel forms a carbide network on 

the surface and iron carbonate films can form on that substrate [11].  

Farelas et al [112]; studied the effect of iron carbide on the formation of protective 

films. In this research, the findings showed a porous carbide layer formed at the early 

stage of corrosion on the X65 steel surface. Carbide films act as a diffusion barrier for 

the reactant species, which leads to elevating the pH and the saturation levels, 

resulting in iron carbonate formation and precipitation within and as a substrate of the 

carbide films.  The microstructure of the X65 steel contains Fe3C prompts the stability 

of the iron carbide, making it hard to dissolve. Other steel microstructure phases, e.g. 

ferrite which is subject to dissolution, act as sources of ferrous ions at the steel surface 

or bulk solution. The author used another steel sample with a ferritic-pearlitic 

microstructure to confirm his findings with X65 steel. Higher corrosion rates were 

observed which resulted in the formation of thick iron carbide layer. The stagnant 

conditions inside the porous increased solution saturation and pH level promoted the 

formation of iron carbonate layers. However, the formation of iron carbonate and iron 

carbide layers were faster in the case of ferrite-pearlite steel than X65, despite the 

similarity in composition. 

 

Figure 3-4. Akeer et al [16] corrosion rate of different carbon steel microstructure as 

a function of flowing conditions, temperature 80ºC and pH 6.6 at 30 Pa for 

first 48 hrs, and to 535 Pa for the left of the test period.  
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Gao et al [89] explained the effect of iron carbide and ferrite phases in the steel 

microstructure on the films growth, where, iron carbide can increase the corrosion 

rate, and ferrite is subject to dissolution, resulting in an eroded surface. The authors 

observed a galvanic cell between the eroded ferrite as an anode and the iron carbide 

as a cathode, which was proposed as a possible mechanism of iron carbonate 

precipitation. Gao, et al findings are in agreement with the Dugstad et al [12] study 

about the influence of relative supersaturation on the nucleation and crystal growth of 

iron carbonate film. Akeer et al [16], carried out an investigation to understand the 

corrosion behaviour of the different microstructure of carbon steel under flowing 

conditions, using a thin channel flow loop at a high temperature of 80ºC and pH 6.6. 

The flowing conditions were two wall shear stresses level 30 & 535 Pa. The author 

concluded that corrosion behaviour of the carbon steel was varied as a function of the 

microstructure and the wall shear stress. Figure 3-4 shows the corrosion behaviour in 

the study of Akeer, carbon steels with tempered martensite (X65I & X70) exhibited 

higher corrosion rates than the hot rolled steel with pearlite and ferrite (X65II & X52) 

microstructures. The corrosion rate then dropped rapidly as a consequence of iron 

carbonate formation on the metal surfaces. After 48 hrs the wall shear stress increased 

to 535 Pa to examine the effect of the flow on the stability of the protective film.  

Liu et al [113], investigated the effect of the microstructure of the carbon steel on the 

corrosion behaviour, the outcome of their study confirmed the presence of martensitic 

and ferritic crystalline structures which promote the formation of the protective film. 

Guo et al [114], studied the effect of the microstructure on the corrosion behaviour of 

the high strength low alloy steel. The author concluded that acicular ferrite enhances 

the corrosion resistance due to the increase the steel toughness, however, steel with 

martensitic structure exhibited a lower corrosion rate as consequence of the protective 

film formation. 

3.3.2.3 Species concentration effect 

The results of Sun et al [84] showed an agreement with findings of  Nesic et al  [109] 

regarding the kinetics of iron carbonate film. They confirmed that the iron carbonate 

formation process reduces the species concentration near the steel surface; however, 

the diffusion of iron ions from the bulk solution and the corrosion occurring within 

the iron carbonate porous and voids increases the concentration of the species at the 
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metal surface. Taking into consideration that the rate of films precipitation is much 

faster than the rate of species diffusion from the bulk solution to the metal surface, the 

precipitation becomes diffusion-controlled.  

Sun observed an interesting behaviour of iron carbonate growth. It was found that the 

thickness of the iron carbonate layer formed on steel surface in the absence of an 

inhibitor was four times thicker than a layer formed in the presence of the inhibitor. 

The authors attributed this behaviour to the Fe+ concentration and the solution 

chemistry at the surface which is high in case of the absence of the inhibitor and low 

when the inhibitor is present. This confirms the suggestion of Sun; that the corrosion 

within voids or beneath the porous film and the species movement from the bulk 

solution, increases the precipitation rate by replenishing the consumed ions at the 

metal surface. Moreover, iron carbonate film forms on a bare surface faster and thicker 

because corrosion leads to a much higher supersaturation near the metal surface than 

the bulk solution which leads to a high precipitation rate. Neville et al [107], 

investigated the formation of calcium carbonate scales on both the bulk solution and 

on the metal surface. Neville referred to the importance of the supersaturation as the 

driving force for films formation, and the value of the supersaturation ratio governs 

the formation kinetics. Also, that high supersaturation increases precipitation rate of 

the film on the surface. Furthermore, Neville’s findings confirmed that supersaturated 

solution enhanced the coverage of the films formed on the substrate surface as shown 

in Figure 3-5.  

 

Figure 3-5. Neville et al [107]. The effect of the Ca2+ concentration in the bulk 

solution on the precipitation rate of calcium carbonate on the surface:  

A- 1440 mg/l   B- 720 mg/l   C- 350 mg/l  
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Nafday et al [115] investigated the formation of iron carbonate in acetic acid 

conditions. The findings suggest that high concentration of Fe+ at the metal surface 

not only increases the precipitation rate but also produces a dense protective layer 

with a significant reduction in corrosion rate within a shorter time than a low 

concentration of Fe+ at the steel surface in similar conditions.  

These findings agree with the previous work and confirm the importance of the 

species concentration at the metal surface in the formation of the protective layer. 

Nafday concluded that at high pH conditions the presence of free organic acids has no 

effect on the formation of the protectiveness of the layer. However, the concentration 

of the organic acid has a major effect on the corrosion rate of the bare steel surfaces.  

Kennell et al [116], investigated the growth of the corrosion product at a CO2  aqueous 

solution. His findings confirmed the dependency of the precipitation rate on the 

temperature which agreed with several previous studies [103, 107, 117, 118]. Kennell 

found that CO2 partial pressure parameter affected both precipitation process of the 

nucleation and the growth of the film. Dense and compact films were formed at high 

CO2 partial pressure due to the initial increase in corrosion rate, and the 

supersaturation increase as consequent. However, the amount of iron carbonate film 

was not sufficient to establish a protective layer on the surface, despite the high iron 

ions concentration due to the (additional Fe2+ added to the CO2 aqueous solution prior 

to the test). The authors attributed this behaviour either to the local acidification or 

physical hindrance. Nevertheless, at room temperature the precipitation rate is 

extremely low regardless of the species concentration; it is well known that the 

precipitation rate is highly temperature dependent.  

3.3.2.4 pH effect 

Previous studies have shown the effectiveness of the pH level on the corrosion 

behaviour of the carbon steel and the formation of the protective films on the surface 

[110, 119]. It has been confirmed by experimental results [120, 121] that corrosion 

rate is a strong function of the pH. Fajardo et al [122], studied the corrosion behaviour 

of the mild steel under different pH and temperature levels, the outcome showed a 

significant increase in corrosion rate at low pH conditions due to the high availability 

of the mass diffusion species in the bulk solution. Solution acidity represented by pH 

level not only affect the corrosion rate, it has a strong influence on the formation 
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process of the protective films. High pH environment increases the supersaturation 

level by decreasing the solubility of the iron carbonate crystals [31, 123].  Nesic et al 

[109] investigated the growth of the iron carbonate film. The outcome of the study 

confirms the effect of the pH on the corrosion rate of the mild steel and the formation 

of the protective films. Whereas at high pH solution the solubility of the FeCO3 

decreased leading to an increase the precipitation rate of the protective films. The 

Dugstad [11] study showed the influence of the pH on the formation process. By 

monitoring the Fe2+ concentration as a function of the pH level, the author found that 

the solubility of Fe2+ decreased by a factor of 5 if the pH increased from 4 to 5, and 

by a factor of 100 when the pH went up from 5 to 6.  

Berntsen et al [87] investigated the CO2 corrosion mechanism at high pH ≥ 7 and 

room temperature ~20ºC on X65 steel samples. The outcome confirmed that; the 

formation of iron carbonate is extremely slow and at the film size of around 1-2 µm, 

no carbide was observed on the surface, despite the corroded surface which indicated 

the amount of the metal removed due to the corrosion. High supersaturation was used 

to overpower the low-temperature effect on the precipitation rate, however, the 

protectiveness of the iron carbonate layer was low regardless of the continuous 

buffering. The Berntsen findings confirmed the outcome of the Dugstad studies [12, 

29] that carbide presence is a key parameter for iron carbonate formation. 

Tanupabrungsun et al [110] investigated the effect of the pH solution on the CO2 

corrosion products at elevated temperatures, Their findings agreed with previous 

studies [100, 124] in which the pH has a major effect on the corrosion rate, and high 

influence on the FeCO3 formation. High pH value decreases the corrosion rate in the 

system by reducing both the H+ ions concentration in solution and the solubility of 

FeCO3 resulting with supersaturation and a high precipitation rate. 

3.4 Flow effect on the corrosion behaviour of 

protected/unprotected carbon steel 

Transportation pipelines in oil and gas production are important in industry. Pipelines 

transport mixtures of oil, gas and water from the reservoirs to the refinery units or/and 

a single-phase transport to export platforms. Corrosion threat on the steel surface 

depends on several factors, which can then be divided into chemical and physical 

parameters. Flow conditions of the fluid are important physical parameters [125]. 



- 31 - 

To understand the influence of fluid flow on the steel surface corrosion in a CO2 

containing environment both physical and chemical factors should be considered. For 

instance, to initiate a corrosion attack on steel surface the aqueous CO2 solution should 

be in contact with the steel surface; within these physical & chemical conditions, CO2 

corrosion will occur [10, 126].  

These factors are highly affected by the flow conditions inside the transmission 

pipelines of oil product (containing water cut) and varied depending on the velocity 

of the fluid and the water rate within the fluid. Figure 3-6 shows CO2 corrosion attack 

on a transmission pipeline of natural gas under flowing conditions. 

The effect of flow on CO2 corrosion of the protected/unprotected carbon steel surface 

is still debatable.  Kermani et al [10] proposed that the effect of the fluid flow on the 

corrosion is yet to be understood, and that, the flow dynamic if present adds more 

complexity to the prediction process of the corrosion rate.  

The parameter that is currently favoured for determining the effect of flow on 

corrosion rate and film formation/stability is the wall shear stress at the pipe wall. 

Although there is limited reported data on the upper limits of the shear stress, a figure 

of 100 Pa for carbon steel above which disruption to surface films becomes a concern, 

is considered by some as appropriate [10, 94]. 

 

Figure 3-6. Pipeline failure due to CO2 corrosion in flowing conditions [127].  

 

Wall shear stress and the mass transfer of the species involved in corrosion process 

are the parameters by which the effect of the flow of corrosion products is determined 

[20]. Corrosion rate can be affected by the fluid movement to the steel surface. It is 

similar to a relative motion between the surface and the fluid motion layers. Velocity 

is the parameter which governs the flow pattern; high velocity leads to an increase in 

the mass transfer of species from/toward the steel surface, resulting in an increase of 

corrosion rate [21-23, 33, 128].  
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3.4.1 Turbulent Flow 

Fluid flow can be divided into two types, laminar and turbulent illustrated in 

Figure 3-7. In the field, it is unlikely that laminar flow will be present and turbulent 

flow is the most common type of flow. In the turbulent flow, nonparallel velocity 

vectors and fluctuations occur in the boundary layers [128].  In viscous flow, 

Reynold`s number “Re” is a dimensionless number used to describe the flow intensity, 

and to predict the flow velocity at which turbulence occurs. High Reynold`s number 

means higher flow turbulence [129, 130].  

 

Figure 3-7. (a) Laminar flow (b) turbulent flow [131] 

 

High-velocity flow leads to a turbulent flow in the pipelines. This type of flow can be 

divided into two parts; first, the turbulent core where the mean velocity is constant 

and the boundary layer represents the interface between the fluid and the pipe wall. 

Within this layer all the interaction between the surface and the fluid occurs from 

species mass transfer and stress changes; moreover, turbulent boundary layers 

influence the film formation and growth on the steel surface, and mechanical removal 

may occur within this layer [132].  

Slaimana et al [26], carried out an investigation to study the effect of flow turbulence 

on the corrosion behaviour at different temperatures. The results showed the corrosion 

rate is a function of the flow intensity. High corrosion rate was recorded at high flow 

turbulence and temperatures. Although no further details were given to explain how 

Reynold`s number influences the corrosion rate. In Figure 3-8 the limiting current 

density (y-axes) is a function of temperature, Reynold`s number and time. Limiting 

current density is a strong function of the diffusion rate of the cathodic species to/from 

the metal surface. 
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Figure 3-8. Slaimana et al [26] study outcome of the effect of the flow turbulence 

on the limiting current density at temperatures: 30ºC, 45ºC, and 60ºC 

3.4.2 Flow velocity 

A large amount of research has been reported to investigate the corrosion behaviour 

of carbon steel under a wide range of flow conditions. In general corrosion rate 

increases with the flow velocity. Villarreal et al  [25] proposed that, despite an initial 

increase in corrosion rate with the velocity, the corrosion rate slightly declines at 

higher fluid velocity as shown in Figure 3-9.  

The author attributed that, to the species involved in the corrosion processes, which 

are transferred by flow movement have less influence on the corrosion than 

electrochemical reactions at the surface. The author added that corrosion rate showed 

a significant increase at higher velocities due to an increase in the films mechanical 

removal.  
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Figure 3-9 Villarreal et al  [25] corrosion rate as a function of flowing conditions at 

1% of NaCl, saturated with CO2, temperature 40°C. 

 

Palacios et al [24] suggested in their work a similar observation, at single-phase flow 

with pH value maintained at 3.4; the author noticed that the corrosion rate decreased 

when a greater fluid velocity was applied, but the corrosion rate increases again after 

that.  Furthermore, the study by Videm [133] showed some passivity on the steel 

surface even with high fluid velocity as 20m/s. Palacios [24] attributed Videm’s  

findings to the steel microstructure, whereas his work confirmed that steel with 

pearlitic-ferritic microstructure can easily form protective layers and offer passivity 

despite the turbulent flow conditions where a steel with martensitic microstructure 

requires a low flow dynamic to maintain an iron carbonate layer. Ferreira et al [27], 

investigated the corrosion behaviour under flowing conditions at high pH 

environment and room temperature.  

The author simulated the flowing conditions by using a Rotating Cylinder Electrode 

RCE rig. The investigation concluded that corrosion rate of the carbon steel increases 

with the flow velocity and directly proportional to the surface roughness of the 

samples, although tests conditions were limited by low flow velocity and high pH 

solution. Later on, Ferreira et al [90] conducted another a series of tests to study the 

effect of the flow on the corrosion behaviour of the carbon steel using Thin Channel 

Flow Cell (TCFC). Corrosion rate increased as a function of the flow at all cases, 

however flowing conditions also promoted the formation of a protective film at flow 

velocity 3.5 m/s at CO2 partial pressure 2 bar and temperature of 80ºC. Nesic [14] 

investigate the effect of the flow velocity (up to 2.5 m/s) on the CO2 corrosion of 

carbon steel, the outcome showed a rapid  increase in corrosion rate as function of the 
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flow velocity at pH 4, however at pH 6 the corrosion rate showed no significant 

increase in the same range of flow velocities as shown in Figure 3-10.  

 

Figure 3-10. Nesic [14] study of the effect of the flow velocity on the corrosion rate 

at pH 4 & 6 at temperature 80ºC 

 

Zara et al [134] studied the effect of flowing conditions on the corrosion rate of the 

carbon steel at CO2 saturated environment, the outcome showed a rapid increase in 

the corrosion rate with flow velocity. The author attributed the increase in the 

corrosion rate to the high flow turbulence associated with the high flow velocity. 

Another study by Barmatov et al  [135] investigated the effect of the flow velocity on 

the corrosion rate using RCE rig, the author reported that at high flow velocity the 

corrosion rate of the X65 carbon steel showed a rapid increase. 

3.4.3 Mass transfer rate effect 

Mass transfer in corrosion can be defined as the movement of the species involved in 

the reaction toward and/or from the substrate to bulk solution, due to the non-

equilibrium condition between the solution and the metal surface [136]. The mass 

transfer of the reactant species effect on the corrosion rate can be via two mechanisms;  

 The transfer of species involved in corrosion to the steel surface. 

 Transport of the dissolved corrosion films away from the metal.  

Flow velocity can play a significant role in the mass transfer process. High fluid 

velocity increases the rate of the species movement toward/away from the bulk 

solution, especially within turbulent flow [137, 138].  
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Nesic [14] attributed that to the turbulent flow effect on the species movement to/from 

the mass transfer boundary layer, the author added that hydrogen ion reduction in CO2 

corrosion on mild steel surfaces is highly influenced by turbulent flow. Fluid velocity 

increases the mass transfer of H+ ions to the surface to precede the reduction reaction 

and to buffer the H+ concentration at the surface. In addition, this leads to a reduction 

of the pH near the surface and therefore an increase in corrosion rate. Wang et al [139] 

suggested that the effect of turbulent flow on CO2 corrosion can be attributed to the 

increase of mass transfer of species from/to the metal surface, where the turbulent 

flow increases the transport of the cathodic reaction species H+ from the bulk solution 

to the surface. 

Other reduction reactions which involve other cathodic species e.g. H2CO3 are less 

dependent on the flow regime and mass transfer, as proposed by  Wang et al [139]. 

Nesic et al [14, 139] stated, that the slow H2CO3 hydration reaction plays a significant 

role in the determination of reduction species concentration at the surface. Therefore, 

at high CO2 partial pressure condition (pCO2 >5 bar), the cathodic reaction will be 

mainly through the H2CO3 reduction, which means less influence of mass transfer on 

the corrosion rate. However, Nesic proposal opposed a previous study by Denpo et al 

[140] where it showed an influence of flow regime on CO2 corrosion rate even at high 

CO2 partial pressures. The outcome of Tran et al and Remita et al studies [66, 68] 

contradicted the direct reduction of the carbonic acid as possible cathodic reduction 

reaction and proposed another reduction mechanism known as hydrogen buffering 

effect.  

Mass transfer of the positive iron ions Fe+ can highly affect corrosion rate. A turbulent 

flow increases Fe+ mass transfer toward the bulk solution decreasing Fe+ 

concentration at the steel surface; in these conditions forming iron carbonate layer on 

the surface becomes harder. Furthermore, the effect of Fe+ ions mass transfer on the 

corrosion rate can be greater when it occurs in accompanying with a decrease in the 

pH at steel surface [14]. 

3.4.4 Shear stress effect 

Several studies have been carried out to investigate the mechanical effect of flow on 

pipeline walls and the adherent films on it [25, 128, 133]. Several 

mechanical/chemical interactions between the pipe wall and the fluid during the flow 
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take place, e.g. chemical dissolution and species mass transfer. Mechanical 

interactions have a significant role in the corrosion process. With single-phase flow, 

wall shear stress is one of the main mechanical force which can be imposed during a 

turbulent flow in the pipelines. 

Iron carbonate film presence on the surface create a rough surface. Under flowing 

conditions, rough surface creates near wall micro-turbulences, thinning the boundary 

layer and increases the wall shear stress, which may produce porous sites. Porous sites 

are the typical environment for corrosion cells and can lead to further scale removal 

and exposure of the steel surface to highly corrosive conditions [84, 141].  

Practically shear stress must be at the high level to break the adherent force between 

the films and the substrate. Researchers have studied this phenomenon for many 

decades, starting with Efird [142]. His research indicated that the mean shear stress 

generated by the flow of seawater on metal surfaces could be enough to overcome the 

binding force between the substrate and the scales if it reached a certain level. He 

called this ‘critical shear stress’ and suggested that mean wall shear stress is the main 

factor in the mechanical removal process.  

  

Figure 3-11. Wall shear stress profile on the pipeline wall [19] 

 

Schmitt et al [143], suggested that wall shear stress, caused by the fluid flow cannot 

at any stage break out the scales from the metal surface solely; Schmitt, supported this 

claim by experimental results. Later, Schmitt et al [35], confirmed his previous 

findings, that wall shear stress is an order of magnitude less than the films adherent 

energy with the surface. However, Schmitt added that theoretically, the critical wall 

shear stress is enough to initiate a mechanical removal of the protective layer on the 

surface. According to the outcomes of Yang et al’s [144] study, the wall shear stress 

fluctuating might be the key to determining the governing factors the removal process. 
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The author found that mass transfer is better correlated with fluctuation wall shear 

stress than mean wall shear stress. 

In a recent study by Nichols’s et al [145] investigated the effect of high shear stress 

on the corrosion processes under moderate to very high shear value (10 to 10,000 Pa) 

was examined. The author explained the extremely high shear stress level by the 

possibility of such level of shear stress is high at some stages of the production stages. 

The outcome of this study highlights the importance of the shear stress as a parameter 

in determining the corrosion behaviour and the inhibition properties of the inhibitors. 

Zhang et al  [146], carried out a study to examine the corrosion behaviour of N80 

carbon steel under static and dynamic conditions. Corrosion rate accelerated as a 

function of the flowing conditions, the author attributed this behaviour to the shear 

stress and the turbulent energy applied on the surface preventing the formation of the 

protective film due to the ongoing mass transfer from/to the surface.  

Jiankuan et al [147], studied the effect of the flowing conditions on the corrosion 

behaviour of the X65 carbon steel under wet CO2 environment, the outcome showed 

an increase in corrosion rate as a function of the flowing conditions. A continuous 

flowing conditions resulted in the formation of the protective film. 

Although, many studies were carried out to investigate the effect of the wall shear 

stress on the corrosion behaviour of the both protected/unprotected surface of the 

carbon steel, the effect of the wall shear stress as flowing conditions parameter on the 

corrosion rate, in general, is still lack of investigation in a realistic flowing conditions. 

3.4.5 Film removal mechanisms  

Carbon steel shows a good corrosion resistance when protective layers are formed on 

the surface act as diffusion barriers to the reactant species from/to metal surface [148]. 

However, the level of iron carbonate films protection can be affected by different 

factors. Physical and chemical parameters can reduce the surface coverage of the 

protection films by damaging the adherent structure of the iron carbonate layers, 

resulting in the removal of these films from the surface. This will be followed by an 

increase in corrosion rate due to the exposure of the steel surface to the aqueous CO2 

solution [10, 23, 88]. Many studies were carried out to investigate the removal of the 

protective films at different mechanical and chemical conditions [21-23, 33, 100, 104, 

141, 149-152]. Fluid flow influences the corrosion rate of the covered surface in 
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different ways. Below the critical flow intensity, the corrosion rate increases only 

gradually as a function of the flow intensity.  Above this critical flow intensity, the 

interaction between the fluid and the wall becomes so intense that the shear stress 

exceeds a limit and leads to the destruction of the protective film, which also prevents 

the re-formation of the protective films [21, 22]. Flow dynamics can damage the film 

by applying a mechanical stress when the film is poorly adherent to the surface 

causing the removal of the protective film and exposing the bare metal surface to the 

corrosive environment, leading to corrosion attack. Although the removal mechanism 

in a single and multi-phase flow is not fully understood, it can, however, be due to 

hydrodynamic effects or chemical dissolution of the protective film [21]. 

Nevertheless, the mechanism of the removal process of the protective films is still 

debatable between a mechanical, chemical or synergistic effect of both mechanisms. 

A clear distinction should be made between pure CO2 corrosion and a combined 

interaction of erosion-CO2 corrosion. The flow rate of water containing CO2 has two 

principal effects on film formation and corrosion rate.  

First, it prevents the formation of the protective film and slows down it is growth by 

reducing the local supersaturation Fe2+ & -CO3. Second, flow can damage the film by 

applying a mechanical stress when the film is poorly adherent to the surface causing 

a localised corrosion, especially Mesa attack [10, 21].  

3.4.6 Erosion effect on film removal 

Erosion is the process in which a deformation occurs due to gradual removal of 

material from the surface by continuous solid particle impingement [153]. Erosion 

can cause severe damage to the components and this may lead to catastrophic 

consequences both financially and the integrity of the pipeline. Significant attention 

has been given to investigate this phenomenon in recent years. The presence of water 

containing solid particles and CO2 can develop a chemical/mechanical interaction 

with the steel. The complexity of the erosion-corrosion process is that the synergism 

effect is not fully understood, where the total weight loss due to erosion-corrosion is 

higher than the sum of material loss of both the pure erosion and corrosion process 

[49, 100, 124, 154, 155]. Figure 3-12 illustrates the effect of the erosion on the 

protective films when solid particles are present in the solution. 
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Figure 3-12. Schematic of turbulent eddy mechanism for downstream undercutting 

of erosion-corrosion pits [156] 

 

Hu et al [15] studied erosion-corrosion to determine the loss of the total material due 

to pure erosion & corrosion and the synergism between erosion-corrosion under a 

range of temperature. The author observed the effect of fluid velocity on the ions 

supersaturation necessary to form the protective layer. The results showed the 

difficulties in maintaining the supersaturation of corrosion species to form the iron 

carbonate layer. The fluid dynamic flows the ions away resulting with low 

supersaturation to form FeCO3. Hu concluded that the effect of corrosion enhancing 

erosion dominates the material loss process.  

Ige et al [36], conducted research to study the influence of the erosion-corrosion and 

flow-induced corrosion on the X65 carbon steel in blank and inhibited conditions 

using both Rotating Cylinder Electrode RCE and Submerged Impinging Jet SIJ 

techniques for low and high shear stress tests respectively at temperature 45ºC. Ige 

found that the presence of the inhibitor reduces the material loss, where a significant 

reduction was observed in inhibited conditions compared with the same parameters in 

blank condition. In terms of sand loading parameters the authors observed no 

significant change in degradation when sand loading changed at low flow velocity 

(low shear stress) however, at higher shear stresses, sand loading has a high influence 

on the erosion-corrosion rate. 
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3.4.7 Mechanical film removal by hydrodynamic forces  

Many studies have been carried out to investigate the removal mechanism and the 

effect of flow rate on iron carbonate films. The corrosion process is affected by fluid 

velocity due to the fact that flow velocity governs the species mass transfer rate by 

playing an important role in the film removal [157]. A critical wall shear stress was 

introduced as the defining factor for the mechanical film removal [34-36, 155]. 

However, it is thought that critical shear stress values are too small to be the cause of 

the mechanical removal disruption, the intensities of the near wall turbulence also 

have a very influential role in the removal process. Nesic [37] simulation experiments 

showed the separation and reattachment of the flow through a sudden pipe expansion 

leads to increase the flow turbulent at that area, resulting in high rate of mass transfer 

and weight loss, the author referred the weight loss purely to the corrosion rate. The 

maximum metal loss was observed at high turbulence areas coupled with mean wall 

shear stress equal to zero near to the point of flow reattachment. Later Nesic [14] 

investigated the mechanical removal of the protective film using a Rotating Cylinder 

Electrode RCE in highly turbulent flow regime. Nesic concluded that shear stresses 

applied on the film are physically not enough to remove the films by breaking down 

the adherent bond between the scales and the surface.  However, there are some other 

suggestions from field experience that; hydrodynamic effects are able to remove 

FeCO3 scales. The author attributed these suggestions and the results behind them to 

other factors, e.g. Water chemistry and the presence of organic acids in the 

environment. Ruzic et al [21, 22], in his work, concluded that the previous works 

regarding scales removal in flow conditions might be the “missing link”, that is, the 

determining factor for film removal. Other authors like Schmitt et al [143] proposed 

that an internal stress which is associated with films growth process known as intrinsic 

stresses could cause film cracking rather than hydrodynamic forces.  Schmitt 

attributed the film removal to the intrinsic stresses developed from the volume 

mismatch between the metal surface and the growing FeCO3 scale; this can cause 

cracks and failure in the structure of the film. Ruzic et al [21-23], predicted the wall 

shear stress value at low velocity 7000 rpm (~ 4 m/s) is roughly half of what it is at a 

high velocity 1000 rpm (~6.5 m/s). It also increased by a factor of 5.1 to 5.7 for rough 

surface films in comparison to smooth surface films, and showed that the 

instantaneous wall shear stress fluctuations can be three to four times larger in 

magnitude than the maximum average (mean) value; this magnitude of wall shear 
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stresses occurs locally and in an intermittent manner in the turbulent flow region. 

Ruzic suggested that the wall shear stress values (both mean and fluctuating) are too 

small to be the only determining factor for the mechanical removal of FeCO3 films in 

single-phase flows. Figure 3-13 illustrates the top-view appearance of the protective 

film surface after exposure to flowing conditions from Ruzic et al [22], the author 

attributed the film removal process to a purely mechanical effect.  

Based on the studies by Ruzic et al studies [21-23]; the proposed mechanism of 

mechanical film removal in single-phase flow using sequence steps that take place: 

 Separation from the substrate: 

The porous and spongy structure of the iron carbonate gives the film a 

spring-like behaviour. The wall shear stress is not sufficient to remove 

the film from the surface; instead, severe fatigue caused by local 

fluctuating quantities such as velocity and wall shear stress fluctuations 

apply a dynamic mechanical stress (vibration), leading to the films 

separation from the substrate once the adhesive strength of the film is 

exceeded. 

 

 

 Crack opening and widening  

Surface roughness increases at the crack site enhancing the local levels of 

turbulence and leading to further film detachment and separating from 

the metal surface. 

 

Figure 3-13. Ruzic et al [22] SEM images of the mechanical removal due to flow 

hydrodynamic a: at 7000 rpm  b- at 10000 rpm 
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3.4.8 Chemical-mechanical film removal 

Iron carbonate FeCO3 film formed on mild steel generally provides satisfactory 

protection from potentially destructive internal pipeline corrosion in the oil and gas 

production and transportation industry. However, they can be damaged chemically by 

dissolution and mechanically by hydrodynamic forces. 

In multi-phase flow systems such as in solid particle (sand) and water in CO2 

environments, it is clear that the mechanical impact forces of the sand particles are 

capable of removing the protective films [158]. 

However, some studies associate film removal in single-phase flow through pipelines 

with chemical dissolution and reported that in typical velocities <10m/s the 

mechanical stress cannot remove the films because their value was considered too 

small to overcome the film’s strength [22].  Malka et al [124] confirmed that the mean 

wall shear stress is insufficient to govern the removal process; the author added that 

local turbulence and internal stress accompanied by significant fluctuation quantities 

play a major role in mechanical removal, however under turbulent flow conditions a 

synergism between the mechanical and chemical effect cause the film removal 

process. 

The FeCO3 dissolution reaction is a chemical dissolution process take the following 

reaction path [95]:  

FeCO3 (s) →  Fe2+ +  CO3
2 3.1 

The protective films dissolve when subjected to an unsaturated solution where 𝑆 <1. 

S = Saturation and is expressed as:  

𝑆 =
[𝐹𝑒2+][𝐶𝑂3

2−]

𝐾𝑠𝑃 
 

3.2 

Where the denotes equilibrium concentration of the species, and 𝐾𝑠𝑃  is the solubility 

product dependent on solution ionic strength and temperature. 

Yang et al [39] studied the dissolution of iron carbonate films in CO2 corrosion 

conditions. They used a suitable iron carbonate formation temperature and pH with 

high supersaturation solution with Fe2+ to accelerate the formation of the protective 

film. The findings revealed a clear easy dissolution of the iron carbonate films 

subjected to the undersaturated solution at low pH after 15hrs exposure.  
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Yang went further by examining the effect of flow velocity on the dissolution process. 

The saturation level decreased to an undersaturated condition by lowering the pH of 

the solution. This initiated the dissolution process where a mass loss was observed 

within 3 hrs of exposure to a solution of a pH 3.8. The author concluded out of their 

experiments that the key parameter of the dissolution process is the level of 

undersaturation, and the change of the flow velocity does not have a major effect on 

iron carbonate dissolution. This observation proposes that the dissolution process is 

surface reaction controlled rather than mass transfer rate dependent [39]. 

In pipeline transportation of oil and gas, the value of pH varies from 4 to 6 [40]. It is 

important to understand the influence of the physical and chemical properties of the 

solution on the corrosion behaviour of the bare and protected surface of the carbon 

steel, under static and flowing conditions. The study by Neilson et al [159] study 

showed that chemical and mechanical removal processes combined may cause more 

damage than if they acted separately. Dissolution leads to losing the adherent of the 

film grains, subjecting them to mechanical removal.  

Ruzic et al [22, 23, 124] proposed that the Mechanical and chemicals removal were 

acting separately. However, film dissolution (chemical removal) was more important 

and effective than mechanical film removal under same conditions.  

3.5 Mechanical properties of FeCO3 films 

High strength, adherent and dense film formation on the surface will decrease the 

anodic reaction by creating a diffusion barrier to the anodic species moving toward 

the bulk solution. Anodic reactions are likely to occur in areas where the protective 

layer does not fully cover the surface or flaw sites, where anodic species are readily 

transported from the surface. Therefore, the combination of high cathodic/anodic 

reactions in split areas within the protective layer leads to high local corrosion rates 

in these areas [10].  

Since the strength of the protective films significantly affects the corrosion rate, the 

mechanical properties of these layers should be considered as important factors 

governing the corrosion process. By understanding the films properties it may give a 

mechanism for the threat prediction on the surface and provide the researchers in this 

field the means to improve the protectiveness of the layer against the harsh corrosive 

environment not only chemically but also mechanically. 
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A limited literature is available regarding the mechanical properties of CO2 corrosion 

products, specifically the fracture mechanical properties. Until the early-mid 90s, 

most of the conducted work in this field investigated the corrosion process at elevated 

temperatures and the properties of iron oxides and Ni-based alloys at extreme 

temperatures e.g.  Johnson [160], Jervis [161], Hancock  [162]. In general, corrosion 

scales are brittle and show failures due to any extrinsic and intrinsic stresses that 

exceed their strength limit; scales detachment from the surface leaves uncovered sites 

on the metal surface, allowing corrosion to proceed. Moreover, fluid flow can make 

the damage more severe by creating a micro-turbulence within these areas widening 

the spalling site and preventing the layer from forming a replacement film. [163]. 

Schmitt et al [143], conducted research to examine the mechanical strength of the 

protective films, by measuring Young’s modulus E, surface fracture energy γ, and 

yield stress. Schmitt assessed the value of these parameters by adopting other oxides 

strength parameters, which shared similar atomic construction with iron carbonate, 

i.e. MgO, FeO, Fe3O4, and MnCO3.  The author described how to measure the surface 

fracture energy but had not used it to calculate the exact force of iron carbonate surface 

required to mechanically remove the films. However, he assessed its value through 

the same technique mentioned above by using a confirmed value of other oxides 

which are chemically similar to iron carbonate. Schmitt proposed through his work 

that thinner scales are likely to hold higher strain before failure and that scales shape 

plays a highly important role in crack resistance and in the strength of the scales.  

Later Schmitt et al  [35] investigated the mechanical properties of CO2 corrosion 

products and the effect of it on the corrosion rate. However in his work Schmitt used 

different methods & tests than his previous work [143] to measure the exact values of 

the mechanical properties of the protective film. The author used the 4-point loading 

test to determine the fracture stress and fracture strain of the scales. The 4-PLT test is 

widely accepted in stress and strain measurement [164]. Using the obtained values 

from both studies [143] and [35], Schmitt, observed a variation in fracture surface 

energies along the scales length; the variation between the elastic adherent and brittle 

spalling, where at a length less than 10µm an elastic adherent is dominating, whereas 

with scales above 10µm length Schmitt observed a rapid decrease toward a brittle 

spalling.  

http://www.sciencedirect.com/science/article/pii/S0010938X78800274
http://www.sciencedirect.com/science/article/pii/004316489190321K
http://www.sciencedirect.com/science/article/pii/0010938X93903169
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3.6 Summary 

To date, an adequate understanding of the effect of the flowing conditions on the 

corrosion behaviour of the uncovered surface has not been achieved. This is partly 

due to the complexity of the process through which flow parameters interact with each 

other, and how a combination of these parameters influence the corrosion behaviour 

of the carbon steel in CO2 saturated environment. The effect of the flowing conditions 

on the stability and the removal mechanisms of the iron carbonate film is also lacking 

a clear comprehension. This can be attributed to the difference in film formation 

conditions prior to the tests, the unrealistic flow profile, and the study limitation on 

one or two (physical or chemical) parameters and neglecting the overall effect of the 

flowing conditions parameters.  

In the review presented in this chapter, several studies have investigated the corrosion 

behaviour under flowing conditions from different perspective and approaches. 

However, more studies are needed to establish guidelines for the corrosion behaviour 

of carbon steel under flowing conditions. Despite the numerous studies carried out to 

investigate the influence of the flow on the CO2 corrosion, there is no general 

consensus on which parameter (physical or chemical) has a direct relationship with 

corrosion rate, and describes the corrosion behaviour of the carbon steel as directly 

proportional. In addition to, how the flow parameters such as (Reynold`s number, wall 

shear stress, and flow velocity) correlate with each other and influence the corrosion 

rate. And how the channel geometry can govern that influence.  

An understanding of the corrosion behaviour of the protected surface is not fully 

achieved. Two proposals are present in the literature to explain the removal 

mechanism, mass transfer controlled and/or surface reaction controlled. A limited 

number of systematic studies have been carried out to determine the removal process 

of the protective film, as a function of pH and temperature at both static and flow 

conditions. To establish whether the same removal mechanisms observed at low 

temperature extend to a higher temperature at both conditions static and flowing.  

Table 3-1 summaries some of the work in literature carried out to investigate the 

corrosion behaviour of uncovered and covered surface of carbon steel in CO2 

saturated conditions, the table presents details of which parameter each study 

considered to investigate the corrosion behaviour, in comparison to the current study 

(highlighted in red at the end of the table). It is clear that most of the previous research 
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did not necessarily employ all the physical and chemical flow parameters to study the 

corrosion behaviour. However, it studied the corrosion as a function of one or two of 

these parameters and considered the other parameters are constant, therefore the effect 

of the other flow parameters, solution properties and channel geometry on the 

corrosion behaviour was not fully understood.
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Table 3-1 The parameters that were considered to study the corrosion behaviour of carbon steel under flowing conditions 

 

 

 

 

The study, temperature, CO2 concentration in 

water 
Flow velocity 

Shear 

stress 

Mass 

transfer 

Flow turbulence 

(Re) 

Channel 

geometry 

Species concentration   

(F+2or H+) 
Microstructure 

Film formation 

rate 

Film removal 

(Chemical) 

Film removal 

(Mechanical) 

Film removal          

(Chemical + mechanical) 

Slaimana et al [26] 2010 , T 30-60C, , 10-4 mol/l    20K to 113K        

Videm [133] 1987, T 60-90C, , 10-4 mol/l 1 to 6 m/s           

Ferreira et al [27, 90] 2015, T 25ºC, 10-4 mol/l 0 to 1200 rpm   ~3K        

Nesic [14] 2012, To 50-80ºC, 10-4 mol/l 0 to 2.5 m/s           

Zara et al [134] 2015, T 25-80ºC, , 10-4 mol/l 0 to 2000 rpm           

Barmatov et al  [135] 2015, T 80ºC, , 10-4 mol/l 5 to 6000 rpm   0 to 150K        

Denpo et al [140] 1993, T 80ºC, 4×10-3  mol/l 2 to 17 m/s           

Efird [142] 1977, T 50ºC, 10-4 mol/l 0 to 18 0 to 700 Pa          

Schmitt et al [143] 1996, T 80ºC, 5×10-4 mol/l 2 m/s           

Schmitt et al [35] 1999,  T 80ºC, 5×10-3  mol/l  350 Pa          

Nichols et al  [145] 2017, T 90ºC, 10-4 mol/l,   
Up to 1000 

Pa 
         

Zhang et al  [146] 2017, T 60ºC, 8×10-4 2 m/s 3.5 Pa          

Ruzic et al [22, 23, 141] 2006-2007, T 80ºC, 10-4 mol/l, 7000 to 1000   rpm 
229 to 466 

Pa 
         

Yang et al [33, 39] 2010-2013, T 80C, 10-4 mol/l, 0.6 to 2.9 m/s           

Dugstad [11, 12, 29] 1994, 1998, 2006, T 20-90ºC, 10-4 

mol/l, 
0.1 to 13 m/s           

Farelas  et al [112] 2013, T 80ºC, 10-4 mol/l, 0.5 m/s           

Akeer et al [16] 2013, T 80ºC, 10-4 mol/l  30 & 525 Pa          

Liu et al [113] 2015, T 75ºC, 10-4 mol/l,            

Neville et al [107] 2005, ,10-4 mol/l 600 to 3600 rpm           

The current study 0.6 to 13.75 m/s 1.3 to 655 Pa  35K to 125K        
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Chapter 4. Flow parameter calculations and CFD simulation 

4.1 Introduction 

In this chapter, the calculations of the flow parameters using empirical correlations 

and the CFD simulation of the flow profile are reported. The wall shear stress values 

were calculated using empirical correlations. The goal was to generate a range of low 

to high shear stresses in the range of 1 to 450 Pa, this range was assessed by the 

previous work conducted in CO2 saturated environments [16, 35, 151]. The first part 

of this chapter describes the calculations of the flow parameters via numerical 

correlations. The second part of this chapter presents the Computational Fluid 

Dynamics (CFD) technique and how it is used to simulate the flowing conditions 

through the test section. The CFD simulation results were used to assess profiles of 

the flow parameters such as the flow velocities across the samples.  

4.2 Flow parameter calculations 

Flow parameters throughout the test section were calculated using empirical relations. 

The aim was to calculate the flow characteristics (i.e. velocity, Reynold`s number and 

shear stress) at given flow rate and flow cell geometries. The test section geometries 

that were varied the width of the test section at each sample and the thickness of the 

test section.  

The flow shear stresses on the sample surfaces were determined by using Dean’s 

formula (for a rectangular duct flow) [165] to calculate the friction factor. 

𝐶𝑓  =  0.073 ×  𝑅𝑒−0.25 4.1 

However, covered surfaces with iron carbonate films are treated as rough surfaces, 

where the friction factor for the rough surfaces was determined using the Colebrook 

equation [60, 166]. This equation was rewritten and simplified [152] to calculate the 

friction factor in a rectangular cross-section flow section. 

1

√C𝑓

 =  −4 log { 
0.27 ×  ϵ

Dh
+ (

7

Re
)

0.9

} 4.2 
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where the Reynold`s number is given by 

 

𝑅𝑒 =
𝐷 ×  v ×  𝝆

µ
 4.3 

 

The characteristic length D for rectangular cross-section channel in equation 4.3 is 

equal to the value of the hydraulic diameter which can be calculated by equation 4.9 

[167-169].  

This allows the wall shear stress to be calculated using:  

 

τ =
Cf× v2 × 𝛒

2
. 4.4 

 

All the values of the wall shear stress employed in this study were calculated from the 

correlation in equation 4.4. This equation is widely used in literature to calculate the 

wall shear stress across the samples on rectangular cross-section flow loops [16, 151, 

165, 170] 

 

The diffusion coefficient is calculated from the Stokes-Einstein equation [40]  

 

D = Dref  ×  
T

Tref
 ×  

μref

μ
, 4.5 

and the mass transfer coefficient is described using the Sleicher and Rouse mass 

transfer correlation [40, 171, 172].  

 
𝐾𝑚 × 𝐿𝑐  

𝐷
 = 5 + 0.015 × Rea × Scb . 4.6 

 

The values of a and b are ~0.87 and ~0.33 respectively [173]. Equation 4.6 was not 

used to calculate mass transfer coefficients, as these can be determined experimentally 

using the limiting current density (see paragraph 10.3.1). Equation 4.6 is a semi-

empirical expression to represent a mass transfer coefficient in fully developed flow, 

and over wide fluid properties. Other forms exist, where there is a developing flow 

profile (e.g. Coulson & Richarson Vol 1 [174]. 

 

Schmitt number  is given by [40] 

 

Sc =  
μ

ρ × D
 . 4.7 

 

Finally, the thickness of the diffusion boundary layer and the hydraulic diameter are 

given by 
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𝛿𝑚 =  
𝐷

𝐾𝑚
 

4.8 

 

𝐷ℎ =  
4𝐴

2𝑃
 

4.9 

 

Where P is the wetted perimeter of the cross-section (width + height). 

4.3 Tafel slope calculations 

Corrosion rates were measured using the Linear Polarisation Resistance (LPR) 

technique. The initial values of the Tafel slope constants used in the LPR to measure 

the corrosion rate were 120 mV/decade for both the cathodic (ßc) and anodic (ßa) 

resulting with Stern Geary constant B equal to 26. However, the final reading of the 

corrosion rate was corrected based on theoretical ßc and ßa values. The cathodic and 

anodic Tafel slope was calculated from Zheng et al [175] which was also reported by 

[31, 40]. 

 ß𝑐 =  
2.303 × 𝑅 × 𝑇

𝑎𝑐  × 𝐹
  4.10 

 

 ß𝑎 =  
2.303 × 𝑅 × 𝑇

𝑎𝑎  × 𝐹
   4.11 

 

The apparent transfer coefficients ac & aa values are 0.5 and 1.5 respectively for the 

cathodic and the anodic reactions [52].  

Stern Geary constant B is given by Stern Geary equation [112, 176] 

𝐵 =
ß𝑎  ×  ß𝑐 

2.3 ( ß𝑎 +  ß𝑐  )
 

      4.12 

 

Therefore the actual corrosion rate can be calculated by: 

 

The actual C.R mm/y = 
The measured corrosion rate

26
 ×  𝐵                 4.13 
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4.4 Computational Fluid Dynamics (CFD) technique 

Computational Fluid Dynamics (CFD) is a technique to solve the set of numerical 

equations that describe fluid flow. Several equations are governing the flow-

simulating process [177]. For Newtonian fluid dynamics, the well-known Navier-

Stokes equations are the main numerical laws to simulate fluid flow characteristics in 

the given conditions [178]. CFD experiments play a major role in aerospace and fluid 

flow applications by validating and finding an approximation solution of the 

numerical laws that govern the flow regime providing an adequate and cost & time-

effective results rather than full-scale tests [179]. Navier–Stokes equations are partial 

differential equations. Due to their complexity, these equations were solved 

analytically under simplified conditions [180]. Computational fluid dynamic methods 

use approximate solutions by replacing the partial differential equations with sets of 

algebraic equations that can be solved by computational analysis [181]. The CFD 

method is computing power dependent, where the improvement of the accuracy of the 

results is accompanied by the development of both the computing system software 

and hardware [182].  

The CFD methods have developed in a way which has become part of a wide range 

of scientific research in the field of fluid dynamics and design in industry, resulting in 

significant reductions in fluid flow test costs. Moreover, CFD allows research and 

testing the fluid flow under conditions which are not possible to create or to measure 

experimentally in the field or lab [183] 

4.5 Simulation Process  

To simulate a fluid flow through certain domains, several steps are involved in the 

process to construct the model. For fluid dynamic simulation, the first step is building 

the geometry of the model and selecting the domain material. The volume is divided 

into small fragments known as mesh, with the size of the mesh governing the accuracy 

of the simulation results. The boundary conditions of the domain define the conditions 

of the fluid (generally) at the extremities of the domain. These represent the physical 

condition of the experiment. The flow analysis then computes the behaviour within 

the domain environment. The results of the simulation will depend on the meshing 

accuracy, geometry, and the precision of the boundary conditions [184]. Thus CFD 

process in overall is a three steps procedure [185-187]: 
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4.5.1 Pre-processing 

Pre-processing consists of defining the geometry of the flow cell. To determine the 

domain of interest, the test section geometry was built and developed using 

Solidworks software. The domain is divided into smaller segments using, a grid 

known as mesh generation “fine mesh”. The boundary conditions including the 

physical and chemical properties of the fluid were defined and fed to the model 

(density and viscosity of 3% NaCl water at 50ºC and inlet velocity of 3.25 m/s). 

4.5.2 CFD Solver 

This step involves solving the numerical equations which are controlling the flow 

characteristics; the mesh which was generated in the pre-processing stage defines the 

points on the geometry at which the governing equations are solved. Several methods 

are used to solve the flow equations such as finite element, finite difference, and 

spectral methods. However; the finite element method was selected to process the 

simulation part of this project represented by COMSOL software [188]. This is due 

to several facts that the finite element method divides the domain into elements with 

small areas which produce what is known as mesh for the whole domain.  

This will facilitate the solving process by avoiding the simplifying steps of the 

geometry of curved edges. Moreover, in the FEM, the values of unknown functions 

can be approximated inside of each element [186]. 

4.5.3 CFD Post processing 

In this step, the results of the analysis of the flow cell model are represented as colours, 

contour plots, and graphical representations from which the values of the flow 

properties can be obtained. 

4.6 Navier-Stokes equations 

Navier-Stokes equations provide general definition and description to the fluid flow; 

these equations describe how the velocity, pressure, temperature, and density of a fluid 

in motion are related. These equations are generally too complicated to be solved 

analytically, therefore the researchers conducted further simplifications and 

http://www.grc.nasa.gov/WWW/k-12/airplane/pressure.html
http://www.grc.nasa.gov/WWW/k-12/airplane/temptr.html
http://www.grc.nasa.gov/WWW/k-12/airplane/fluden.html
http://www.grc.nasa.gov/WWW/k-12/airplane/state.html
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approximations to the equation set that is possible to solve. Over the last few decades, 

the researchers and industry employed various techniques such as finite element, finite 

volume, and finite difference to solve Navier-stokes equations, allowing a significant 

increase in the application of CFD within industry and research [186, 189]. 

4.7 Finite Element Method (FEM) 

The Finite Element Method is a powerful method for solving Partial Differential 

Equations (PDE) within scientific research and industry including the field of fluid 

flow [190]. Other methods are on the field to solve PDE like finite difference/volume 

methods; however, the FEM has several advantages over other methods that make it 

superior in solving partial differential equations. FEM offers easy solutions for 

complex geometries, using a grid of nodes with various shapes forming what it’s 

known as a mesh. Finite element method is a numerical technique consisting of the 

following essential specifications [191-193]: 

 

I. The domain is divided into small areas known as elements to form a grid over 

the continuum field; these elements are varied in size, they can be triangular 

or curved shapes depending on the domain geometry. Each node or element 

area represents a function to solve during the solver stage. Therefore FEM can 

solve complex geometries 

However, the Finite Difference Method (FDM) needs a structured grid, and 

therefore the mesh is limited to the regular shape of mesh cells, which increase 

the complexity of the simulation [194]. 

 

II. The FEM solves the PDEs by converting them to ordinary differential equation 

(ODEs), using an integral form of the PDE rather than looking for the solution 

of these equations itself. Whereas FDM provides solutions for the functions at 

grid points only using algebraic equations. Therefore FEM with respect to the 

easy solution and accuracy has a great advantage on the FVM and FDM [195]. 

III. FEM obtained strong momentum in solving the PDEs in the 1960s and 1970s 

[196]. However, the FDM introduced during the last three decades as a new 

method to solve the partial differential equations [197] 
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4.8 Boundary conditions 

Boundary conditions are an important concept for CFD simulations. The dependent 

variables in the solver equations are required to be identified with valid values within 

the boundary of the model geometry [198]. The initial boundary conditions and the 

input parameters for CFD simulation included: 

I. An inlet velocity range up to 5 m/s was selected. This range of flow 

velocity was chosen based on the theoretical calculations in order to 

identify the flow velocities range required to generate the targeted wall 

shear stress across the samples on the test section. Knowing that the aim is 

to generate shear stresses in the range of up to ~1 to 450 Pa this value was 

defined in the literature as a high shear stresses [16, 36].  

II. The following CFD simulation run carried out to identify the pressure 

inside the test section that is associated with maximum inlet velocity (1 to 

4 m/s) required to generate the targeted flow parameters of this project. To 

use these data as a reference during the flow loop parts.   

III. The inlet and outlet diameters are 16.5mm equal to the diameter of the 

high-pressure hoses used to fit through the inlet and outlet of the test 

section in the flow loop. 

IV. The test section thickness is 2mm. The theoretical calculations of the wall 

shear stress profile were based on a 2mm test section height.   

V. Outlet: Environment gauge pressure was 0 Pa. 

VI. The fluid properties are incompressible flow and temperature is 50°C. 

VII. Flow type: Turbulent flow. 

4.9 Turbulence model 

Processing a CFD model usually consists of four main stages: geometry, grid 

generation, setting-up the boundary conditions, solving and post-processing the 

results. The complexity of the CFD process is highly dependent on the degree of the 

flow turbulence. The main difficulty in turbulence flow CFD is to capture and solve 

every scale of the fluid motion, which requires super-computers power [199, 200]. 

The turbulence is dominant over all other flow regimes in any fluid flow domain. 

Therefore to reduce the complexity of the CFD process without affecting the accuracy 

of the results, the sub-grid turbulent motion present in the fluid flow will be modelled 
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and introduced to the field as a turbulence model [201]. Reynold`s averaged Navier-

Stokes equations RANs and k-ε turbulence model were selected for the current study. 

The k-ε model determines the mechanisms that affect the turbulent kinetic energy per 

unit mass. [202]. Other turbulence models such as k–omega (k–ω) predict the 

turbulence by solving the PDEs partial differential equations for two variables, K first 

is the turbulence kinetic energy, while ω is the specific rate of the turbulence kinetic 

energy k into internal thermal energy. For comparison purposes, both models were 

used at the initial stages of the CFD simulations. The simulation results showed the 

velocity, pressure and wall shear stress profiles of both models were relatively similar. 

Therefore, the following CFD simulations were conducted using k-ε turbulence model 

for its reasonable accuracy for a wide range of flow where it provides stable 

calculations for flows with high Reynold`s number  [203-205]. 

4.10 Test section CFD simulation 

The main objective of the test section geometry is to provide a gradual decrease in the 

cross-section area at each sample of the five samples, at which the flow velocity of 

the 1st sample is always half of the flow velocity at the 5th sample. This design provides 

a different range of flow velocities/wall shear stresses while the Reynold`s number 

range is maintained, or different Reynold`s numbers are achieved at a similar range 

of wall shear stress. 

To analyse the model in the COMSOL solver, it was necessary to identify the 

geometry of the structure by generating the model’s physical geometry using the 

Solidwork’s designing tools and then import it to COMSOL [188]. The initial model 

of the test section is shown in Figure 4-1. A CFD simulation run was carried out using 

this model to examine the wall shear stress profile across the test section. The inlet 

width is 50mm, the outlet is 10mm, the length of the test section is 300mm and the 

thickness is 2mm. 
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Figure 4-1. The initial test section CFD model 

 

The shear stress profile is shown Figure 4-2. It was clear that the model needs some 

modification on its geometries. Where the shear stress value is almost constant from 

the inlet point up to the halfway toward the outlet then the value increases dramatically 

for all the flow velocities. The aim was to obtain a gradual value of shear stresses 

along the X direction of the cell flow. Therefore, both the geometry of the cell and the 

boundary conditions were subjected to several modifications during each of the CFD 

runs to achieve a compatible flow cell design that provided the desired flow 

conditions. 
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Figure 4-2. Shear stress profile at given inlet velocities 

 

The main changes in the geometry of the test section at this stage were:  

I. Increase the length of test section in the X direction from 300mm 

to 435mm; in order to enhance the length of the hydrodynamic 

entrance region to avoid any vortex (core) flow regions and 

forming a fully developed flow throughout the test section. Also, 

the increase in test section length provides better space 

management on the surface of the test section to mount the 

carbon steel samples at suitable points at which changes in shear 

stress occur due to the increase in flow velocities. The width of 

the test section at the inlet side reduced from 60mm to 50mm and 

the outlet width increased from 10mm to 25mm. 

II. 16.5mm diameter inlet and outlet holes were added to the design. 

This pipe diameter was selected with respect to the pump 

specifications and the flow rate to achieve the desired inlet 

velocity at reasonable pressure.  

Based on the CFD results in Figure 4-2 the design was modified by adding more 

features such as inlet & outlet fits to create a more realistic simulation of the actual 

geometry of flow cell. In addition, the dimensions of the test section were changed to 

enhance the shear stresses increasing rate along the X direction. The final model of 

the test section is shown in Figure 4-3. 
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Figure 4-3. The final test section model geometry 

 

Figure 4-4 shows the shear stress values along the X direction (distance from the first 

sample to the fifth) of the modified test section model at inlet velocities range 1 to 4 

m/s. One can observe the changes in the shear stresses contribution along the X-

direction of the test section, where the wall shear stress values increased gradually 

across the test section, which gives the opportunity to examine the carbon steel 

samples surface at a wider range of shear stress values during the same run of the 

experiment. The first CFD simulation which was carried out using an inlet velocity 

range of 1 to 5 m/s showed that a wall shear stress of ~450 Pa (the maximum wall 

shear stress required in this study) achieved with an inlet velocity of 4 m/s. Therefore, 

the following CFD runs were limited to maximum inlet velocity up to 4 m/s. 
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Figure 4-4. Shear stress profile on the test section using the modified model at a 

flow velocity 

Figure 4-5 shows the pressure profile inside the test section under inlet flow velocities 

1 to 4 m/s. At maximum inlet velocity of 4 m/s, the highest pressure point is ~ 4.5 bar. 

Therefore, the flow loop pump model was selected to be capable to be fully operative 

at > 4.5 bar. 

 

Figure 4-5. CFD simulation to the pressure drop across the test section at different 

inlet flow velocities. 

 

The results of the CFD experiments were essential in determining the dimensions of 

the rigs parts and to help accurately select the pump model with specific specifications 

that matched the flow simulation outcome. The flow bath was designed as a flow 

between two fixed parallel plates. This technique was selected because it provides 
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flow conditions that simulate the turbulent flow dynamics in pipelines in the field 

[206-208] and due to its simple manufacture process. The actual flow geometries 

consist of three parts; however, this was simplified in the simulation model into one 

part without comprising the physical dimensions of the flow domains as this will 

minimise the time required for the processing stages and improve the accuracy of the 

outcome results by keeping the model simple and without complicated geometries. 

The inlet and outlet pipe’s diameter was designed based on the maximum inlet flow 

velocity that is required in the future plan of this research and the associated pressure 

increase, based on the flow simulation results; 16.5mm diameter will keep the 

pressure within the pump specifications at inlet velocity of ~4 m/s as shown in 

Figure 4-5. Which gives a 6.75 m/s flow velocity across the 1st sample and 13.5 m/s 

across the 5th. The 1st and the 5th samples positions are illustrated in Figure 4-3. The 

flow velocity profiles across the 4th and 5th samples are shown in Figure 4-6 (a). The 

number of mesh cells in the Z direction (flow cell thickness of 2mm) was 8 cells, the 

mesh quality across the flow cell geometry between 0.8 to 0.95 as shown in Figure 4-6 

(b). No Eddy effect zones were observed across the 4th and 5th samples.  
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(a) 

 
 

(b) 

Figure 4-6. CFD simulation of: 

(a) Top view of the velocity profile cut plane through the 4th & 5th samples. 

(b) Mesh quality and grid structure. 

At flow velocity 11 & 13.75 m/s across the 4th and the 5th samples 

respectively. Solution density of 1009.62 Kg/m3 and viscosity 5.82×10-4 

Pa*S. 
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Chapter 5. Methodology and test procedure 

5.1 Introduction 

This chapter details the experimental procedures used in this work. This chapter also 

describes the composition of the material used throughout the test series in this 

research project. The techniques employed to carry out the surface analysis of the 

morphology and chemical composition of the corrosion product are described. 

Firstly, sample preparation steps are described, followed by the flow parameter 

calculations, then the surface analysis techniques such as Scanning Electron 

Microscopy (SEM) and X-Ray Diffraction (XRD) used to examine the nature of the 

surface topography and the crystalline structure after the exposure to the test 

environment. 

5.2 Materials preparation  

Sample preparation was carried out using two processes: 

I. For the uncovered surface corrosion rate tests.  

II. For the covered surface with protective film corrosion rate tests.  

5.3 Samples preparation for the protected test 

The test coupon materials were made from X65 carbon steel for representative of pipe 

materials used in oil/gas pipeline transmission. X65 carbon steel is widely used in 

crude oil/oil products transmission pipelines construction for it is high strength, high 

weldability, low costs and availability. The standard chemical composition is 

presented in  

Table 5-1. The samples were machined down to a cylindrical shape to fit in the sample 

holder in the test section. The coupon diameter is 25 mm and the samples were10 mm 

thick flat circular discs with a surface area 490 mm2 exposed to the test environment. 

During the pre-test preparations, sample surfaces were polished down using 600, 800 

and 1200 grit sandpapers respectively and then washed with isopropanol solution and 

dried using a heat gun. Samples were then stored in a vacuum desiccator until needed. 
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The test section/cell holder for the cylindrical shape specimen will be discussed in the 

next chapter.  

 

Table 5-1. Elemental composition of X65 steel (wt. %) [209] 

C Si Mn P S Cr Mo Ni 

0.12 0.18 1.27 0.008 0.002 0.11 0.17 0.07 

Cu Sn Al B Nb Ti V Fe 

0.12 0.008 0.022 0.005 0.054 0.001 0.057 Bal 

 

5.3.1 Samples preparation for the protected surface test. 

Sample preparation for the test series was similar to the bare surface sample 

preparations detailed in paragraph 5.3. The samples were polished down by 320 and 

600 grit sandpapers respectively prior to the test and then washed using isopropanol 

solution and dried gently using an air gun. 

5.4  Experimental design 

Three different apparatus were adopted in this study to carry out the tests series: 

I. Flow loop 

II. High-pressure autoclave 

III. Three electrode glass cell 

5.4.1 Flow loop design and testing procedure 

The corrosion tests were carried out using the newly designed flow loop as explained 

in Chapter 4. The flow cell was designed to provide a realistic fluid flow simulating 

the flow dynamics in transport pipelines and to generate a range of flow from low to 

high flow shear stresses. The flow loop parts consist of a centrifugal pump, tank, a 

series of high-pressure high-temperature pipes and valves. The layout of the loop is 

shown in Figure 5-1. An insulated tank fitted with a temperature controller supplies 

the flow cell via a pump and flow meter monitor. The tank is fitted with facilities to 

allow CO2 gas to be bubbled inside the tank prior and during the tests. The 
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temperature, pH and the pressure of the aqueous solution were monitored by using in-

situ probes prior and throughout the test period. 

 

 

 

Figure 5-1. Flow loop layout and design 

 

5.4.1.1 The tank 

The tank is mainly used for water storage to ensure sufficient fluid supply to the pump 

to complete the flow loop by refilling the tank from the test section’s outlet pipe. The 

tank capacity is 50L. The tank was made of 316L stainless steel alloy, the tank walls 

were electrically and thermally isolated from the rest of the flow loop parts to avoid 

and interference with the electrochemistry measurements. CO2 gas pipes were 

attached to the tank via two points to ensure a sufficient and continuous CO2 supply 

prior and during the tests, with a vent valve attached to the tank to keep the pressure 

inside at atmospheric pressure level. Electrical resistance heaters (316L stainless steel) 

are placed in the tank and immersed in the water. The level of water in the tank is 

continuously monitored to ensure constant aqueous solution properties and that the 

electrical heaters are properly covered with water. 

5.4.1.2 The loop 

The loop was made of a high-pressure high temperature and nonconductive hoses. It 

is 3 metres long and is thoroughly insulated from the ambient air in the laboratory. 
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The pipe diameters at the test section inlet and outlet are carefully selected to provide 

the targeted pressure and flow rate at certain velocities as described in Chapter 4. 

5.4.1.3 The pump 

The pump used for this research is a MXHL405/B horizontal centrifugal multistage 

pump. The wetted parts of the pumps are made from corrosion resistant alloys 

including chrome-nickel- molybdenum stainless steel AISI 316L. The flow rate 

generated by the pump was controlled via an Easymat 5MT discharge variable speed 

drive and SU7000 IFM flow meter. The pump operating temperature range was from 

-15°C to +110°C. The maximum permissible pressure in the pump is 8 bar. 

5.4.1.4 The test section  

The test section consists of three layers; the base, the middle and the top part. These 

parts are fitted together using 30 M5 bolts as shown in Figure 5-2. The middle part of 

the test section was designed to be varied in thicknesses as gasket thickness; 15mm, 

6mm, 3mm and 2mm, consequently allowed a wide range of flow velocities and thus 

different flow shear stresses could be tested. In addition, the flow velocities and wall 

shear stresses were also controlled via the flow rates of the pump. 
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Figure 5-2. Test section 3D design: (a) Exploded view; (b) Assembled view 

 

The width of the flow cell reduces gradually across the samples, starting at the first 

sample with 50mm width and decreases down to 25mm at the fifth sample, the flow 

velocity at the fifth sample is always double of the velocity at the first as shown in 

Figure 5-3.  

 

Figure 5-3. Top view of flow of flow cell & width details cross the samples 

 

Therefore, the desired flow velocity and wall shear stress were generated by using a 

combination of two variables; test section geometry and the flow rates. Table 5-2 

shows the sequence of the tests with the details of the test section geometry and the 

flow rate at each test. 
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Table 5-2. Tests sequence: Gasket thickness (test section height) and flow rates 

Tests Sequence. 
Gasket thickness 

mm 

Flow rate 

l/min 

1st test 15 34.0 

2nd test 6 32.5 

3rd test 3 29.5 

4th test 2 41.5 

 

By using four different gaskets thicknesses it was possible to generate a range of wall 

shear stresses 1.2 to 410 Pa (calculated using empirical equations as detailed in the 

following paragraph 4.2) resulting from the gradient increase of the flow velocity from 

0.75 to 13.75 m/s. At each test carried out using a specific flow rate and gasket 

thickness, the five mounted samples on the flow cell were exposed to an accumulated 

wall shear stress starting on the 1st sample and stepping up in value on each sample 

up to the 5th sample. The value of this shear stress is a function of the flow cell height 

(gasket thickness), the width of the channel cross the samples, the flow rate through 

the flow loop, and the solution temperature.  

The X65 carbon steel coupons are fitted on the base part by bolts, to ensure stability 

during the experiments; a coupons fitting system was designed to avoid any sharp 

edges that could affect the fluid flow characteristic over/around the coupons. This 

occurs if the top surfaces of the steel samples are fitted higher or lower than the base 

part surface of the test section.  

The design of the flow cell provided an opportunity to study the effect of flow shear 

stress on X65 steel corrosion rate. In addition, establishing an understanding of how 

the other flow parameters such as Reynold`s numbers, mass transfer coefficient and 

diffusion may govern the influence of wall shear stress on the corrosion behaviour of 

X65 carbon steel is a principal objective of the study.  

5.4.1.5 The electrolyte solution  

Deionised water containing 3wt% NaCl (Lab grade Sodium Chloride 99.9% pure) 

was used as the electrolyte. The solution was deoxygenated by purging with CO2 gas 

for an overnight period prior to the electrochemistry test in order to reach minimum 

oxygen levels in the electrolyte (below 10 ppb) the oxygen levels were monitored 

prior and after each test using Hannah Portable Dissolved Oxygen meter, 
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simultaneously, bubbling the solution with CO2 was continued during the tests. The 

concentration of the carbonic acid and CO2(aq) in the solution reached and stabilised 

on 10-4 and 10-2.15 mol/l respectively at conditions of 1 bar of CO2 partial pressure 

[59].  Sodium bicarbonate NaHCO3 was added to the water to adjust the pH to the 

desired level. Solution temperature and pH were monitored throughout the test period. 

5.4.1.6 The electrochemical measurement 

The electrochemistry measurements were carried out using a saturated Ag/AgCl 

electrode was used as reference electrode. For the counter electrode, Platinum wires 

were custom designed and mounted next to the working electrodes in a way to 

maintain stable and accurate LPR readings at minimum solution resistance.  The LPR 

technique was employed to monitor the corrosion rates using ACM 12 Gill 

potentiostat. The start potential of the LPR test was -15mV in the cathodic direction 

from the open circuit potential and the potential was +15mV to the open circuit 

potential. The sweeping rate was 10mV per minute. For the purpose of the 

potentiodynamic sweeps, the samples were subject to a cathodic sweep rate from 

15mV to -500mV of the open circuit potential OCP with a scanning rate of 10mV per 

minute. The AC impedance technique was used to measure the solution resistance 

under flowing conditions prior to the corrosion rate test. The measurements are carried 

out over a wide frequency range (100 kHz to 0.01 Hz). 

5.4.1.7 High-pressure autoclave test procedure 

A high-pressure autoclave system was used to produce protective films. Figure 5-4 

shows the layout and the schematic of the autoclave setup. The autoclave design 

consists of an autoclave container with a capacity of one litre, a series of high-pressure 

pipes and valves control the CO2 supply to/from the autoclave, a pressure gauge to 

monitor the pressure inside the system throughout the test period and temperature 

controller. Distilled water was purged with CO2 for at least 12 hours, to ensure a full 

de-aerated solution and CO2 saturated solution prior to the formation test.  
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Figure 5-4. (a) Schematic of the autoclave & (b) photo of high-pressure autoclaves 

setup. 

 

Samples were placed in the autoclave using a samples holder made of PTFE plastic 

to insulate the samples from the autoclave walls to prevent any possible galvanic 

effect. The aqueous CO2 solution was placed inside the autoclave at atmospheric 

pressure and temperature then the autoclave was sealed. To remove any trace of 

oxygen inside the system, CO2 gas was passed through the system pipes and valves. 

Then the autoclave was pressured with CO2 gas and heated to the correct pressure and 

temperature. The system reached the desired pressure and temperature after ~30 min. 

The formation test was carried out under static conditions. The pH inside the autoclave 

was calculated using software MultiScale 7.1  package [210, 211] and it was predicted 

to be ~ 3.2. The measured pH inside the autoclave using a high-pressure pH probe is 

between ~3.35. 

5.4.1.8 Mass loss testing procedure 

The sample preparation process for the protective films formation tests is similar to 

the samples preparation procedure mentioned in section 5.3. During the first five tests, 

mass loss measurement was used to monitor the formation of the protective films as 

a function of time. At the end of each test, samples were dried gently using an air gun 

followed by weight measurement and the removal of the corrosion product using 

Clark’s solution which was prepared based on ASTM Standard G1-03  [212] 

consisting of 20 g antimony trioxide, 50 g stannous chloride and 1000 ml 

hydrochloric acid. Subsequently, the samples were rinsed using distilled water and 

followed by ethanol and dried again with the air gun. 
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CR =  
87600∆m

ρAt
 4.1 

                                                                                              

Corrosion rates were measured using weight loss method using Equation 4.1 [213] 

where CR is the corrosion rate in mm/y, ∆m is the weight loss (the difference in the 

measured mass of the samples prior and after the test), ρ is density of the carbon steel 

in g/cm3, A is the surface area exposed to corrosion in cm2 and t is the test duration in 

hours. For more accuracy, each test was repeated at least three times.   

5.4.2 Static conditions test procedure 

A three-electrode glass cell was used to examine the corrosion rate of the protected 

carbon steel surface under static conditions. The sample preparation process consists 

of mounting the samples in a nonconductive resin. The samples were placed carefully 

into the resin (standard nonconductive) to avoid any contamination to the protective 

iron carbonate films. 1 litre of distilled water was purged with CO2 gas for at least 2 

hrs prior to the test to ensure a minimum oxygen content in the water, the pH was 

adjusted to the desired level by adding a sodium bicarbonate NaHCO3 to the solution. 

The temperature and the pH level were monitored throughout the test period.  

5.4.3 Electrochemical measurements under static conditions 

For the electrochemistry measurements, a saturated Ag/AgCl electrode was used as a 

reference electrode.  The LPR technique was employed to monitor the corrosion rates 

using multi-channel ACM 12 Gill potentiostat. The start potential of the LPR test is -

15mV of the open circuit potential and the stop potential is +15mV from the open 

circuit potential, with sweeping rate 10mV per minute. The test duration is 24 hrs and 

after that, the samples were taken out, rinsed with distilled water and isopropyl alcohol 

and gently dried with an air gun and stored in a vacuumed desiccator for further 

surface analysis.  

5.5  Surface analysis 

The topography and morphology of the corrosion product surfaces were analysed 

using a combination of the Scanning Electron Microscopy (SEM), Energy-Dispersive 

X-ray spectroscopy (EDX), X-ray Diffraction (XRD) and the surface roughness of the 
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corrosion products were measured using a non-contact method by white light 

interferometry. 

5.5.1 Scanning Electron Microscopy (SEM) & Energy Dispersive 

X-ray (EDX) 

Scanning Electron Microscopy (SEM) was used to analyse the surface morphology of 

the protective films on the carbon steel surface at different exposure time. The 

elemental composition of the corrosion products on the surface was identified and 

quantified using Energy Dispersive X-ray (EDX). Two units of SEM were used in 

this study:  

I. Carl Zeiss EVO MA15 SEM Figure 5-5(a)  

II. and Hitachi TM3030 Bench Top SEM Figure 5-5(b) 

Carl Zeiss EVO MA15 was used when high-resolution SEM images and EDX 

analysis was required. The analysis was carried out at an accelerating voltage 20 KV 

(the voltage difference between the anode and the filament, which accelerates the 

electrons beam toward the anode). The working distance was 8mm. All other SEM 

surface analysis and images on the protected surface were obtained using Hitachi 

TM3030 Bench Top SEM. 

 

Figure 5-5. Image of (a) Carl Zeiss EVO MA15 SEM & (b) TM3030 Bench Top 

SEM 

 

EDX analysis was used to characterise the elemental components of the corrosion 

product, and to identify the distribution of the elements of the corrosion product across 

the sample surface as shown in Figure 5-6.  
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Figure 5-6. Examples of EDX mapping on the cross-section of the corrosion 

product on the X65 carbon steel surface exposed to the CO2 environment. 

5.5.2 X-ray Diffraction (XRD) 

The XRD spectra on the corrosion product surface detected using PANalytical X’pert 

multi-purpose diffractometer (MPD). The active area was 10 mm x 10 mm 

programmable divergence slits. Using Cu Ka radiation, the scans were carried out 

over a range of 2Ø = 20 to 80° with a step size of 0.033 per second. The total scan 

time is ~50 minutes. 

5.5.3 Surface roughness  

The surface roughness of the protective films was measured by a non-contact method 

using NP-FLEX 3D optical microscopy based on white light interferometry. For each 

sample, three zones were chosen randomly on the surface, each area was 10mm x 

10mm. The resolution used 2.5X with a 5mm working distance. Samples surface were 

first cleaned by distilled water and followed by ethanol and dried again with the air 

gun prior to the surface roughness measurement.   

5.1 Summary 

In this chapter, the experimental procedure, the electrochemistry measurement, and 

the surface analysis methods which are used to study the corrosion behaviour of the 

X65 carbon steel in the CO2 saturated environment were described at different 

conditions. The surface analysis techniques used to examine the protective film 

morphology and the topography of the protected surface of the X65 carbon steel 

are detailed. Figure 5-7 outlines the structure of the experiments throughout the 

project.  
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Figure 5-7. Procedures of experimental structure. 
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Chapter 6. Results of X65 carbon steel bare surface under flowing 

conditions at pH 6.6 

6.1 Introduction 

Having an understanding of corrosion mechanisms in oil/gas pipelines is key for 

material selection, designing and maintenance planning in transmission lines used in 

the oil and gas industry.  A large amount of research has been evidenced in literature 

to investigate the corrosion behaviour in the oil/gas industry under a wide range of 

simulated field conditions. These studies were not necessarily conducted under 

conditions that simulate realistic flow conditions. In this chapter, the outcome of the 

corrosion rate tests of the bare surface of the X65 carbon steel under flowing 

conditions at pH 6.6 and temperatures of 50°C and 80ºC are presented. The correlation 

between the shear stress profile and the corrosion rate is presented at a fixed pH level 

of 6.6. The aim of these experiments is to highlight the importance of considering 

flow parameters, geometry, solution, and sample conditions when assessing the 

behaviour of X65 using electrochemical tests.  

6.2 Test matrix 

Table 6-1 details the test matrix of the unprotected X65 carbon steel surface subject 

to flowing conditions at pH 6.6 

Table 6-1. Test matrix of the corrosion tests at pH 6.6 

Solution  pH 6.6 

Temperature ºC 50  80 

Time (hrs) Up to 10 

Range of flow velocity (m/s) 0.7 to 13.75 

Range of wall shear stress (Pa) 1.35 to 410 

Solution 3 wt. % NaCl 

Electrochemistry measurement LPR 
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For each test, the electrochemistry measurement continued until the corrosion rates 

were stabilised, then the test was terminated to ensure the accuracy of the corrosion 

rate reading. Therefore the duration of the test varied up to 10 hrs depending on the 

test conditions.  

6.3   X65 carbon steel corrosion behaviour under flowing conditions 

at 50ºC and pH 6.6 

Prior to the corrosion behaviour tests under flowing conditions, the conductivity of 

the solution was tested to ensure an accurate corrosion rate reading. The resistance of 

the solution was examined using the Electrochemical Impedance Spectroscopy (EIS) 

technique, in order to measure the value of the additional resistance applied by the 

solution.  This value is added as compensated resistance to the polarisation resistance 

during the corrosion rate in LPR measurements. Initially, two sample positions were 

selected; the first sample and the fifth sample. If the difference of the solution 

resistance between these two samples was significant then another test would be 

carried out to measure the solution resistance on the other three samples. The EIS test 

carried over a range of frequencies from ~100,000 – 0.01 Hz under temperature 50ºC, 

pH 6.6 and 3% NaCl solution.  

 

Figure 6-1. Electrochemical impedance spectroscopy (EIS) graph of the solution 

resistance at the first & fifth samples under 50ºC, pH 6.6 and 3% NaCl 

solution 
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Each sample surface area is 4.9 cm2. Figure 6-1 illustrates the outcome of the EIS test, 

where it shows the solution resistance at both the first and fifth samples are 3 Ohms 

for the 4.9cm2, it means a ~0.60-0.65 Ohms per cm2 respectively, which is low 

resistance and indicates that the solution resistance values at the other three samples 

will be similar to this range.  

6.3.1 Corrosion rate as a function of time at temperature 50ºC and 

pH 6.6 

A series of four tests were carried out to examine the corrosion behaviour of X65 

carbon steel as a function of time under flowing conditions. Each test was conducted 

using a specific flow rate and gasket thickness (flow cell height) as shown in Table 5-2 

and Table 6-2.   

Table 6-2. Cross section dimensions at each sample in the flow direction (flow cell 

height × channel width). The wall shear stress generated at each sample 

calculated using empirical equations at temperature 50°C and pH 6.6. 

Sample 

number. 

 

Channel 

Width 

(mm) 

Wall shear stress on sample 

1st test 2nd test 3rd test 4th test 

Gasket thickness: 

15mm 

Flow rate: 34 l/min 

Gasket thickness: 

6mm 

Flow rate: 32.5 l/min 

Gasket thickness: 

3mm 

Flow rate: 29.5 l/min 

Gasket thickness: 
2mm 

Flow rate: 41.5 

l/min 

1 50.0 1.60 Pa 9.0 Pa 30.0 Pa 120 Pa 

2 43.8 2.00 Pa 11.0 Pa 37.5 Pa 152 Pa 

3 37.5 2.7 Pa 15.0 Pa 50.0 Pa 200 Pa 

4 31.3 3.75 Pa 20.5 Pa 67.0 Pa 275 Pa 

5 25.0 5.66 Pa 30 Pa 100 Pa 410 Pa 

 

To generate a range of wall shear stress 1.6 to 410 Pa across the five samples 

throughout the four tests, the wall shear stress was calculated using equation 4.4. 

Therefore, the plots of corrosion rate as a function of wall shear stress and time were 

divided into four graphs. This allows the effects of flow parameters such as the flow 

turbulence, the geometry of the flow cell and the mass diffusion rate on the corrosion 

behaviour to be examined.  
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The flow parameters across the sample surfaces were calculated using the empirical 

correlation equations 4.1 to 4.8 listed in paragraph 4.2. The calculated wall shear stress 

values across each sample are detailed in Table 6-2. The calculation details are 

illustrated in Appendix A. In addition, a CFD simulation was carried out to identify 

the profile of the flow and the distribution of the parameters across the test section as 

shown in Figure 4-6.  

The model was built as test section thickness of 2 mm and a flow rate 41.5 l/min with 

inlet flow velocity 3.25 m/s, which is similar to the 4th test conditions shown in 

Table 6-2. The viscosity and density of the water were selected based on 3% NaCl 

water properties at 50ºC [214]. The wall shear stress distribution across the test section 

surface (gradually increased from the position of the 1st sample to the 5th) as shown in 

Figure 6-2. The empirical calculations of the flow parameters showed good agreement 

with the CFD simulation outcome as shown in Table 6-3. 

 

 

Figure 6-2. CFD simulation of the wall shear stress distribution across the test 

section at inlet velocity 3.27 m/s and gasket thickness 2mm. 
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Table 6-3. A comparison between the wall shear stress calculated from empirical 

and numerical calculations 

Sample 

number 

Empirical  correlation 

calculations equation 4.4 

(Shear stress Pa) 

Numerical simulation 

results 

(Shear stress Pa) 

1 120 125 

2 152 160 

3 200 205 

4 275 285 

5 410 425 

 

Figure 6-3 shows the corrosion behaviour of the X65 carbon steel under flowing 

conditions as a function of time for a test duration 10 hrs. The tests are carried out 

under wall shear stress range values from 1.6 to 5.66 Pa. The total surface area of the 

five samples was (4.9 × 5) cm2 subjected to a water volume of 50 litres contained 

within the flow loop.  

 

Figure 6-3. Corrosion rate as a function of time under wall shear stress range of 1.6 

to 5.66 Pa at temperature 50ºC and pH 6.6. Using flow rate 34 l/min and 

gasket thickness 15mm 

 

The starting value of the corrosion rate was similar in all cases. For all tests, the 
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corrosion rate increased with the shear stress, this indicates that the corrosion 

behaviour is under at least some aspect of a mass diffusion-controlled process. 

The corrosion rate at 1.6 Pa increased with time and stabilised after 5 hrs. At 2 and 

2.7 Pa, the corrosion rates at both shears stress stabilised after ~3 hrs. However, at 

high wall shear stresses 3.75 and 5.66 Pa corrosion rate increased up to steady state 

rate within 2.5 hrs and stayed on that level until the end of both tests.  

Figure 6-4 showed the overall shape of the same data for the range of shear stress 

values of 9 to 30 Pa. The initial corrosion rate at all cases was ~ 2.15 mm/y, which 

increased with time up to the plateau. However, the final corrosion rate was a function 

of the applied wall shear stress. At shear stresses 9 to 20.5 Pa corrosion rates increased 

with time to steady corrosion rates within ~2 hrs. However, the corrosion rate under 

30 Pa showed different behaviour, where it took only ~1 hr to reach the steady-state 

rate. 

 

Figure 6-4. Corrosion rate as a function of time under wall shear stress range of 9 to 

30 Pa at temperature 50ºC and pH 6.6. Using 32.5 l/min flow rate and 6mm 

gasket thickness 

 

Figure 6-5 shows the corrosion rate of X65 carbon steel surface for higher levels of 

wall shear stresses of 30, 37.5, 50, 67 and 100 Pa on each of the five samples 

respectively. The initial corrosion rate under 30 to 67 Pa shear stress was ~2.1 mm/y. 

However, at 100 Pa the initial corrosion rate was ~2.5 mm/y. The time to reach a 
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plateau (at which the charge transfer rate between the surface and the solution reaches 

a steady state condition with the mass transfer rate of the cathodic species) was ~30 

minutes lower than the previous test, therefore all tests duration was limited to 5 hrs. 

 

Figure 6-5. Corrosion rate as function of time under wall shear stress range of 30 to 

100 Pa at temperature 50ºC and pH 6.6 

 

Figure 6-6 illustrates shows the same data for 120 to 410 Pa. The corrosion behaviour 

of the five samples was similar. However, for shear stress 120 Pa, the initial corrosion 

rate increased during the first 30 minutes and stabilised to the end of the test. Similar 

behaviour at shear stress 152, 200 and 275 Pa. This behaviour becomes more 

significant at the higher wall shear stresses, at 410 Pa corrosion rate increased to 

steady state value within ~30 minutes of the starting point. 

A dependence of corrosion rate on the flow at pH ≥ 6 was also observed by Nesic et 

al [40] who carried out several corrosion tests on carbon steel in CO2 saturated 

solutions using RCE and flow loop rigs at a temperature of 20ºC.  
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Figure 6-6. Corrosion rate as function of time under wall shear stress range of 120 

to 410 Pa at temperature 50ºC and pH 6.6 

6.3.2 Corrosion rate as a function of flow at 50ºC and pH 6.6 

Corrosion rate as a function of the wall shear stress at 50°C and pH 6.6 is plotted in 

Figure 6-7. The data in Figure 6-7 and Figure 6-8 represent the equilibrium values of 

corrosion reached (steady state values) after the initial corrosion rate increased as a 

function of time. All the tests were repeated three times and each test was carried out 

using polished samples prior to the test and new purged CO2 water. The flow cell 

design generates an increase in the wall shear stress by 3 fold between the 1st and the 

5th sample. From the shape of the curve, it can be seen that corrosion rates showed a 

clear flow sensitivity and were generally linear with shear stress. Corrosion behaviour 

as a function of Reynold`s number was more complicated as shown in Figure 6-8. 

Notwithstanding that Reynold`s numbers on the five samples at this test (red curve) 

are roughly the same as its values on the five samples subject to 30 to 100 Pa (green 

curve), the flow sensitivity of the corrosion rate varied between the two curves. Which 

indicated the participant of another parameter controls the corrosion behaviour other 

than the flow turbulence and the shear stress. This will be discussed in detail 

in Chapter 10. 
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Figure 6-7. Corrosion rate as a function of shear stress – pH 6.6, 50ºC and 3% 

NaCl. 

An interesting behaviour is observed at points A & B shown in Figure 6-7 “A” 

represents the 5th sample mounted on the flow cell and “B” is the 1st sample mounted 

on the flow cell of the tests that are detailed in Table 6-2. The samples are exposed to 

a wall shear stresses values of 100 & 120 Pa respectively. Although point B is 

subjected to a higher wall shear stress than at point A, the corrosion rate at point A is 

slightly higher than B. From Sleicher and Rouse correlation (equation 4.6), the mass 

transfer coefficient of the cathodic species is a function of Reynold`s number. 

Therefore, to understand the diffusion behaviour these species, corrosion rate was 

plotted as a function of Reynold`s number as shown in Figure 6-8. Corrosion rate as 

a function of Reynold`s number curves indicates that the higher corrosion rate is 

associated with the higher flow turbulence (Reynold`s number) at point A than at B. 

 

Figure 6-8. Corrosion rate as a function of Reynold`s number – pH 6.6, 50ºC and 

3% NaCl. 
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Corrosion rate was plotted versus the wall shear stress represented a function of (v1.75 

* D-0.25), where v is the flow velocity and D is the hydraulic diameter as shown in 

Figure 6-9. This function was derived by breaking down the wall shear stress 

(equation 4.4) to velocity and hydraulic diameter. More details are presented in 

Appendix B section. The overall shape of the curve was similar to the shape of the 

corrosion rate as a function of wall shear stress shown in Figure 6-7.  

 

Figure 6-9. Corrosion rate as a function of v1.75 * D-0.25 – pH 6.6, 50ºC and 3% 

NaCl. 

6.3.2.1 Cathodic polarisation curves under flowing conditions at pH 

6.6 and temperature 50ºC 

Potentiodynamic sweeps were conducted at 50ºC and pH 6.6 and at different wall 

shear stresses/flow velocities. The anodic branch showed no dependency on flowing 

conditions and had no significant effect on the corrosion behaviour; consequently only 

the cathodic sweep branches are shown. Figure 6-10 presents cathodic polarisation 

curve for the samples of points A and B in Figure 6-7, it shows that the cathodic 

current density at A is higher than at B, this indicates that the reduction rate of the 

cathodic species at point A is higher than at B. High reduction rate at point A agrees 

well with the corrosion rate measurement shown in Figure 6-7 which shows that 

corrosion rate at point A is higher than at B.  
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Figure 6-10. Cathodic sweep for points A & B at temperature 50°C, pH 6.6 

 

Cathodic polarisation curves as a function of the shear stress are shown in Figure 6-11. 

The overall shape of the curves correlates to the corrosion behaviour presented in 

Figure 6-7. These curves will be discussed further in context of the controlling 

cathodic reaction in 10.2.1.  

 

Figure 6-11. Cathodic sweeps carried out at temperature 50ºC, pH 6.6 for wall shear 

stress/flow velocity: a- 1.35 to 4.75 Pa b- 7.65 to 25.5 Pa c-120 to 410 Pa. 
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6.4   X65 carbon steel corrosion behaviour under flowing conditions 

at 80ºC and pH 6.6 

6.4.1 Corrosion rate as a function of time at temperature 80ºC and 

pH 6.6 

The corrosion behaviour at pH 6.6 was investigated at a higher temperature of 80ºC. 

Test results are divided into four plots for the same reasons previously explained 

in 6.3.1. The wall shear stress values and distribution across the samples are detailed 

in Table 6-4. 

Corrosion rates as a function of time under flowing conditions are shown in 

Figure 6-12. A range of 1.35 to 4.75 Pa wall shear stress was generated across the five 

samples. The initial corrosion rates of the first three samples subjected to 1.35, 1.7 

and 2.25 Pa were similar as shown in Figure 6-12. 

Table 6-4. Cross section dimensions at every sample along the flow direction & 

Flow cell height (gasket thickness) and the calculated wall shear stress 

generated at each sample at temperature 80°C and pH 6.6. 

Sample 

number. 

 

Channel 

Width 

(mm) 

Wall shear stress on sample 

1st test 2nd test 3rd test 4th test 

Gasket thickness: 

15mm 

Flow rate: 34 l/min 

Gasket thickness: 

6mm 

Flow rate: 32.5 l/min 

Gasket thickness: 

3mm 

Flow rate: 29.5 l/min 

Gasket thickness: 

2mm 

Flow rate: 41.5 l/min 

1 50.0 1.35 Pa 7.65 Pa 25.5 Pa 100.0 Pa 

2 43.8 1.70 Pa 9.75 Pa 32.3 Pa 127.0 Pa 

3 37.5 2.25 Pa 12.75 Pa 42.4 Pa 166.4 Pa 

4 31.3 3.1 Pa 17.75 Pa 58.5 Pa 230.0 Pa 

5 25.0 4.75 Pa 25.5 Pa 87.0 Pa 340.0 Pa 

 

However, within 1 hr, the corrosion rate of these samples increased as and stabilised 

at an approximately similar plateau for the next 4 hrs of exposure time. Under higher 

wall shear stress 3.1 and 4.75 Pa, corrosion rate stabilised after 1 hr and 30 minutes 

respectively. The variation in the time required to reach a steady state corrosion rate 

between 3.1 and 4.75 Pa indicating that corrosion rate at the later exhibited higher 

flow sensitivity than at the former values at this range of wall shear stress. 
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Figure 6-12. Corrosion rate as function of time under wall shear stress range of 1.35 

to 4.75 Pa at temperature 80ºC and pH 6.6 

 

Corrosion behaviour of five X65 carbon steel subjected to higher shear stresses 7.65 

to 26.5 Pa is shown in Figure 6-13. The overall shape of the curves of the first four 

samples at 7.65, 9.75, 12.75 and 17.75 Pa was similar, however, the initial corrosion 

rate of each sample was a function of the shear stress, and stabilised on steady-state 

rate after ~ 30 minutes of the starting point. At wall shear stress 26.5 Pa the corrosion 

behaviour was different, where the corrosion rate throughout the test duration was 

stable around the initial value to the end of the test. In general, corrosion behaviour at 

shear stress range of 7.65 to 26.5 Pa illustrated that the corrosion rates were a strong 

function of the applied flowing conditions. 

 

Figure 6-13. Corrosion rate as function of time under wall shear stress range of 7.65 

to 26.5 Pa at temperature 80ºC and pH 6.6 
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Figure 6-14 shows the corrosion behaviour in the shear stress range 25.5 to 87 Pa. The 

overall shape of the curves was similar, where no significant difference in corrosion 

behaviour was observed. The corrosion rate of all the five samples was at a steady 

state value throughout the test duration. Nevertheless, corrosion behaviour under wall 

shear stress 25.5 to 87 Pa was different than previous corrosion behaviours under 

lower ranges of wall shear stress, since the corrosion rates did not require a 

stabilisation period and were at a plateau from the starting point.  

 

Figure 6-14. Corrosion rate as function of time under wall shear stress range of 25.5 

to 87 Pa at temperature 80ºC and pH 6.6 

 

The outcome of tests at wall shear stress (7.65 to 26.5 Pa) and (25.5 to 87 Pa) as shown 

in Figure 6-13 and Figure 6-14 indicated, that at wall shear stress > 26 Pa, corrosion 

rate exhibited a steady state rate from the starting point, where no increase in corrosion 

rate above the initial value throughout the test duration.  

Similar behaviour occurred at shear stress range 100 to 340 Pa as shown in 

Figure 6-14. Corrosion rate of the five samples was stable on plateau throughout the 

5 hrs exposure to flowing condition with no increase in corrosion rate was recorded 

as shown in Figure 6-15.  
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Figure 6-15. Corrosion rate as function of time under wall shear stress range of 100 

to 340 Pa at temperature 80ºC and pH 6.6 

 

6.4.2 Corrosion rate as a function of flow at 80ºC and pH 6.6 

Corrosion behaviour of the X65 carbon steel surface was examined as a function of 

wall shear stress at 80ºC. Different rates and channel dimensions were applied in order 

to investigate the effect of Reynold`s number on the corrosion behaviour. The flow 

parameters were calculated using Equations 5-1 to 5-10. Table 6-4 shows the outcome 

of the empirical calculations of the wall shear stress across the five mounted samples 

on the test section. Further details of the flow parameters calculations are listed in 

Appendix A. 

Figure 6-16 shows the effect of wall shear stress on the corrosion rate at fixed pH 6.6 

and 80ºC. A gradual increase in wall shear stress of 1.35 to 340 Pa was generated on 

the X65 steel. Corrosion rate increased as function of the wall shear stress up to ~ 26 
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point A which is the fifth sample on the test section represented as red curve, and 3.8 

mm/y at point B represent the first sample of the test showed as green curve. 

Figure 6-17 illustrates the relationship between the corrosion rate and Reynold`s 

number across the five samples at each test as detailed in Table 6-4. From the curves 

Reynold`s number at points A ~89,500 and at point B ~ 47,500 this shows that the 

turbulence level at point A is significantly higher than at point B.  
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Figure 6-16. Corrosion rate as a function of flow shear stress – 6.6 pH, 80ºC and 3% 

NaCl. 

Furthermore, similar behaviour was observed at higher wall shear stress ≥ 90 Pa where 

another two different corrosion rates were recorded at points C & D as shown in 

Figure 6-16. Both points C & D were subjected to wall shear stress values of 90 and 

100 Pa respectively. However, the corrosion rate at point C is higher than D although 

the wall shear stress at C is less than that at D. From Figure 6-17 Reynold`s number 

at point C is ~ 89,800 and at point D is ~66,700. 

 

Figure 6-17. Corrosion rate as a function of Reynold`s number – 6.6 pH, 80ºC and 

3% NaCl. 
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Separate tests were performed to ensure whether samples 1 to 4 altered the corrosion 

rate at position 5. Figure 6-18 shows the outcome of the corrosion rate tests as a 

function of wall shear stress which represents points C & D in Figure 6-16. The first 

test was carried out using one exposed sample surface mounted as the fifth sample on 

the test section using flow rate 29.5 l/min and gasket thickness 3mm. The other four 

samples positions were filled with blank (plastic) samples. The second test was 

performed using one sample surface mounted as the first sample on the test section 

under a flow rate of 41.5 l/min and 2mm gasket thickness. The other four samples 

holders were filled with dummy samples. Corrosion rates at both points were similar 

to the corrosion rate values illustrated in Figure 6-16 of the same points/samples 

position, which indicated that the effect of first four samples on the corrosion 

behaviour of the fifth sample was negligible and the variation in corrosion rate at 

points A, B, C and D may be attributed to other factors which will be explained in 

detail in the discussion Chapter 10.  

 

Figure 6-18. Points C & D: The effect of the samples on each other corrosion rates. 

 

Furthermore, in order to investigate the effect of the flow velocity as a parameter on 
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Figure 6-19. Corrosion rate as function of flow velocity – pH 6.6, 80ºC and %3 

NaCl 

6.4.2.1 Cathodic sweep under flowing conditions at pH 6.6 and 

temperature 80ºC 

Figure 6-20 shows cathodic polarisation tests, carried out on samples that represent 

points C & D shown in Figure 6-16. Although point D was exposed to a higher wall 

shear stress/flow velocity; it had a lower corrosion rate than point C. The cathodic 

sweeps showed that the cathodic current density at C was higher than at D, which 

agreed well with the corrosion rate.  

 

Figure 6-20. Cathodic sweep of point C & D at temperature 80ºC, pH 6.6 
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Figure 6-21 shows cathodic sweeps conducted on X65 carbon steel samples under 

various shear stresses and Reynold`s numbers. The plots of the cathodic currents 

densities as a function of the potential explain well the corrosion rate behaviour at 

80°C shown in Figure 6-16, where the cathodic current density increased as a function 

of the wall shear stress. Further discussion of these data will be presented in the 

discussion Chapter 10.  

 

Figure 6-21. Cathodic sweeps carried out at temperature 80ºC, pH 6.6 for wall shear 

stress/flow velocity: a- 7.65 to 25.5 Pa b- 25.5 to 87 Pa  c-100 to 340 Pa. 

6.5 Summary 

Many studies and reviews have been published relating to investigating CO2 corrosion 

on carbon steel under flow [22, 23, 49, 132, 149, 215]. However, the influence of flow 

parameters and solution conditions on the corrosion mechanism still raises many 

questions and debate due to its complex nature.  

In this chapter, an investigation was conducted to examine the CO2 corrosion 

behaviour in flowing conditions, in order to determine the influence of flow 

parameters and the temperature on the corrosion process at 6.6 pH solution on the 

corrosion behaviour of X65 carbon steel. At pH 6.6, the corrosion rate is flow 

dependent at both temperatures 50ºC and 80ºC. Corrosion rates at 80ºC are higher 

than 50ºC as expected. The corrosion rate is not solely a function of the flow 
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conditions of wall shear stress, and other flow parameters can govern the corrosion 

rate. This will be addressed in the discussion chapter.  
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Chapter 7. Results of X65 carbon steel bare surface under flowing 

conditions at pH 4 

7.1  Introduction 

In the previous chapter corrosion behaviour under flowing conditions at pH 6.6 where 

the concentration of species H+ is low (10-6.6 mol/l). In this chapter corrosion 

behaviour at low pH solution conditions were investigated under flowing conditions 

where the H+ concentration is (10-4 mol/l at pH 4). The objective was to establish an 

understanding of the corrosion behaviour when the mass diffusion reactant of H+ is 

present in a high concentration in the bulk solution and to determine which flow 

parameter the corrosion rate is best related to. In literature, corrosion behaviour of 

carbon steel at pH 4 is under a mass diffusion-controlled process, and as such, the 

corrosion rate shows a strong flow dependency [60, 121]. 

The tests have been performed at two temperatures of 50°C and 80ºC.  The 

experiments are divided into two parts; corrosion rate as a function of time, and 

corrosion rate as a function of wall shear stress.  

7.2  Test matrix 

Table 7-1 shows the matrix of the tests series of the X65 carbon steel surface under 

flowing conditions and pH 4. 

Table 7-1. Test matrix of the corrosion tests at pH 4 

Solution pH 4 

Temperature ºC 50 ºC 80 ºC 

Duration of test (hrs) 5 

Range of flow velocity (m/s) 0.7 to 13.5 

Range of wall shear stress (Pa) 1.34 to 410 

Solution 3 wt. % NaCl 

Electrochemistry measurement LPR 
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Corrosion measurements are performed using LPR. Corrosion rate values under 

flowing conditions at both temperatures reached a stable rate within ≤ 5 hrs, therefore 

the test duration was limited to 5 hrs.  

7.3   X65 carbon steel corrosion behaviour under flowing conditions 

at 50ºC and pH 4 

The corrosion tests were carried out at two temperatures, 50ºC and 80ºC. At each 

temperature, the tests series consists of four tests. Therefore corrosion behaviour was 

examined under four different flow turbulence, characteristic and geometry profiles. 

Consequently, the plot of the corrosion rate as a function of time under wall shear 

stress 1.6 to 410 Pa was divided into four plots. A similar procedure was followed in 

previous tests, detailed in paragraph 6.3.1. 

7.3.1 Corrosion rate as a function of time at temperature 50ºC and 

pH 4 

The sequenced tests were performed under flowing conditions of wall shear stress 

range 1.6 to 410 Pa and temperature 50ºC as detailed in Table 6-4. Figure 7-1 shows 

the corrosion behaviour at shear stress range 1.6 to 5.66. The initial corrosion rate 

under 1.6 Pa increased with time up to a stable level (steady state rate) within ~2.5 hrs 

to the end of the test. At shear stress 2 and 2.7 Pa corrosion rate showed different 

behaviour, where the initial corrosion increased and stabilised on the plateau after 1 

hr. However, at shear stresses 3.75 and 5.66 Pa the stabilisation period was ~30 

minutes.  
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Figure 7-1. Corrosion rate as function of time under wall shear stress range of 1.6 to 

5.66 Pa at temperature 50ºC and pH 4 

 

The second test was carried out at shear stresses ranging from 9 to 30 Pa. The 

corrosion behaviour showed different initial values, depending on the applied shear 

stress as shown in Figure 7-2. The initial corrosion rate under 9, 11 and 15 Pa 

increased within 30 minutes to stable values. Furthermore, at 20.5 and 30 Pa corrosion 

rate showed higher initial values and reached a plateau within ~15 minutes.  

 

Figure 7-2. Corrosion rate as function of time under wall shear stress range of 9 to 

30 Pa at temperature 50ºC and pH 4 

 

The tests were carried out under higher shear stresses in the range of 30 to 100 Pa as 

shown in Figure 7-3. The overall shape of the curves indicated that corrosion rate was 

at a steady value from the starting point. The corrosion rate of each sample was stable 

at steady state rate from the starting point to the end of the test. The corrosion rate 

throughout the test was a function of the applied wall shear stress.  
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Figure 7-3. Corrosion rate as function of time under wall shear stress range of 30 to 

100 Pa at temperature 50ºC and pH 4 

 

Figure 7-4 shows the same data at higher wall shear stresses 120 to 410 Pa. The 

corrosion behaviour as a function of shear stress was similar, where the corrosion rates 

of the five samples showed no increase throughout the 5 hrs exposure time.  

 

Figure 7-4. Corrosion rate as function of time under wall shear stress range of 120 

to 410 Pa at temperature 50ºC and pH 4 
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7.3.2 Corrosion rate as a function of flow at 50ºC and pH 4 

Corrosion behaviour of carbon steel under different flow parameters such as wall 

shear stress, velocity and Reynold`s number was examined at pH 4 and 50ºC. The 

flow parameters were calculated using empirical correlations equations 5.1 to 5.10. 

The details of the test section geometry across the samples at each test and the wall 

shear stress levels are shown in Table 6-2. Figure 7-5 shows the relation between the 

corrosion rates and the wall shear stress at temperature 50ºC. Similar to the previous 

test procedure in 6.3.2, the plot consists of four curves represent four tests. Wall shear 

stress range 1.6 to 30 Pa was generated through two tests; first tests represented as a 

blue curve and second tests as the red curve. At this range of shear stress, corrosion 

rates exhibited a linear relationship up to 30 Pa point, within this range of shear stress 

corrosion rate was directly proportional to shear stress. 

 

Figure 7-5. Corrosion rate as a function of flow shear stress – pH 4, 50ºC and %3 

NaCl. 

Wall shear stress 30 Pa two corrosion rates were recorded at points A & B as shown 

in Figure 7-5. Although the wall shear stress and flow velocities were similar at both 
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however, under pH 6.6, the variation in corrosion rate at these points was much lower.   
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Corrosion rates were high flow dependent, showed significantly increased as a 

function of the flow (shear stress/flow velocity), indicating a mass diffusion-

controlled reaction. At Shear stress range 30 to 100 Pa corrosion rate increased 

linearly with wall shear stress, however another variation in corrosion rate at two 

points was recorded at point C & D which was similar to the observation at point A 

& B where corrosion rates at point C were higher than the corrosion rate at point D 

despite both points were exposed to 100 & 120 Pa of wall shear stresses respectively. 

  

Figure 7-6. Corrosion rate as a function of Reynold`s number – pH 4, 50ºC and %3 

NaCl. 

 

Figure 7-6 illustrates the plots of the corrosion rate as function Reynold`s number. It 

shows that corrosion rate at point A is associated with Reynold`s number ~60,000, 

where the Reynold`s number at point B is ~32,000. Similar behaviour at point C & D. 

The corrosion rate at point C than D is supported by higher Reynold`s number at C 

~60,000 than at D ~45,800. 
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Figure 7-7(a) shows the polarisation curves of points A & B, both curves show a clear 

mass diffusion controlled behaviour which is expected at such low pH conditions. The 

cathodic sweep of point A indicates a limiting current density that is higher than at 

point B. Similar behaviour was observed at points C & D in Figure 7-7(b). The overall 

shape of the curves indicates that point C has higher limiting current density than at 

point D, although point D was subjected to 20% higher wall shear stress than point C. 

 
(a) 

 

 
(b) 

Figure 7-7. Cathodic sweep carried out at temperature 50ºC and pH 4 for 

a- points: Points A & B    b-  Points C & D 
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Additional potentiodynamic sweep tests were carried on at temperature 50ºC and pH 

4 solution at wall shear stresses range of 8.9 to 410 Pa as detailed in Figure 7-8. At 

wall shear stress (8.9 to 30 Pa) and (30 to 100 Pa)  the cathodic current densities curves 

showed significant limiting current density regions, indicating a mass diffusion rate 

controlled process in all cases as shown in Figure 7-8(a & b).  

The potentiodynamic sweeps continued under higher wall shear stress range of 120 to 

410 Pa illustrated in Figure 7-8(c). Cathodic sweep under 120 and 200 Pa indicated a 

mass diffusion-controlled reaction. However, at highest wall shear stress of 410 Pa, 

the reduction reaction showed a mix controlled process of charge transfer and mass 

diffusion; the charge transfer rate was the limiting step and the mass diffusion rate 

showed minor effect.  

 

 

Figure 7-8. Cathodic sweeps carried out at temperature 50ºC and pH 4 for wall 

shear stress/flow velocity: a- 8.9 to 30 Pa   b- 30 to 100 Pa  c- 120 to 410 Pa 
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7.4   X65 carbon steel corrosion behaviour under flowing conditions 

at 80ºC and pH 4 

7.4.1 Corrosion rate as function of time at temperature 80ºC and pH 

4 

Corrosion behaviour of X65 carbon steel surface was further investigated as a function 

of time at pH 4 and temperature 80ºC. In general, the corrosion behaviour at all tests 

was similar to the corrosion behaviour at temperature 50ºC as shown in Figure 7-1 to 

Figure 7-4, where at both temperatures 50ºC and 80ºC corrosion rate under wall shear 

stress ≤ 25 Pa increased with the time from an initial value up to the plateau level. 

However, at higher wall shear stress > 25 Pa, corrosion rate was stable from the 

starting point to the end of the 5 hrs exposure to flow conditions. Nevertheless, the 

stabilisation period of the corrosion rate at temperature 80ºC was shorter than at 

temperature 50ºC.  

At shear stress range of 1.35 to 4.75 Pa the corrosion rate curves are shown in 

Figure 7-9. At 1.35 and 1.75 Pa, the initial corrosion progressed up to steady state 

value within ~1.5 hrs.  However, at higher shear stresses of 2.25 and 3.1 Pa the 

corrosion rates increased and stabilised within the 45 minutes. Whilst, at shear stress 

4.75 Pa the initial corrosion rate increased and reached the plateau after only 30 

minutes.  

 

Figure 7-9. Corrosion rate as function of time under wall shear stress range of 1.35 

to 4.75 Pa at temperature 80ºC and pH 4 
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Figure 7-10 shows the plots of the corrosion rate at shear stresses of 7.65 to 25.5 Pa. 

The overall shape of the curves indicates a similar corrosion behaviour to the previous 

test for the first four samples. However the fifth curve at 25.5 Pa showed different 

behaviour, the corrosion rate was at steady state value from the starting point. 

 

Figure 7-10. Corrosion rate as function of time under wall shear stress range of 7.65 

to 25.5 Pa at temperature 80ºC and pH 4 

 

For the following tests, the shear stress ranges of 25.5 to 87 Pa was employed across 

the five samples. From Figure 7-11 corrosion rate showed no increase above the initial 

values during the test duration. However, corrosion behaviour showed lower flow 

sensitivity as a function of the wall shear stress than the previous two tests that are 

shown in Figure 7-9 and Figure 7-10.  

 

Figure 7-11. Corrosion rate as function of time under wall shear stress range of 25.5 

to 87 Pa at temperature 80ºC and pH 4 
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At shear stress range 100 to 340 Pa all the five samples showed a consistent and 

similar corrosion behaviour to the previous test. Where the corrosion rate was at 

steady state values throughout the test duration.  

 

Figure 7-12. Corrosion rate as function of time under wall shear stress range of 100 

to 340 Pa at temperature 80ºC and pH 4 

 

7.4.2 Corrosion rate as a function of flow at 80ºC and pH 4 

The tests procedure was similar to the sequence of the 50ºC temperature tests. Tests 

matrix is detailed in Table 7-1. Corrosion rates were plotted as a function of the wall 

shear stress at 80°C and pH 4 and shown in Figure 7-13. The corrosion behaviour of 

the samples showed strong flow dependency at all the four tests. Corrosion rates 

increased rapidly with wall shear stress during the first test displayed as a blue curve. 

The fifth sample of the first test was subject to ~ 5 Pa, this sample is referred to as 

point A in Figure 7-13. The second test plot displayed as a red curve, start with the 

first sample that is represented by point B. Although the wall shear stress at point B 

is higher than the shear stress at point A, the corrosion rate at A is higher than it is at 

B.  

Similar corrosion behaviour was observed during the 50°C and pH 4 at points A & B 

as shown in Figure 7-5. However, at 50°C, the variation in corrosion rates observed 

at a wall shear stress of ~30 Pa.  

 

0

5

10

15

20

25

30

35

40

0 1 2 3 4 5

C
o

rr
o

si
o

n
 R

at
e

 m
m

/y

Time hrs

100 Pa. 127 Pa. 166 Pa.

230 Pa. 340 Pa.



- 106 - 

Whereas at 80°C, this variation occurred at a much lower wall shear stress ~ 4.75 Pa. 

This behaviour occurred again at wall shear stress ~25 Pa with two points share 

approximately similar wall shear stresses and showed different corrosion rates; these 

points are highlighted as C & D 

 

Figure 7-13. Corrosion rate as a function of flow shear stress –pH 4, 80ºC and 3% 

NaCl. 

 

Furthermore, points E & F confirm the previous two behaviours, where, the sample 

which is represented by point E and is exposed to ~87 Pa shows higher corrosion rate 

than the sample that is referred to as point F subjected to   ~100 Pa.  

As previously explained in 6.3.2 and 6.4.2 the variation in corrosion rate at points 

subjected to similar flowing conditions have occurred in tests at a higher pH level of 

6.6. However, it becomes more significant at conditions of lower pH level and higher 

temperatures. This indicates that this behaviour is governed by a parameter that is 

highly affected by the temperature and the concentration of the cathodic species in the 

bulk solution.  

Figure 7-13 illustrates the relationship between Reynold`s number and corrosion rate, 

where, corrosion rate increased as a function of the Reynold`s number at all the four 

tests. Nevertheless, at points that are referred to as (A & B), (C & D) and (E & F) 

Reynold`s number value showed variation between these points. Where the points 

with higher corrosion rate are always associated with higher Reynold`s number. 
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Figure 7-14. Corrosion rate Vs Reynold`s number – pH 4, 80ºC and 3% NaCl 

7.4.2.1 Cathodic polarisation curves under flowing conditions at pH 

4 and temperature 80ºC 

A series of cathodic sweep tests were carried out at conditions of pH 4 and solution 

temperature 80°C. Figure 7-15 details the cathodic polarisation curve at points A, B, 

C, D, E and F which are shown in Figure 7-13. The limiting current density at point 

A is higher than at point B as shown in Figure 7-15(a). Similar behaviour was recorded 

at the cathodic sweeps of points C & D in Figure 7-15(b) the overall behaviour of both 

curves are mass transfer controlled.  

In other words, the wall shear stress and flow velocities at both points are similar, 

nevertheless, the limiting current densities generated from the sample that is referred 

to by point C is greater than the sample of point D. This observation is also applied to 

points F and E as shown in Figure 7-15(c). 
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(a) 

 

 
(b) 

 

 
(c) 

Figure 7-15. Cathodic sweep carried out at temperature 80°C, pH 4 for points: 

a: Points A & B  b: Points C & D   c: Points E & F 
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Further cathodic sweep tests were carried out to examine the reduction process at 

shear stress 1.35 to 340 Pa. At low wall shear stress 1.35 to 4.75 Pa, the overall shapes 

of the curves indicate a mass diffusion controlled process, with a limiting current 

density, that is a function of the shear stress as shown in Figure 7-16(a). At higher 

wall shear stress 7.65 to 25.5 Pa, the cathodic reactions illustrate a further mass 

diffusion controlled process Figure 7-16(b). 

 
(a) 

 

 
(b) 

Figure 7-16. Cathodic sweeps carried out at temperature 80ºC, pH 4 for wall shear 

stress/flow velocity: a- 1.35 to 4.75 Pa b- 7.65 to 25.5 Pa. 
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charge and mass transfer controlled, where the rate determining step is the charge 

transfer rate. Similar observations were recorded in the 50°C & pH 4 tests that are 

mentioned previously. However, this behaviour at temperature 50°C occurred at much 

higher wall shear stress.  

Moreover, the cathodic polarisation curves at shear stresses of 100, 166 and 340 Pa 

are shown in Figure 7-17(b). At shear stress 100 Pa the cathodic sweep indicates a 

mass transfer controlled process. This was an interesting behaviour, considering the 

shear stress at this point is higher than at the previous curve of 87 Pa at which the 

reduction process was mixed charge and mass transfer controlled as shown in 

Figure 7-17(a). Nevertheless, under 166 Pa wall, the cathodic sweep showed another 

mix controlled process. The cathodic reaction curve at 340 Pa shows a clear charge 

transfer controlled process with an insignificant effect on the mass diffusion rate on 

the species reduction process.  

The previous data in Figure 7-5 to Figure 7-8 and Figure 7-13 to Figure 7-17 showed 

that the wall shear stress is not the only parameter governs the reduction rate, other 

flow parameters also have an influence on the corrosion behaviour as it will be 

discussed in the discussion Chapter 10.  

The data of the corrosion rate at pH 4 and temperatures 50ºC and 80ºC showed that 

the highest flow sensitivity of the corrosion rate occurred at low shear stress ranges  

(1.35 to 4.75 Pa at temperature 80ºC), and (1.66 to 5.66 Pa at temperature 50ºC). 

Where the curves of the corrosion rate as a function of these shear stress ranges are 

steeper than at the higher shear stress ranges. A similar observation was recorded at 

corrosion rate tests as a function of shear stress at pH 6.6. 

 

Figure 7-17. Cathodic sweeps carried out at temperature 80ºC, pH 4 for wall shear 

stress/flow velocity: a- 25.5 to 87 Pa b- 100 to 340 Pa. 
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7.5   Summary 

At both temperatures 50ºC & 80ºC, corrosion behaviour was under mass transfer 

controlled reduction process. Corrosion rates at temperature 80ºC are relatively higher 

than 50ºC. At high flow wall shear stress/velocities, the reduction reaction of the 

cathodic species switches from mass diffusion controlled process to mix charge 

transfer and diffusion controlled process, indicating a critical diffusion rate at which 

the reduction process reaches its limit. However, the critical wall shear stress at which 

the reaction shifted to charge transfer control varies depending on the temperature, 

flow characteristic and solution properties. Wall shear stress effect on the corrosion 

rate is linearly up to 30 Pa at temperature 50ºC, and 4.75 Pa at 80ºC. Corrosion rate 

showed a strong dependency on the diffusion rate of the cathodic species from/to 

surface of the surface. 
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Chapter 8. Results of X65 carbon steel protected surface under 

flowing conditions at temperature 50ºC 

8.1 Introduction 

In this chapter, the stability of iron carbonate films under flowing conditions tests was 

examined. To achieve an understanding of the film stability and the removal process, 

two possible mechanisms were considered; chemical dissolution and flow 

hydrodynamic effects. It is appreciated that these two factors are often inextricably 

linked. In order to isolate and study the effect of flow parameters on the corrosion 

behaviour of the X65 carbon steel with the presence of iron carbonate films, the 

critical pH and wall shear stress at which the protective films exhibit no removal under 

flowing conditions are defined 

As previously explained in 5.4, the testing cell was designed to generate increasing 

flow shear stresses along the solution flow direction, by which it was possible to test 

the effect of different levels of flow shear stress on the iron carbonate covered X65 

carbon steel samples. The protective film in this study was pre-formed using a high-

pressure autoclave.  

The stability and protectiveness of the iron carbonate were tested under different 

solution conditions and flow shear stress up to values of 655 Pa. This range of wall 

shear stress represents the highest shear stress used in literature to examine the 

removal mechanisms of the protective film [16, 21, 22, 149, 152]. The results illustrate 

that films are subject to chemical dissolution at pH levels lower than a critical pH (the 

minimum pH level environment at which the protective films do not undergo a 

chemical dissolution at static conditions).  Flow has an effect in accelerating the films 

dissolution and removal. Critical pH and wall shear stress were determined at 50°C.  

8.2 Film formation rate as a function of various immersion times 

This part of the chapter presents the formation mechanism of the protective film. The 

time required for the protective film to reach a stable, compact, dense structure was 

determined. The first five formation tests were carried out for different durations of 

14, 24, 48, 96 and 192 hrs under a high-pressure CO2 environment. The outcome of 

these five tests was used to select the critical immersion time at which the protective 
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films reach a stable thickness. This was then used as in the following formation tests. 

The test matrix is shown in Table 8-1. 

Table 8-1. Formation test matrix 

CO2 Pressure (bar) 100  

Temperature (°C) 60 

pH 3.25 to 3.45 

Time (hrs) 14/24/48/96/192 

 

Figure 8-1 shows the corrosion behaviour of X65 carbon steel under 100 bar CO2 

pressure and temperature 60ºC for various periods of time; the corrosion rate was 

calculated using mass loss technique described in paragraph 5.4.1.8. From the shape 

of the curve, at the beginning of the test the corrosion rate was high and within the 

first 24 hrs, it dropped by 25% from starting point value. The decline in corrosion rate 

with the time associated with an increase in the mass loss of corrosion product curve 

indicated a pseudo passivation process occurring by forming a protective film on the 

sample surface. After 48 hrs, a further decline in corrosion rate was recorded and the 

total mass loss curves were stabilised, for the rest of the 198 hrs test. 

 

Figure 8-1. Corrosion behaviour of X65 under CO2 pressure 100 bar and 

temperature 60°C as function of time 
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thickness of the protective films had reached a critical value and no further increase 

of film formation is likely to occur. Therefore, the period of 48 hrs was selected as 

‘formation duration time’ in the formation test. Figure 8-2 shows the SEM surface and 

cross-section images of the outcome of protective films formation test on the X65 

carbon steel samples. 

  
6 hrs (a) 

  
24 hrs (b) 

 

48 hrs (c) 

Figure 8-2. SEM images of the corrosion products morphology and thickness the X65 

carbon steel surface formed at temperature 60°C and 100 bar CO2 pressure 
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Surface analysis after 6 hrs immersion time Figure 8-2(a) shows the early stage of the 

protective films formation whereby, after 6 hrs most of the surface is still uncovered 

and exposed to the solution. The cross-section image shows a very thin layer of 

corrosion product. After 24 hrs Figure 8-2(b) the SEM analysis for the sample surface 

shows fully covered the surface with a prism-shaped crystal of iron carbonate. The 

cross-section image of the films agree with the surface SEM topography analysis, a 

clear film layer was observed with a thickness of ~ 40µm. From the analysis of the 

cross-section, the structure of the films consisted of two layers of the protective films, 

an inner layer and outer layer. However, after 48 hrs the SEM analysis of the surface 

indicates a dense and compact structure of corrosion film fully covered the surface as 

shown in Figure 8-2(c), the cross-section image revealed the thickness of protective 

film layer to be a ~ 60µm. 

 

 

Figure 8-3. SEM images of  the corrosion products morphology and thickness the 

X65 carbon steel surface formed at temperature 60°C and 100 bar CO2 

pressure for immersion time: a- 96 hrs   b- 192 hrs 
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Furthermore, samples surfaces and cross sections were analysed using the SEM after 

96 hrs immersion time as shown in Figure 8-3(a). The surface and the cross-section 

SEM images indicated a fully covered surface. Cross section images showed the 

structure and thickness of the films after 96 hrs is almost identical to that after 48 hrs 

indicating that no further accumulation or increase in films thickness than the ~60µm. 

Figure 8-3(b) shows the SEM analysis of the surface and the cross-section after 196 

hrs immersion time. The surface image showed a fully covered and well compact iron 

film similar to the structure of the film formed after 48 and 96 hrs, no further increase 

in the thickness of the film layer than ~ 60µm. The surface analysis confirmed the 

corrosion behaviour curves in Figure 8-1 in which the total mass loss and mass loss 

of the corrosion product were stabilised and showed constant values after 48 hrs up to 

196 hrs associated with a substantial decline in corrosion rate occurring during the 

duration of the test. Therefore, an immersion time of 48 hrs was selected as formation 

time for this study, and it would be employed in the following formation tests matrix. 

The thickness of the formed films after 48 hrs exposure agrees with the previous iron 

carbonate formation tests in the literature, where the average thickness of the formed 

iron carbonate was ~ 60µm [112, 216]. Further surface analysis was carried out to 

confirm the films morphology on the sample surface. Figure 8-4 details XRD analysis 

to the X65 carbon steel surface after 48 hrs exposure to CO2 saturated water at 60ºC 

and 100 bar. The pattern of the XRD analysis indicates an iron carbonate layer crystal 

fully covers the sample surface. 

  

Figure 8-4. SEM image and XRD pattern of the formed films at conditions of CO2 

saturated water at temperature 60°C and partial pressure 100 bar for 48 hours. 
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8.3 Protective film removal under static conditions 

Following the film formation tests, the protective films were exposed to the aqueous 

CO2 solution to examine the stability of the film under static conditions at 50°C 

temperature. The samples preparation technique and test procedure are described in 

paragraphs 5.35.3.1 & 5.4.2  respectively. The test matrix is shown in Table 8-2. 

Table 8-2.  Static conditions test matrix 

Pressure Atom bar 

Temperature (°C) 50 

pH 4, 5 & 5.5 

NaCl 3wt% 

Saturation ratio (SR) of Fe+ 0 

Time (hrs) 24  

 

Three levels of pH were used in this experiment; 4, 5 and 5.5, in order to determine 

the extent of chemical dissolution and be able to select the pH value for the subsequent 

tests. Figure 8-5 shows the corrosion rates of the protected surfaces versus time at 

different pH values. At pH 4, the corrosion rate showed a rapid increase with time; 

after an immersion time of three hours, the corrosion rate increased, indicating of an 

iron carbonate film removal, enabling the underlying substrate to be corroded. 

 

Figure 8-5. Corrosion rates of the covered surface with protective films at different 

pH values & temperature 50°C for 24 hrs 
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The corrosion rate curve at pH 5 was stable for first 6 hrs around the initial value. It 

then showed an increase with time in a linear trend. After 24 hr immersion time, a 

corrosion rate of 0.45 mm/y was recorded 

A pH 5.5 the corrosion rate was stable and constant throughout the 24 hr test period. 

The corrosion rate started with an initial rate and stabilised at this value to the end of 

the test. The constant corrosion rate at pH 5.5 and temperature 50°C indicated a stable 

level of protection throughout the immersion time offered by a compact and dense 

structure of a protective film.  

Surface analysis using SEM images confirmed the corrosion rate.  Figure 8-6(a) shows 

the protective films after 24 hrs immersion in a pH 4 solution. It is clear that the iron 

carbonate film exhibited severe chemical dissolution, where most of the prism-shaped 

crystals of iron carbonate were dissolved. The SEM image agrees well with the 

corrosion rate curve at the same pH in Figure 8-5. Figure 8-6(b) showed the image of 

the protective film after the exposure to pH 5 solution. Visually the protective films 

were in a better condition than after exposure to pH 4 for the same period of time, 

where no major gaps or empty pits were present on the surface, the film was almost 

covering the whole surface. However, there were signs of local film removal due to 

localised chemical dissolution. Most of the iron carbonate crystal edges were porous 

and damaged; this explains the rise in corrosion rate during the pH 5 static conditions 

test shown in Figure 8-5.  

The SEM images of the surface of the protective film at pH 5.5 are shown in 

Figure 8-6(c). Visually, the film structure confirmed the outcome of the corrosion rate 

as function time curve in Figure 8-5, where no visual signs of films removal were 

present. Both the SEM image and the corrosion rate graph indicated that at 50°C 

temperature pH 5.5 level the structure of the protective film remained stable, and the 

overall process did not undergo removal throughout the test duration.   
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(a) 

 

 
(b) 

 

 
(c) 

Figure 8-6. SEM images of the protective films on the X65 carbon steel surface at 

50C after 24 hrs exposure to a- pH 4     b- pH 5     c- pH 5.5 
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8.4 Protective film removal  under flowing conditions 

Following the formation of the iron carbonate film, three tests were carried out under 

flowing conditions, to examine the effect of the wall shear stress on the stability of 

the protective film. By using three different gasket thicknesses associated with three 

different flow rates as shown in Table 8-3, it was possible to generate a range of wall 

shear stresses (10 to 655 Pa) resulting from a gradual increase of the flow velocity 

from 1.5 to 13.9 m/s.  

Table 8-3. Tests sequence details for 50ºC temperatures: Flow cell heights and flow 

rates 

 

 

 

 

 

Prior to the flowing condition tests, the surface roughness of the protective film was 

measured by a non-contact method using 3D optical microscopy based on white light 

interferometry. Figure 8-7 shows a 3D image of the protective films surface, from 

which the surface roughness was obtained to be ~ 10µm in comparison to ~0.5µm of 

the uncovered surface. The value of the surface roughness was used to calculate the 

friction factor and the wall shear stress across the samples. These correlations were 

described in the previous chapter equations 5.1 to 5.4. The calculated wall shear stress 

values across each sample are detailed in Table 8-4.  

Using the same procedure for corrosion tests under flowing conditions described 

in 6.3.2 and 7.3.2, samples with protected surfaces were mounted on the test section 

and exposed to the wall shear stress. The shear stress was lowest at the 1st sample and 

stepped up in value on each followed sample up to the 5th sample where the highest 

shear stress was applied. 

 

 

 

 

Tests Sequence Gasket thickness (mm) Flow rate (l/min) 

1 2 41.5 

2 3 29.5 

3 6 32.5 
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Figure 8-7. 3D analysis to the protected films surface roughness 

 

Table 8-4. Cross section dimensions at every sample along the flow direction & 

flow cell height (gasket thickness) and the wall shear stress generated at each 

sample at temperature 50°C 

 

Sample 

number 

 

Width of the 

channel (mm) 

 

Wall shear stress on sample 

Channel height: 6mm 

Flow rate: 32.5 l/min 

Channel height: 3mm 

Flow rate: 29.5 l/min 

Channel height: 2mm 

Flow rate: 41.5 l/min 

1 50.0 10 Pa 37 Pa 171 Pa 

2 43.8 13 Pa 49 Pa 221Pa 

3 37.5 18 Pa 65 Pa 300 Pa 

4 31.3 25 Pa 91 Pa 425 Pa 

5 25.0 40 Pa 140 Pa 655 Pa 
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The flow condition test matrix is shown in Table 8-5. The pH of the solution was 

adjusted to the level of the 5.5 pH using NaHCO3, at which the protective film 

exhibited no sign of removal at static conditions test. 5.5 pH level was used in the 

flowing conditions test to determine the effect of the hydrodynamics on the iron 

carbonate film, and whether the flow effect will accelerate the removal of the films or 

has no significant effect on the film removal. As has been suggested in the literature, 

mass transfer rate from/to the surface of the sample due to the flowing conditions has 

a limited effect on film removal process [39]. 

Studying the protective films removal under flowing conditions at critical pH will 

provide an opportunity to determine a critical wall shear stress and flow velocity at 

which the iron carbonate films remain protective and show no sign of removal at a 

temperature of 50°C. 

Table 8-5. Test matrix of flowing condition test at temperature 50°C 

pH The critical value of the static test (pH 5.5) 

Temperature (ºC) 50  

Time (hrs) 24 

Range of flow velocity (m/s) 1.5 to 13.9 

Range of wall shear stress (Pa) 10 to 655 

Solution 3 wt. % NaCl 

Electrochemistry measurement LPR 

 

8.4.1 Flow effects on the protective film removal 

The protective film stability under flowing conditions test was examined using the 

matrix shown in Table 8-5. These films were formed following the procedure 

explained in 8.2. After films were formed, the samples were directly moved from the 

autoclave and placed in the test section of the flow loop. Each test was carried out 

using a freshly formed film. Figure 8-8 shows how the effect of the shear stress affects 

the corrosion rate and the stability of the protective films. The increase in corrosion 

rate at shear stress > 37 Pa is due to the enhanced removal of the films.  
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A rapid increase in corrosion rate was recorded under 655 Pa wall shear stress; the 

corrosion rate increased during the 24 hr test starting at 0.4 mm/y and reaching 4 mm/y 

at the end of the test, indicating a significant reduction in surface protection due to 

film removal process.  At 300 Pa wall shear stress, the corrosion rate also increased 

with time. However, corrosion rate at the end of the test was much lower than 655 Pa.  

 

Figure 8-8. Corrosion rates of the protected surface under different levels of wall 

shear stress at pH 5.5 & temperature 50°C for 24 hrs. 

 

The protective film was subjected to wall shear stress of 171 Pa, after 24 hrs exposure, 

corrosion rate increased to be ~ 1 mm/y. However, under 65 Pa wall shear stress 

corrosion rate was slightly less than the corrosion rate at 171 Pa, indicating a low flow 

sensitivity at shear stress range < 300 Pa. Where the flow sensitivity of the corrosion 

rate at shear stress > 300 Pa is much higher and showed a rapid increase with the flow.  
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The shape of the corrosion rate curves illustrate two different corrosion mechanisms; 

(a) at a high level of wall shear stress, a significant increase in corrosion rate due to 

the high removal rate of the protective film, and (b) at low level of wall shear stress 

below 300 Pa where the corrosion rate shows less flow dependency during the 24 hrs 

exposure time, suggesting a lower removal rate to the protective film.  

In another word, at higher shear stress the removal rate is fast enough to reduce the 

protection degree of the iron carbonate film, allowing a higher rate of the cathodic 

species to diffuse to the surface. However, at lower shear stress < 300 Pa the removal 

rate is slower, leading to a lower increase in corrosion rate as a function of time. This 

behaviour was observed at 37 Pa shear stress. Where a minor increase in corrosion 

rate was recorded.  

However, at wall shear stresses between 18 & 10 Pa corrosion rate showed a stable 

behaviour from the starting point up to the end of the test. After 24 hrs of exposure to 

both wall shear stresses, the corrosion rate did not show a significant increase, which 

indicates a full and constant protection of the surface by the iron carbonate films.  

The SEM analysis of the surface and cross-section of the protective films after 24 hrs 

exposure to shear stress is shown in Figure 8-9. A clear film removal occurred at 655 

Pa wall shear stress as shown in Figure 8-9(a). Large pieces of the protective film 

were removed from the covered surface leaving behind rough and deep holes and gaps 

which possibly became high turbulence zones on the surface leading to further 

removal. Therefore, the rapid increase in corrosion rate in Figure 8-8 at 655 Pa can be 

attributed to the high removal rate of the film from the surface. The cross-section SEM 

image of 655 Pa flowing condition confirm the removal of most of the outer layer of 

the protective films, where the thickness of the films decreased from ~60µm  to ~5µm.  

An additional surface analysis is conducted to the cross-section of the iron carbonate 

films under 655 Pa was done using an element mapping technique as shown in 

Figure 8-10. This technique maps the distribution of the elements on the surface; each 

element is displayed using a different colour. The distribution of the elements on the 

cross section consists of Fe, O and C as expected. This is a clear indication that the 

thin bottom layer of the films was iron carbonate FeCO3.  

Furthermore, SEM images of the protective film after exposure to 300 Pa showed 

similar observation to the surface at 655 Pa as shown in Figure 8-9(b) where, films 

were removed from some areas of the surface creating many gaps and rough pits on 
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the surface; however, it was much less than what was found at 655 Pa SEM image. 

Therefore the influence of flowing condition on corrosion rate under 300 Pa was not 

as significant as under 655 Pa as shown in Figure 8-8.  

The cross-section at 300 Pa shear stress shows a thicker film than the previous 655 Pa 

readings, where the average thickness was ~8µm almost twice the thickness of the 

films subjected to 655 Pa. This can explain the less dependency of the corrosion rate 

on the flowing conditions under 300 Pa shear stress. However, it also illustrates the 

high removal rate between shear stress 300 & 655 Pa.  

Further SEM analysis revealed the removal of the compact films of iron carbonate 

was still occurring under 171 Pa shear stress. SEM image showed a small number of 

gaps/pits were present on the surface of the film as shown in Figure 8-9(c). Regardless 

of these few gaps and pits, the SEM image showed a uniform removal, where the 

whole iron carbonate layer was removed exposing the layer of iron carbonate films 

beneath it.  

However, surface and the cross-section images under 65 Pa showed some crystals of 

iron carbonate were still present on the surface. The cross-section view indicates the 

thickness of the protective film is approximately twofold the thickness the film at 171 

Pa. Similar surface analysis observation was recorded films under 37 Pa wall shear 

stress; however, in general, the films were slightly thicker as shown in Figure 8-11(a). 
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Figure 8-9. Surface and cross-section SEM images of the protective films after 24 

hrs exposure to flowing conditions with various wall shear stresses: a- 655 Pa 

b- 300 Pa c- 171 Pa d- 65 Pa. 
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Figure 8-10. Element mapping profile of the cross-section of the iron carbonate 

films after exposure to 655 Pa shear stress 

 

 

Figure 8-11. Surface and cross-section SEM images of the protective films after 24 

hrs exposure to flowing conditions with various wall shear stresses:                

a- 37 Pa  b- 18 Pa 
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The SEM images of the surface and the cross-section view of the protective film 

subjected to 18 Pa are shown in Figure 8-11(b). In general, the SEM image showed a 

surface covered by iron carbonate film with few gaps and holes on the surface, in 

addition to porous and rough edges of some of the iron carbonate crystal. Figure 8-12 

showed the protective film status under 10 Pa shear.  

 

A fully covered surface with compact and dense prism-shaped crystals was observed 

on the surface. The cross-section view illustrates a layer of protective film with 

thickness ~60µm. Figure 8-12(b) shows a zoomed in image of the films confirming 

the stability of the films with no indication of removal. The cross-section views 

showed a ~60µm as shown in Figure 8-2(c), film thickness which is similar to the 

thickness of the films before the exposure to the flowing condition. 

 

Figure 8-12. SEM images to the surface and cross-section of the protective films 

after 24 hrs exposure to 10 Pa wall shear stress at different zoom. 
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8.4.2 Mechanical effect of the flow (erosion) on the film removal  

An additional test was carried out to investigate the mechanical effect of the flow on 

the overall protective film removal mechanism. The aim was to understand whether 

the hydrodynamic force of the flow is able to remove the protective film mechanically 

(erosion) or not. The test was conducted at a pH level of 6.9, at which the 

concentration of the cathodic species H+ is extremely low in the bulk solution (10-6.9 

mol/l), this is to minimise the effect of the chemical dissolution process on the overall 

film removal mechanism. The solution temperature was set to 50ºC. The wall shear 

stress was 655 Pa, which is the highest wall shear stress level across the protected 

surfaces generated by the flow loop. Figure 8-13 shows the corrosion rate as a function 

of time at wall shear stress 655 Pa. The corrosion rate at the starting point was ~0.009 

mm/y, decreased slightly to ~0.007 mm/y and stayed stable to the end of the test, 

indicating that the surface protection level was maintained throughout the test.  

 

Figure 8-13. Corrosion rate at  655 Pa as a function of time, temperature 50ºC, pH 

6.9. 

The SEM images agreed well with corrosion rate behaviour, Figure 8-14 shows the 

surface analysis of the film after 24 hrs exposure to 655 Pa shear stress. The images 

show a fully covered surface with compact structure of iron carbonate film, no sign 

of removal or gaps on the surface. The cross-section view indicated a ~60µm thick 

protective film similar to the thickness of the freshly formed film prior to the test. The 

LPR measurement and the surface analysis of the protective film confirmed that the 

mechanical removal (i.e. erosion) of the flow has a negligible effect on the overall 

film removal process. Further analysis of the film removal mechanisms is detailed 

in Chapter 10. 
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Figure 8-14. SEM images of the top view of the surface and the cross-section after 

24 hrs exposure to wall shear stress 655 Pa at temperature 50ºC and pH 6.9 

8.5 Summary 

At temperature 50ºC iron carbonate films were formed on the X65 carbon steel 

samples using a high-pressure autoclave, the films were compact and dense with 

~60µm thickness. Films stability was tested under different pH solutions and static 

conditions. Corrosion rates and SEM analysis to the surface and cross-section of the 

protective film helped to determine the minimum pH level at which the film maintain 

stability and a high degree of protection under static conditions (critical pH for 

temperature 50ºC). Moreover, the film stability was examined under flowing 

conditions. Corrosion behaviour and surface analysis determined the maximum wall 

shear stress can apply without iron carbonate films exhibit a removal process at 50°C 

operating temperature.  

The protective films removal rate was a function of wall shear stress, indicating a mass 

transfer controlled reaction. Critical pH and wall shear stress are the threshold 

conditions at which no films removal is likely to occur for an operating temperature 

of 50°C. 

These findings may contradict with Yang et al [39] work, Yang concluded that the 

mass diffusion rate has limited effect on the mass loss rate of the protective film. 

However, Yang used low flow velocity range between 0.6 to 2 m/s to examine the 

effect of the mass transfer on the dissolution rate of the protective films. At this small 

range of flow velocities, the effect of the mass transfer is small and hard to observe, 

this assumption was confirmed during Ruzic et al [23] study, where the effect of the 

mass transfer on the film removal was small until the flow velocity became ≥ 1.2 m/s.  

~60µm 
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Chapter 9. Results of X65 carbon steel protected surface under 

flowing conditions at 80ºC 

9.1 Introduction 

In this chapter, a further investigation was carried out to examine the iron carbonate 

films stability under flowing conditions at higher temperature environment of 80ºC. 

At this temperature, iron carbonate protected surfaces exhibit different corrosion 

behaviour than at lower temperatures < 70ºC [10], where the solubility of the iron 

carbonate films decreases at temperature 80ºC [217]. It is well known that diffusion 

rate of the chemical reactants increases as a function of temperature [218]. Therefore 

the formation of compact protective films is faster at high temperatures than at lower 

temperatures. Dense and compact films provide better protection to the surface. 

However, the level of protection of these films may be decreased by the removal of 

these films due to hydrodynamic or chemical effects, inflicting a high corrosion threat 

and risk of failure on the exposed steel surface. The present study was carried out to 

investigate the protective film stability and removal at high temperature. Two removal 

mechanisms were studied; removal by chemical dissolution and by the hydrodynamic 

effect. The results show that films removal may occur at high pH level due to the 

chemical dissolution under static conditions, however, at flowing condition, the 

hydrodynamic effect accelerate the chemical dissolution on the surface causing films 

removal. The effect on high temperature was investigated on the removal process, 

where the results suggest that at high-temperature chemical dissolution occur at higher 

pH values than at lower temperature.  

9.2 Iron carbonate FeCO3 film formation 

Iron carbonate films were formed using high-pressure CO2 autoclave prior to each 

test. Films formation procedure was explained in paragraph 8.2. The outcome of each 

formation test showed a thick and dense iron carbonate film. Figure 9-1 shows the 

SEM & EDS analysis to the surface of the protective film. 
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(a) 

 

 
(b) 

Figure 9-1. SEM & EDS analysis image of the surface and the cross-section of the 

iron carbonate films after the formation test. 

9.3 Protective films removal under static conditions. 

The stability of the iron carbonate films at various pH levels and 80°C temperature 

was examined under static conditions through a sequence of four tests, each test was 

carried out at different pH solution; 4, 5, 5.5 and 6, to determine the pH level at which 

no films removal reaction occur at 80°C temperature.  
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Figure 9-2. Corrosion rates of the covered surface with protective films at different 

pHs & temperature of 80°C for 24 hr 

 

Figure 9-2 shows the corrosion behaviour of the protective films FeCO3 at different 

solution pH values as a function of time. At pH 4 corrosion rate at the starting point 

was ~0.15 mm/y, the corrosion rate was stable within the first 4 hrs, which can be an 

initiation period of film dissolution process. After that, corrosion rate increased as a 

function of the time up to ~0.32 mm/y. At pH 5 solution, corrosion rate showed 

another increase with the time. At the beginning of the test, the corrosion rate was 

stable for ~6 hrs as an initiation period. However, after the 6 hrs, corrosion rate 

increased linearly to the end of the 24 hrs. The overall shape of the curve of pH 5.5 

indicated an initiation period of films removal for the first 8.5 hrs, however, it 

increased slightly after 24 hrs. At pH 6, corrosion rate showed different behaviour 

than the previous three tests. For ~ 1.5 hr corrosion rate was stable around its initial 

value, however, corrosion rate then decreased down slightly to a lower rate and 

stabilised till the end of the test. This behaviour can be attributed to the stability of the 

protective films at pH 6 solution and temperature 80°C, where no film removal 

occurred and the surface of the carbon steel was fully protected throughout the test 

period under these conditions.  

Subsequent to the film removal tests at static conditions, the surface analysis was 

carried out on the tested film surface using SEM technique, after 24 hrs exposure to a 

CO2 saturated solution at three different pH solutions. Figure 9-3(a) illustrates the 

surface analysis of the protective film after 24 hr immersion in pH 4 solution.  
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It was clear that many of the iron carbonate films were removed from the surface. 

However, the steel surface is still covered and no bare surface was exposed to the 

solution. The SEM surface analysis explained the corrosion rate curve at pH 4, where 

the corrosion rate at the end of the test was twofold higher than the initial value. 

Figure 9-3(b) shows a SEM image of the protective film immersed in pH 5 solution, 

many gaps and holes were observed on the surface which indicates film removal, 

where the prism-shaped crystals of iron carbonate were partially or fully dissolved.  

Figure 9-3(c) shows the surface condition after exposure to a pH 5.5. It showed a fully 

covered surface with iron carbonate crystals. However, some of the protective film 

edges were porous and partially dissolved as resulted of a local chemical dissolution. 

The SEM analysis confirmed that, although the increase in corrosion rate at pH 5.5 

was relatively low as shown in Figure 9-2, the iron carbonate crystals showed a 

significant deformation and removal, which may develop and progress to higher 

removal rate if exposed to pH 5.5 solution for longer durations.   

 The SEM image at pH 6 solution is shown in Figure 9-4. Visually, the protective 

films were in good condition with no signs of film removal on the surface. It showed 

a fully covered surface with compact and dense structure of iron carbonate crystals. 

The surface analysis confirmed the corrosion behaviour at pH 6 in Figure 9-2, where 

it declined within the first 5 hrs down to its minimum value and stabilised till the end 

of the test. Both the corrosion rate curves and the surface analysis of the protective 

film indicate that; at static conditions environment, temperature 80°C and 3% wt. 

NaCl solution the critical pH level is 6, at which the protective films exhibit no films 

removal due to chemical dissolution.  
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(a) 

 

 
(b) 

 

 
(c) 

 

Figure 9-3. SEM images of the protective films on the X65 carbon steel surface at 

temperature of 50ºC after 24 hrs exposure to a- pH 4   b- pH 5  c- pH 5.5 
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Figure 9-4. SEM images of protective films on the X65 carbon steel surface at 80°C 

after 24 hrs exposure to pH 6 solution 

 

However, for more verification of this data, the test duration was extended from 24 

hrs to 48 hrs to confirm whether or not the pH 6 is the critical pH level at 80°C where 

no chemical dissolution is likely to occur even after the first 24 hrs. Therefore the 

corrosion behaviour of the iron carbonate films at pH 6 and 80°C temperature was 

examined for 48 hrs immersion time. The outcome of this test confirms the data 

obtained from the 24 hrs, where the corrosion rate showed a stability at minimum 

value throughout the test period as shown in Figure 9-5 

 

Figure 9-5. Corrosion rates of the covered surface with protective films at pH 6 and 

temperature of 80ºC for 48 hrs exposure time. 
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The SEM analysis of the protective films surface after 48 hrs exposure is shown in 

Figure 9-6. The SEM image illustrates a fully covered surface with dense iron 

carbonate crystals with no visible sign of films removal may occur during the 48 hrs 

exposure time. The outcome of this test confirmed the previous test results which 

suggested that pH 6 is the critical pH level of the CO2 saturated environment at a 

temperature of 80°C. 

 

Figure 9-6. SEM image of the protective films surfaces at pH 6 & 80°C temperature 

for 48 hrs. 

9.4 Protective film removal  under flowing conditions at 80ºC and 

the critical pH 

Following the static tests series, the effect of the wall shear stress on the stability of 

the protective films were examined using the test matrix in Table 9-1. Iron carbonate 

films were formed prior to the flowing condition tests using the procedure explained 

in paragraph 8.2. Film stability test under shear stress was carried out to investigate 

the removal mechanism at a high temperature of 80°C and compare this with removal 

process of the protective film at temperature 50ºC.  
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The pH of the aqueous solution was adjusted to the pH 6. This will determine whether 

the hydrodynamic force has any effect on the removal process. And if there was an 

influence from the hydrodynamic force on the removal of the film, it will be possible 

to identify the mechanisms of that effect.  

The wall shear stress was generated using three different flow rates associated with 

three different gasket thicknesses as shown in Table 8-3, which generated a range of 

wall shear stresses 10 to 592 Pa and flow velocities 1.8 to 13.3 m/s. The flow 

parameters were calculated using the empirical relations which were described in the 

previous chapter equations 5.1 to 5.4.  

Table 9-1. Test matrix of flowing condition test at a temperature of 80°C. 

pH The critical pH of the static test (pH 6) 

Temperature ºC 80 

Time (hrs) 24 

Range of flow velocity (m/s) 1.8 to 13.3 

Range of wall shear stress (Pa) 10 to 592 

Solution 3 wt. % NaCl 

Electrochemistry measurement LPR 

 

The roughness of the protective films surface was measured using similar 

methodology explained in paragraph 8.4. Table 9-2 shows the calculated values of the 

wall shear stress across the protected surfaces under different flow conditions and 

temperature 80°C. Table 6-4 and Table 9-2 show the value of the wall shear stress 

across the samples, the former is for the clean surfaces and the latter is for the covered 

surfaces. 
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Table 9-2. Cross section dimensions at every sample along the flow direction & 

Flow cell height (gasket thickness) and the wall shear stress generated at each 

sample at temperature 80°C 

Sample 

number. 

 

Width of the 

channel mm 

Wall shear stress on sample 

Channel height: 6mm 

Flow rate: 32.5 l/min 

 

Channel height: 3mm 

Flow rate: 29.5 l/min 

Channel height: 2mm 

Flow rate: 41.5l/min 

1 50 10 Pa 35 Pa 152 Pa 

2 43.8 12 Pa 45 Pa 197 Pa 

3 37.5 16 Pa 61 Pa 266 Pa 

4 31.3 24 Pa 87 Pa 381 Pa 

5 25 36 Pa 134 Pa 592 Pa 

 

9.4.1 Flow effect on the protective film removal 

The stability of the protective films was examined. Corrosion behaviour of the 

protected surface was tested under high wall shear stress 592 Pa and stepped down at 

each following tests down to 10 Pa. Figure 9-7 details the corrosion rate of the 

protective films surface, at 592 Pa corrosion rate increased with time. Throughout the 

first 20 hrs, corrosion rate increased slowly, then the corrosion rate increased rapidly 

where it doubled in value compared to initial value. This indicates that the first 20 of 

the 25 hrs divided into two regions, an initiation for 5 hrs and slow progress region 

for 15 hrs, and during the last 5 hrs film removal was accelerated rapidly leading to a 

fast increase the corrosion rate. At 266 Pa wall shear stress, corrosion rate showed 

similar behaviour.   

Corrosion rate at 266, 152 and 61 Pa showed different initiation periods which was an 

inverse function of the applied shear stress, where it exhibited 10, 15 and 20 hrs 

respectively. The stable corrosion rate can be described solely as an initiation period 

of the films removal process, however, it progressed and accelerated during the 

second period of the test duration.  
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Figure 9-7. Corrosion rates of the protected surface under different levels of wall 

shear stress at pH 6, temperature 80°C and for 24 hrs. 

 

However, at 35 Pa the corrosion rate of the protected surface showed different 

behaviour, where the corrosion rate at the beginning of the test was at an initial value, 

then it decreased down and stabilised to the end of the test. Moreover, corrosion rate 

at 16 Pa showed a similar behaviour of the corrosion rate under 35 Pa, where at 16 Pa 

the initial value of the corrosion rate decreased within 1.5 hrs and remained constant 

at until the end of the 24 hrs exposure time.  

Therefore, from the overall shape of the corrosion rate curves, two wall shear stress 

levels of 35 & 16 Pa can be selected as the critical wall shear stress. At both 35 & 16 

Pa corrosion rates showed a stable behaviour throughout the test period, indicating 

that the degree of protection of the iron carbonate films did not decrease as 

consequence of the exposure to the wall shear stress for 24 hrs. 
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SEM analysis was carried out on the surface and the cross-section after each test. 

Images are shown in Figure 9-8. The SEM image of the iron carbonate films after 24 

hrs exposure to shear stress 592 Pa shows dissolution and removal, where most of the 

prism-shaped crystals of iron carbonate were damaged. The cross-section view 

indicates a reduction in the protective films thickness from ~60 µm prior to the test to 

~ 13 µm. The reduction of the protective layer thickness decreased the degree of the 

protection of the iron carbonate film, leading to an increase in corrosion rate. 

The SEM image under 266 Pa showed similar observation. Where the iron carbonate 

crystals were damaged and exhibited a removal process, consequently the thickness 

of the protective films was decreased to ~25% of what it was prior to the test. Further 

SEM analysis was carried out on the protected surface subjected to 152 Pa. The 

protective film was deformed and the appearance of the crystals was transformed from 

the prism to a non-uniform smaller shaped crystals. The SEM image of the cross-

section view illustrated a ~60% reduction in the protective films thickness. 

Surface analysis of the protective films at 61 Pa is shown in Figure 9-8. The SEM 

images of the surface and the cross-section showed again film removal, where a sharp 

edge crystals are present on the surface, which can be due to a local film dissolution. 

The cross-section view shows a ~45% decrease in the protective films thickness. 

At 35 & 16 Pa the SEM images of the surface showed a fully covered surface with 

compact and fully prism-shaped iron carbonate crystals, with no visible gaps or holes 

present on the surface of the film. The cross-section view shows the thickness of the 

protective films as ~ 60µm which is similar to the thickness of the protective films 

before the exposure Figure 9-9.   
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Figure 9-8. Surface and cross-section SEM images of the protective films after 24 

hrs exposure to flowing conditions with various wall shear stresses at 

temperature of 80°C. 
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At 35 Pa the SEM image showed a fully covered surface with prism-shaped crystal of 

iron carbonate. However, some of the crystals appeared rough and porous indicating 

minor and local dissolution occurred at the crystals edges. The cross-section view 

showed a ~ 60µm thickness of protective films which indicated that no reduction in 

the protective films thickness accrued throughout the 24 hrs exposure to 35 Pa. 

 

Figure 9-9. Surface and cross-section SEM images of the protective films after 24 

hrs exposure to flowing conditions with wall shear stresses 35 & 16 Pa at 

temperature of 80°C 

 

The SEM images of the surface and cross-section of the iron carbonate film at shear 

16 Pa showed that at this wall shear stress value no films removal likely to occur. 

Therefore, under flowing conditions environment the 16 Pa is the wall shear at which 

the iron carbonate films exhibit a full protection to the carbon steel surface at 80°C 

temperature. 
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9.5 Summary  

In the current study, the effect of high temperature on the stability of the protective 

films under flowing conditions was examined. To understand the removal mechanism 

at high-temperature environment, and to determine the pH and wall shear stress at the 

protective film maintains its compact structure without undergoing film removal 

under hydrodynamic force at 80ºC. 

The outcome of the protective films stability tests confirmed that Iron carbonate film 

removal under static condition occurs at pH solutions below pH 6. However at pH ≥ 

the pH 6 no films removal was observed. Iron carbonate stability was investigated 

under flowing conditions using the critical pH solution. The iron carbonate layers 

exhibited a significant films removal due to a uniform chemical dissolution reaction 

across the protected surface with no visible gaps or holes on the surface. The rate of 

the chemical dissolution reaction was a function of the flowing conditions. By testing 

the stability of the iron carbonate layer under various levels of wall shear stresses it 

was possible to determine the maximum wall shear stress can apply on the protective 

film without undergoing a removal process at 80ºC. 
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Chapter 10.  Overall Discussion 

10.1 Introduction 

In this chapter, an appraisal of the work done in this thesis is presented to highlight 

the contribution this research has made towards an understanding of the flow induced 

corrosion behaviour of  X65 carbon steel. The results show the importance of the flow 

parameters, the nature of the starting surface and the fluid properties on the corrosion 

behaviour of the X65 carbon steel. The protective film removal and the mechanisms 

of such removal under flowing at different fluid temperatures are appraised.  

10.2 What controls the corrosion of the unprotected surface of X65 

under flowing conditions and pH 6.6? 

An important finding from this work relates to the fact that, corrosion behaviour as a 

function of time at temperature 50ºC & 80ºC showed a clear flow dependency. 

Corrosion rate reached a steady state value at different times; at 1.6 Pa the corrosion 

rate took 5 hrs to stabilise, however at higher shear stresses the time required was 30 

minutes as shown in Figure 6-12. The influence of the wall shear stress level on the 

corrosion rate was more significant at a higher temperature of 80ºC.  

The corrosion behaviour at a shear stress range 7.5 to 26.5 and at 80ºC, showed that 

the corrosion rate ≥ 26.5 Pa exhibited no stabilisation period, with the final corrosion 

rate being equal to the initial value as shown in Figure 6-13. At < 26.5 Pa corrosion 

rate showed different length of stabilisation periods depending on the applied shear 

stress. Further confirmation to this proposal will be established by analysing the 

outcome of the corrosion behaviour tests at pH 4 and temperatures 50ºC and 80ºC.   

10.2.1  Flow sensitivity of the corrosion rate  

Corrosion rate in general as a function of wall shear stress/flow velocity at both 

temperatures 50°C & 80°C. The dependency of the corrosion rate at pH 6.6 

environment on flow was an interesting behaviour since the diffusion limited species 

(i.e. H+) concentration in the bulk solution was low.  
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Nevertheless, low H+ concentration does not entirely eliminate the effect of hydrogen 

ions or other components of the carbonic acid H2CO3 diffusion rates to/from the steel 

surface, especially in the highly turbulent flow. Corrosion flow dependency at pH ≥ 6 

is not a new phenomenon. Several previous studies investigated this behaviour and 

Table 10-1 summarises some of these studies. 

Table 10-1. Summary of the studies in literature related to the corrosion flow 

sensitivity at high pH conditions. 

The study The observation The given analysis  

Vetter [219] 1967 
Corrosion rate increased with flow at 

pH ≥ 6 

The carbonic acid has a diffusion 

control effect 

Schmitt et al [220] 

1977 

Corrosion rate increased with flow at 

pH ≥ 6 

The carbonic acid has a diffusion 

control limiting current 

Nesic et al [60, 

221] 1995, 2010 

Corrosion rate increased with flow at 

pH ≥ 6 

The carbonic acid has a diffusion 

current limit component 

Ferreira et al [27] 

2015 

Corrosion rate increased with flow at 

pH ≥ 6 

Turbulence flow effect. No further 

details were given 

The current study 
Corrosion rate increased with flow at 

pH ≥ 6 
- 

 

Vetter [219] proposed that the reduction of the carbonic acid is not restricted to the 

chemical controlled reaction, but it can also be under diffusion control. The reduction 

of carbonic acid can only be under pure activation control in low flow velocity 

conditions, where the thickness of the diffusion boundary layer is greater than the 

reaction layer. The outcome of the Schmitt et al [220] study agreed with Vetter’s 

conclusion, where Schmitt concluded that the carbonic acid H2CO3 has a diffusion-

controlled limiting current in addition to its activation controlled cathodic reaction 

component. 

Nesic et al [60, 221] demonstrated that the corrosion rate showed flow dependency in 

flowing conditions at pH ≥ 6 as shown in Figure 10-1. The author attributed the flow 

sensitivity to the diffusion behaviour of some of the carbonic acid components, with 

which the diffusion limited current effectively participates in the cathodic reaction 

rate.  
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The authors added that higher flow velocities accelerate the reduction of the carbonic 

acid by increasing the diffusion rate of the carbonic acid from the bulk solution to the 

surface. Nesic et al [60] carried out their study at 20°C and 1% NaCl solution, which 

can inflict a significant reduction in the diffusion coefficient and the chemical 

reactions rates resulting in less flow dependency. Ferreira et al [27] studied the 

influence of surface roughness on the corrosion rate at flowing conditions of up to 

1m/s. The outcome showed that CO2 corrosion has flow dependency at pH > 6 

conditions are shown in Figure 10-2.  

 

Figure 10-1. Data of corrosion rate as function of flow at temperature 20ºC and 1% 

NaCl, from Nesic et al [60] 

 

However, the studies by Nesic et al  [60, 221], Schmitt et al [220],  Vetter [219]  and 

Ferreira et al [27] gave no further details about the composition or the nature of 

diffusion-limited component of the carbonic acid H2CO3. Moreover, these studies did 

not necessarily consider all the physical and chemical properties of the flow in their 

investigation, nor the effect of the geometry of the flow section on the corrosion 

process. Each study was limited to one or two parameters, therefore an adequate 

understanding of the effect of flow on corrosion in a high pH environment is still 

lacking.  
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Figure 10-2. Data of corrosion rate as a function of flow and surface roughness at 

temperature 25ºC and pH > 6, from Ferreira et al [27] 

 

The current study outcome agrees with the studies mentioned in Table 10-1 with 

corrosion rate showed flow sensitivity at pH ≥ 6 environments. Corrosion rate was 

plotted versus the flow velocity as shown in Figure 10-3. Corrosion rate was flow 

dependent at both temperatures 50°C & 80°C. The flow dependency showed variation 

with the shear stress/flow velocity. At wall shear stress/flow velocity 410 Pa/13.85 

m/s corrosion rate increased several times higher than at 1.6 Pa/0.7 m/s as shown in 

Figure 10-3 and Figure 6-7. This is much higher than the corrosion rate presented in 

Nesic et al [60] in Figure 10-1. The current study was conducted at much higher NaCl 

concentration and temperatures which could have accelerated the species diffusion 

and the chemical reaction rates to a point where the flow-dependent corrosion 

behaviour becomes more evident. The increase in corrosion rate in the present study 

at pH 6.6 cannot be attributed solely to initial concentration of H+ species in the bulk 

solution. Therefore, another source of cathodic species must be present and providing 

more diffusion limiting species H+ to the bulk solution, with which the diffusion-

limited current effectively participates in cathodic reactions rate.  
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Recently, another cathodic reaction proposed as a dominant cathodic reduction 

process [66-68] known as “Hydrogen buffering effect” in which the carbonic acid 

dissociation becomes an additional source of H+ to the hydrogen-reduction process on 

the sample surface; details of these studies were presented in paragraph 2.1.4. In 

general, the outcome of this study indicated the presence of a source for the diffusion-

limited species, feeds the bulk solution with additional H+ when the concentration of 

H+ depleted, due to the ongoing reduction process on the sample surface.  

 

Figure 10-3. The data of the corrosion rate as a function of flow velocity from 

current study at pH 6.6: 50ºC (Black dots) and 80ºC (Green dots) 

The cathodic polarisation curves at temperatures 50ºC and 80ºC showed an increase 

in the cathodic current density as a function of the shear stress as shown in 

Figure 6-10, Figure 6-11, Figure 7-7 and Figure 7-8. This introduced a possible flow 

effect on the dissociation rate of the carbonic acid. High dissociation rate increases 

the H+ availability in the bulk solution and can explain the flow sensitivity of the 

cathodic current density.  

Similar proposals are present in literature, where the authors suggest that higher flow 

velocities accelerate the reduction/dissociation rate of the carbonic acid [60, 221]. 

Therefore, the observed diffusion-limited current in this study at 50ºC and 80ºC at pH 

6.6 can be a consequence of the solution buffering with H+ from the dissociation of 

the carbonic acid.  

In general, corrosion behaviour under flowing conditions factors that altered corrosion 

rate not restricted to wall shear stress/flow velocity and temperature. Other flow 

parameters such as the flow turbulence level and/or the parameters affect the transport 

rate of the cathodic species can play a significant role in determining the corrosion 

behaviour, especially in high wall shear stress/flow velocity environment.  
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10.2.2  How the flow and channel geometry influence the corrosion 

rate 

The changes in corrosion rate as a function of shear stress showed variations at some 

points; although the points are subjected to a similar level of shear stress. Figure 6-7 

shows the corrosion rate at point A is higher than at B despite the fact that point B 

was subjected to 120 Pa wall shear stress while point A was subject to 100 Pa.  The 

difference in corrosion rates can be attributed to the variation in flow cell geometry at 

points A & B, where the characteristic length D (hydraulic diameter) at A is 1.5 times 

larger than D at point B due to the differences in the dimensions of the cross-section.  

Flow parameters such as Reynold`s number is a function of flow cell dimensions 

(hydraulic diameter), flow velocity and fluid properties. Large hydraulic diameter 

generates high turbulent flow (Reynold`s number). From equation 4.3 Reynold`s 

numbers were calculated and plotted versus the corrosion rates as shown in Figure 6-8. 

Reynold`s number at point A is ~ 60,000 and at B is ~ 45,000. The mass transfer 

coefficient is described in equation 4.6 as the Sleicher and Rouse correlation [171] 

which is a function of Reynold`s number, water properties and flow geometry. This 

correlation can provide an insight into the main parameters controlling the mass 

transfer coefficient between the bulk solution and the sample surface [63, 171].  

Mass transfer coefficient increases with flow turbulence (Re number) to the power of 

Re0.87 [173]. Therefore any increase in Reynold`s number leads to an increase of the 

mass transfer coefficient which increases the diffusion rate of the cathodic species 

to/from the surface. This can explain the higher corrosion rate at A than at point B 

despite the former being exposed to a higher flow velocity and wall shear stress than 

the latter.  

The cathodic polarisation analysis at point A & B as shown in Figure 6-10 shows the 

cathodic current density at point A is higher than at B. Consequently a thinner 

diffusion boundary layer thickness is generated at point A sample than at B. A thin 

diffusion boundary layer thickness prompts higher cathodic species rate to reach the 

sample surface for reduction or to diffuse from the surface to the bulk solution [60]. 

Figure 10-4 shows two corrosion rate curves plotted versus Reynold`s number. The 

flow rates and gasket thicknesses were adjusted to have similar Reynold`s number 

range across the five samples at both curves. However, the shear stress value in the 
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green curve is always × 3 the equivalently positioned sample in the red curve. If 

corrosion’s flow sensitivity was only a function a Reynold`s number, the corrosion 

rate at both curves should have similar flow sensitivity (slopes). Nevertheless, 

corrosion rate in the green curve exhibited a steeper flow dependency than the red 

curve. Therefore, a third parameter must be present and influence this behaviour.  

  

Figure 10-4. Reynold`s number effect and channel geometry on the corrosion 

behaviour at temperature 50ºC and pH 6.6 

 

This can be attributed to the direct effect of the geometry at both curves on the mass 

transfer coefficient. From Sleicher and Rouse correlation Equation 4.6  [171] the mass 

transfer coefficient is described as a function of flow turbulence and solution 

properties. It shows that the diffusion rate of cathodic species is an inverse proportion 

to the geometry (Lc) (Lc is a function of the thickness of the gasket). For the red curve 

test, the mass transfer coefficient has a characteristic length larger than the green curve 

test, resulting in less mass diffusion rate to/from the surface at the former than the 

latter. This shows that the corrosion behaviour under flowing conditions is not only a 

function of the flow characteristics and fluid properties, but the geometry of the flow 

channel has a significant effect on the diffusion rate of the cathodic species to/from 

the surface of the samples.  

Figure 10-5 shows a diagram of the physical and chemical parameters that affect the 

corrosion rate. The characteristic length in the mass diffusion coefficient correlation 

was determined as a function of the gasket thickness [222-226]. 
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Figure 10-5. Sketch shows how the flow parameters and properties influence the 

corrosion rate 

 

The data at 80ºC provided a further confirmation of the prior analysis of the data at 

50ºC. Points with higher corrosion rate have Reynold`s number higher than the points 

with lower Reynold`s number. Therefore, mass transfer coefficient at the former is 

higher than the latter. 

At both temperatures 50ºC and 80ºC the four curves of the corrosion rate as a function 

of the shear stress and flow velocity showed consistency, with no significant 

differences in corrosion rates at points A & B and C & D as shown in Figure 6-7 & 

Figure 6-9 and Figure 6-16 & Figure 6-19. The overall shape of the four curves 

combined showed one semi-continuous curve. However, corrosion rate as a function 

of flow turbulence (Reynold`s number) at Figure 6-8 and Figure 6-17 showed 

discontinuous curves. Therefore at pH 6.6 environment, the wall shear stress is a valid 

parameter to describe the corrosion behaviour of the X65 carbon steel at both low and 

high flow ranges. Other parameters such as the mass transfer coefficient are also valid. 

However at pH 6.6, using the mass transfer coefficient to describe the corrosion 

behaviour has its obstacles, whereas at pH > 4 the calculation of the actual mass 

transfer coefficient value is limited due to the difficulties of measuring the limiting 

current density at (pH levels > 4).   
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10.2.3  Temperature effect on the corrosion rate 

High temperature accelerates chemical reaction rates and the diffusion of species 

to/from the surface, therefore high corrosion rates are expected at high-temperature 

environments [10, 119]. This agrees well with the current study where the corrosion 

rates at 80ºC were relatively higher than at 50ºC as shown in Figure 6-7 and 

Figure 6-16. The significant flow dependency of the corrosion rate at 80°C in 

comparison to 50ºC can be attributed to the influence of temperature on the overall 

process. Figure 10-6 explains how the temperature influences the corrosion behaviour.  

Corrosion rate sensitivity to flow indicates that the diffusion-controlled species are 

participating actively in the cathodic reaction. The effect of temperature can be 

comprehended by understanding the effect of the temperature on chemical reactions 

and the diffusion process of the cathodic species to/from the surface, in addition to the 

effect of the temperature on the fluid properties (i.e. viscosity & density). 

  

Figure 10-6. A diagram illustrates how the temperature affects the corrosion 

behaviour 
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At temperatures 50ºC and 80ºC different corrosion rates were recorded under similar 

shear stress; at 80ºC this occurred under ~26 Pa,  and at 50ºC this behaviour started at 

a much higher wall shear stress ~100 Pa. This can be explained by the influence of 

the temperature on the diffusion coefficient (D) as given by Stokes-Einstein equation 

4.5 [60]. It indicates that the diffusion coefficient is a function of the temperature and 

varies inversely with solution viscosity. Water viscosity decreases with temperature 

[214] which introduced a further increase in diffusion coefficient at high temperatures.  

The difference in the solution viscosity between temperatures 50°C & 80°C generates 

two different Reynold`s numbers at any given flow velocity. From equation 4.3 the 

water viscosity at temperature 80°C generates 50% higher Reynold`s number than at 

50°C under the same flow velocities and channel geometry, in other words at 

temperature 80°C a ~ 90,000 Reynold`s number was generated with flow velocity 3.5 

m/s at one sample in comparison to ~60,000 at 50°C under the same flow velocity. 

Consequently, at 80°C a higher mass transfer coefficient was expected at low wall 

shear stress/flow velocity ~26Pa/3.5m/s, whilst at temperature 50°C it was not 

possible to induce a similar magnitude of mass diffusion coefficient under this level 

of shear stress/flow velocity. However, it required much higher shear stress/flow 

velocity ~100Pa/6.5m/s to obtain a similar level of mass transfer coefficient. 

Consequently, the reduction in the diffusion boundary layer thickness (as described 

by equation 4.8)  at temperature 80°C a thin diffusion boundary layer can be present 

under much lower wall shear stress/flow velocity than at 50°C. 

10.3 An understanding of the effect of flow on the corrosion 

behaviour at pH 4 environment 

At pH 4 the concentration of the H+ is 400 times higher than at pH 6.6, therefore the 

effect of the mass diffusion behaviour on the corrosion current density was more 

significant than at pH 6.6. Corrosion rate as a function of time was under strong mass 

diffusion control in all cases, in which the corrosion rate increased rapidly with the 

flow. The length of stabilisation period varied depending on the applied flowing 

conditions. The variation in the length of the stabilisation period as a function of shear 

stress is an interesting behaviour as shown in Figure 7-9 and Figure 7-12.  

This behaviour can be explained by understanding the effect of the cathodic species 

diffusion on the stabilisation time. The diffusion rate is a function of temperature and 
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flow conditions [40]. At temperature 50ºC, the length of the stabilisation period was 

inversely proportional to the shear stress, where it decreased from 2.5 hrs at 1.6 Pa 

down to 1 hr at 5.66 Pa as shown in Figure 7-1. However, at higher wall shear stress 

≥ 30 Pa the corrosion rate was stable throughout the test duration. Indicating that the 

Rate-Determining Step (RDS) of the length of the stabilisation period is the charge 

transfer and not the diffusion rate of the cathodic species. At temperature 80ºC, the 

time required for the corrosion rate to reach a steady state value was much shorter 

than at 50ºC. However, at shear stress ≥ 26 Pa the corrosion rate showed no 

stabilisation period, similar to the observation at 50ºC. 

In general, at the starting point of a test under low shear stress, the diffusion rate of 

the cathodic species is gradually increased with the time, until it reaches the diffusion 

limit under that level of shear stress, at which the corrosion rate reaches steady-state 

value. The length of the stabilisation time is therefore expected to vary as a function 

of the applied shear stress. At shear stress < 26 Pa corrosion rate increased as a 

function of the time from an initial value up to the plateau. However, at shear stress ≥ 

26 Pa the hydrodynamic force is high enough at the starting point to supply high rate 

of the cathodic species from the bulk solution to the surface to be reduced. The 

diffusion rate was enough to reach a diffusion limit in a short period of time. 

Therefore, no stabilisation period was required to reach a steady state corrosion rate 

at high shear stress range.  

One can argue that at 80ºC the diffusion coefficient is higher, and thus the corrosion 

behaviour should show no stabilisation period at much lower shear stress than at 50ºC. 

This argument is valid if the effect of the flow cell geometry was eliminated. At 50ºC 

the corrosion rate showed steady-state value from the beginning of the test at shear 

stress 30 Pa with a characteristic length that is half of the characteristic length of the 

flow cell at 80ºC and shear stress ~26 Pa. With smaller characteristic length the 

diffusion coefficient increased, and therefore corrosion rate exhibited a stable rate 

throughout the test at both temperatures 50ºC and 80ºC at approximately the same 

range of shear stress.  
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10.3.1  How the mass transfer coefficient controls the corrosion 

behaviour 

It is well known that at low pH solutions the main cathodic reaction is the reduction 

of hydrogen ions in a process known as cathodic hydrogen evolution [18, 40, 48, 119]. 

The corrosion behaviour is highly influenced by the transport rate of the cathodic 

species from/to samples surface. Corrosion rate as a function of wall shear stress at 

temperature 50ºC was shown in Figure 7-5. The variation in corrosion rate values at 

points A & B and C & D was attributed to variation in flow turbulence as detailed in 

section 10.3.1. Figure 7-7  illustrates the cathodic sweeps at points A & B and C & D. 

The cathodic sweep branches confirmed the limiting current at point A & C are higher 

than at point B & D. Therefore, greater corrosion rate at points A & C can be linked 

to the higher mass transfer coefficient at these points than at points B & D.   

In order to confirm this hypothesis, a further analysis was carried out on the corrosion 

behaviour, by calculating the mass transfer coefficient at these points using empirical 

correlation equations 10.1. From Figure 7-7 it was possible to measure the limiting 

current of the samples at point A & B and C & D, therefore the mass transfer 

coefficient at these points was empirically calculated using [60, 227] 

𝐾𝑚 =  
𝐼𝑙𝑖𝑚

𝐹 × 10−𝑝𝐻
 10.1 

Where Km is mass transfer coefficient m/s, Ilim is limiting current density A/m2 and F 

is Faraday’s number 96485 C/mol.  

Figure 10-7 shows the mass transfer coefficient as function of the wall shear stress at 

points A & B and C & D. It is clear that the calculated mass transfer coefficient values 

are in agreement with the corrosion rate readings in Figure 7-5, where the mass 

transfer coefficient at point A is approximately twofold higher than at B and at point 

C is 34% greater than at D. 
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Figure 10-7. Mass transfer coefficient as a function of the wall shear stress at points 

A, B, C and D at pH 4 & temperature 50ºC 

 

Using the limiting current density to calculate the mass transfer coefficient by 

equation 10.1 provided an opportunity to examine the corrosion behaviour as a 

function of the mass transfer coefficient. This allowed examination of how the mass 

transfer coefficient correlates with the corrosion behaviour at fixed pH 4 level. 

Figure 10-8 shows the corrosion rate of the samples as a function of the mass transfer 

coefficient at pH 4 and temperature 50ºC.  

 
 

Figure 10-8. Corrosion rate as function of mass transfer coefficient at pH 4 and 

temperature 50ºC calculated using the limiting current density 

 

The overall shape of the curves showed that the corrosion rate is a direct function of 

the mass transfer value. The boundary diffusion layer thickness across the samples of 

points A & B and C & D was calculated using the mass transfer coefficient and the 
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diffusion coefficient from equation 10.1 and equation 4.5. The boundary diffusion 

layer thickness showed that the layer at point B is twofold thicker than at point A, 

whilst the thickness of point D is 50% greater than at C. Therefore, the variation in 

corrosion rate at these points can be attributed and linked to the difference in mass 

coefficient. 

In addition, further analysis of the cathodic sweep curves at pH 4 and temperature 

50ºC revealed an interesting behaviour. Figure 7-8 illustrates that the reduction 

process is a mass transfer controlled reaction (a clear limiting current density region 

on the curve, at which the polarisation process becomes an independent of the current 

density) up to wall shear stress 200 Pa, however at 410 Pa the cathodic reduction was 

under mixed control of mass diffusion and charge-transfer (the limiting current 

density region decreased, and the polarisation process becomes current density 

dependent). The shift from mass diffusion to mix controlled can be attributed to the 

high diffusion rate of the cathodic species reaching the surface through the diffusion 

boundary layer. Figure 10-9 shows that the mass transfer coefficient at the sample 

subject to 410 Pa is more than twofold higher than the sample under 200 Pa, which 

reduces the thickness of the diffusion boundary layer from ~20µm at 200 Pa to 

~9.7µm at shear stress 410 Pa. The thickness of the diffusion boundary layer was 

calculated using equation 4.8 as a function of mass transfer coefficient and diffusion 

coefficient. This accelerated the rate of the cathodic reaction until it reached a point 

at which the charge transfer rate could not keep up with the diffusion rate of the 

species, therefore the reaction switches from mass diffusion control to charge transfer 

control. Similar observations were reported in [228-230]. 

A similar observation was recorded at 80ºC, the cathodic polarisation curves as a 

function of shear stress are shown in Figure 7-16 and Figure 7-17. The reduction 

process showed two different behaviours, at shear stress < 87 Pa (point E) the cathodic 

process remained as a mass diffusion controlled reaction, however at higher shear 

stress 100 Pa (point F) the reaction becomes mixed controlled.  

At wall shear stress 87 Pa and flow turbulent Reynold`s number ~89,900 (Point E) the 

reduction process was under mixed mass and charge transfer controlled reaction as 

shown in Figure 7-16(b).  At shear stress 100 Pa (Point F) with flow turbulent 

Reynold`s number ~65,000, the reduction process was under mass diffusion 

controlled with negligible effect of charge transfer controlled reaction. This is because 
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the Reynold`s number at point F is not high enough to increase the diffusion rate of 

the species higher than the diffusion limit, and thus the cathodic reaction remains a 

mass diffusion controlled, although it was subjected to higher shear stress.  

   

Figure 10-9. Mass transfer coefficient as function of the wall shear stress at pH 4 & 

temperature 50ºC 

 

The mass diffusion coefficient and the thickness of the diffusion boundary layer were 

calculated using equations 10.1 and 5.8. The corrosion rate as a function of the mass 

transfer coefficient at temperature 80ºC is shown in Figure 10-10. The overall shape 

of the curves is shown another linear relation between the corrosion rate and the mass 

transfer coefficient similar to the curve of this data at temperature 50ºC. 

 

 
 

Figure 10-10. Corrosion rate as function of mass transfer coefficient at pH 4 and 

temperature 80ºC calculated using the limiting current density  
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Figure 10-11 shows the mass transfer coefficient as a function of the wall shear stress 

at points E & F. The diffusion boundary thickness at the sample represented by point 

E is ~10µm, whilst the diffusion boundary thickness at point F ~18µm. This illustrated 

interesting phenomena, where the cathodic process switched to a mixed controlled 

reaction when the diffusion boundary layer thickness decreased to ~10µm. A similar 

observation occurred at 50ºC and diffusion boundary thickness ~9.7µm, although at 

50ºC the reduction process switched to mix controlled reaction at higher wall shear 

stress 410 Pa, which can be attributed to the difference in fluid properties and mass 

diffusion behaviour at between temperature 50ºC and 80ºC.  

  

Figure 10-11. Mass transfer coefficient as function of the wall shear stress of points 

E & F at pH 4 & temperature 80ºC 

 

Therefore, from the cathodic polarisation tests at pH 4 and temperatures 50ºC & 80ºC, 

the diffusion boundary thickness of 10µm can be identified as a threshold thickness. 

Where, at diffusion boundary thickness ≤ 10 µm, the diffusion rate of the cathodic 

species increased to the level at which the charge transfer rate reaches its limit, and 

consequently the cathodic reduction reaction becomes a mixed diffusion and charge 

transfer controlled. 

The plots of the corrosion rate versus the shear stress at both temperatures 50ºC and 

80ºC in Figure 7-5 and Figure 7-13, the overall shape of the four curves indicates a 

discontinuous relationship, whereas corrosion rate showed a significant variation at 

several points. These points were subjected to similar wall shear stress/flow velocity. 

This suggests that using wall shear stress as a parameter to correlate and describe the 
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corrosion behaviour of carbon steel, without considering the other physical and 

chemical parameter, does not always produce accurate results.  

The outcome of this study, emphases the importance of the mass diffusion coefficient 

as a parameter to understand the corrosion behaviour of the X65 carbon steel. 

Therefore the calculations of the mass transfer coefficient can be a millstone to 

understand the effect of the flowing conditions on the corrosion behaviour of the X65 

carbon steel at pH 4 environment. The calculated mass transfer coefficient was plotted 

and shown in Figure 10-8 and Figure 10-10 at temperatures 50ºC and 80ºC 

respectively.  

The overall shape of the curves combined showed a linear behaviour, with which the 

corrosion rate is a direct function of the mass transfer value. Therefore, at pH 4 

environment, the mass transfer coefficient is more valid parameter than other flow 

characteristics to describe the corrosion rate at any given wall shear stress/flow 

velocity. And by understanding the variables that affect the mass transfer coefficient 

it will be possible to predict the corrosion behaviour at pH 4 and flowing conditions. 

10.4 Understanding to the corrosion behaviour of protected surfaces 

10.4.1  In static conditions 

At 50ºC, Figure 8-5 showed the corrosion rate at three different pH levels 4, 5 and 

5.5. At pH 4 and 5 there was an initiation period of ~3 and 6 hrs respectively, followed 

by rapid increase in corrosion rate, which was confirmed by the SEM images of the 

surface as shown in Figure 8-6(a & b). During the initiation period, a gap or pit was 

created on the surface due to local dissolution resulted in a decline in the degree of 

protection and an increase in corrosion rate. The further the chemical dissolution 

progresses the more gaps and pits will present on the surface leading to further 

increase in corrosion rate. However, under pH 5.5, the corrosion rate of the protected 

surface was stable throughout the immersion time, with no sign of reduction in the 

films protectiveness. This was confirmed by the SEM image of both the surface and 

the cross-section, where no reduction in the thickness of the film was noticed as shown 

in Figure 10-12. Therefore pH 5.5 was selected as the critical pH level at temperature 

50ºC. 



- 162 - 

 

        Figure 10-12. SEM image of the surface and cross-section of the protective film 

after 24 hrs exposure in pH 5.5 solution 

 

However, at 80ºC, corrosion rate in static conditions test series carried out under four 

pH levels 4, 5, 5.5 and 6. The outcome of the tests showed, that the critical pH level 

at which no sign of removal was observed was pH 6. Surface analysis of the protective 

films after each test confirm that at pH 6 the protected surface exhibited no films 

removal as shown in Figure 9-4.  

10.4.2  In flowing conditions 

At temperature 50ºC and the critical pH of 5.5. The protective film was subject to a 

ranged wall shear stress values from 10 to 655 Pa. Corrosion rate increased with time 

at all the applied wall shear stress values between 655 to 37 Pa as shown in Figure 8-8. 

However, at wall shear stress 18 and 10 Pa corrosion rate showed no significant 

increase and was almost stable throughout the test duration. The SEM analysis of the 

surface and the cross-section of the protective films as shown in Figure 8-9, agreed 

well with the outcome of the corrosion rate curves in Figure 8-8. At shear stress of 

655 Pa, several iron carbonate crystals disappeared due to chemical dissolution and 

mechanical effect of the flow, leaving behind gaps and cavities on the surface as 

shown in Figure 10-13. These gaps create high flow turbulent zones, promoting 

further films removal and consequently severe corrosion attack due to the exposure of 

the bare surface of the carbon steel to the corrosive environment.  
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Figure 10-13. Gaps/holes on the surface of the protective film at shear stress 655 Pa, 

50ºC and pH 5.5 

 

A similar observation was recorded by Ruzic et al [22], where the SEM images 

showed gaps are present on the surface after exposure to the rotational velocity of 

10,000 rpm at pH environment of 6.9 as shown in Figure 10-14(a). The author 

attributed these gaps to the mechanical effect of high flow turbulence, however, Ruzic 

did not eliminate the possibility of the centrifugal force acting as an additional effect 

to remove the film, at such high rotation rate. Nevertheless, the outcome of the current 

study contradicts with the Ruzic findings, whereas, no film removal was observed at 

pH environment of 6.6 under a shear stress of 655 Pa at 50ºC and 592 at 80ºC which 

is equal to flow velocity of 13.8m/s as shown in  Figure 10-14(b & c).  



- 164 - 

 

Figure 10-14. SEM images from a- Data from Ruzic et al [22] show gaps on the 

surface as consequence of mechanical removal from at 10,000 rpm (466 Pa)  

b- from this thesis, shows the surface after exposure to 655 Pa at 50ºC       c- 

from this thesis, at 592 Pa at 80ºC 

 

The contradiction here can be attributed to the difference in flow systems, Ruzic 

employed an RCE rig with rotation rate up to 10,000 rpm. At such high speed, the 

effect of the vibration of the sample in addition to the centrifugal force can effectively 

participate in the mechanical removal process of the film. This study a flow loop was 

used to generate a realistic flow profile with no additional mechanical forces, other 

than the wall shear stress and the flow turbulence represented by the Reynold`s 

number.   

At temperature 80ºC, corrosion rate tests carried out using the critical pH of 6 and at 

shear stress range of 16 to 592 Pa. Corrosion rate under wall shear stress of 592 to 61 

Pa increase with time throughout the immersion time. The SEM analysis showed that 

at shear stress range of 592 to 61 Pa the protective film exhibited different degrees of 

removal depending on the applied shear stress. However, no gaps or holes were 

observed on the surface, indicating that at 80ºC the overall removal mechanism was a 

uniform removal. 
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10.5 The critical shear stress at temperature 50ºC and 80ºC  

At 50ºC, the SEM images illustrated different levels of removal behaviour at shear 

stress > 10 Pa. At 10 Pa the corrosion rate was stable throughout the test. This was 

confirmed by the SEM images shown in Figure 8-12 of the surface and the cross-

section of the protective film, where the surface was fully covered with no visible 

removal of the iron carbonate film, at the thickness of the cross-section was ~60µm 

similar to the thickness of the protective films prior to the test. Therefore, shear stress 

of 10 Pa was selected as the wall shear stress level at which no films removal occurred 

at t50ºC and pH ≥ 5.5.  

At 80ºC, the corrosion rate at shear stress 35 and 16 Pa decreased during the first ~3 

hrs and the curves were stable throughout the next ~21 hrs immersion time, indicating 

that the surface was fully protected. The SEM image confirmed the outcome of the 

electrochemistry measurement of the corrosion rate test as shown in Figure 9-9, with 

no reduction in the thickness of the film, and the surface is fully covered with iron 

carbonate crystals. SEM images showed that under shear stress 35 Pa, iron carbonate 

films suffered a minor removal at the edges of the crystals. The removal was not 

significant enough to reduce the protection of the X65 surface during the corrosion 

rate tests. Therefore, wall shear stress of 16 Pa was selected as the level of wall shear 

stress at which no film removal is likely to occur at temperature 80ºC under pH 6.  

10.6 A categorisation of the corrosion behaviour of the protective 

surface throughout the 24 hr immersion time 

The corrosion of the protected surface at static and flowing conditions showed 

different behaviours during the 24 hrs duration time. These behaviours were 

illustrated on the curve as regions. Each curve can consist of one or multi-regions. 

The initial values of the corrosion rate at static conditions and 50ºC showed an 

interesting behaviour as shown in Figure 8-5. Although the initial corrosion rate at all 

cases was small, however at pH 4 and 5 the initial values were relatively higher than 

at pH 5.5. The difference in the initial corrosion rate signifies the importance of the 

concentration of the cathodic species in the bulk solution during the diffusion process 

through the protective film. 
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Despite how compact and dense was the structure of the protective film, at higher 

concentration of these species H+ (.i.e. pH 4 & 5) the corrosion rate was greater than 

at lower concentration environment. Figure 10-15 illustrates how the corrosion rate 

curve of the protective film exhibited different behaviours throughout the exposure 

time. 

At pH 4 and 5, the curves of the corrosion rate can be divided into two different 

regions. First, a stable corrosion rate at the initial value, and second, a linear increase 

with the time. During the first region, the corrosion rate was at plateau indicating a 

stable diffusion rate across the protective film thickness. However, another active 

reaction was occurring, which is the dissolution of the iron carbonate crystal due to 

the accelerated acidity level near the surface. The rate of the dissolution is slow and 

an ongoing process, therefore the corrosion rate was stable for the first few hrs at 

which the thickness of the protective film is constantly decreasing until it reached a 

low degree of protection allowing higher cathodic species to reach the carbon steel 

surface. At this stage, the second region on the corrosion behaviour curve starts, with 

the corrosion rate increase rapidly, as consequence of the ongoing film dissolution 

and thus the reduction in the degree of the surface protection. At pH 5.5 corrosion rate 

curve showed a single region consisted of one stable behaviour at plateau throughout 

the immersion time.  

 

Figure 10-15. A categorisation of the corrosion behaviour of the protective surface 

throughout a 24 hrs immersion time 
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Similar behaviour occurred at static conditions and temperature 80ºC. However, the 

initiation period (first region) was much longer than at temperature 50ºC under the 

same pH levels, this can be attributed to the effect of temperature the iron carbonate 

stability. At higher temperature, the solubility of the iron carbonate decreased [231], 

and therefore the dissolution rate decreases, which leads to increase the initiation 

period at such environment. However, the overall reaction is still in favour to the 

dissolution process, and the protective film was removed at the end of the test.  

At flowing conditions, fixed pH at the critical level and temperature 50ºC and 80ºC. 

The curve of the corrosion rate as a function of the shear stress showed more diversity 

in corrosion behaviours than at static conditions. At shear stress 655 Pa the corrosion 

rate curve divided into three regions. First, an initiation period where the corrosion 

rate was at initial value for 1.5 hrs, second region between 1.5 to 15 hrs where the 

removal process progresses and gradually increased, the third region between 15 and 

24 hrs at which the corrosion rate showed a rapid increase indicating the severe 

removal of the protective film, which was confirmed by the SEM images of the 

surface and the cross-section. At lower shear stress levels 300 to 37 Pa, corrosion rate 

curves showed only two regions, the initiation and progress regions. Nevertheless, at 

shear stress 18 to 10 Pa the curve indicates a stable behaviour consists of one region 

at the plateau level.  

10.7 How durable is the iron carbonate layer, and what are the 

removal mechanisms? 

10.7.1  At temperature 50ºC 

From both the static and flowing condition tests, film removal occurred under both 

conditions at 50°C temperature. However, under each condition, film removal can be 

attributed to a different parameter. At static condition tests, it was reported by [23, 39] 

at pH 3.8 & 3 that the removal of the films was determined by the chemical dissolution 

reaction rate. In the present study, the dissolution of the protective films was examined 

at different pH 4 to 5.5 solutions. At pH 4 the removal of the films was significant, 

which was a sign that a fast chemical dissolution reaction occurred on the protective 

films. At higher pH levels, the effect of the chemical dissolution rate on the film 

removal was decreased to a minimum level. 
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Specifically at pH 5.5 at which no sign of removal by chemical dissolution was 

observed, therefore it was selected as critical pH level. The outcome of this study 

indicates that the dissolution reaction is mass-transfer controlled. During the static 

condition tests at the critical pH solution (i.e. 5.5), no film dissolution was observed. 

However, under the flowing condition test using the same critical pH solution, the 

film dissolution rate increased as a function of the applied wall shear stress/flow 

velocity. This was also confirmed by the surface analysis carried out using SEM 

images showing the effect of the flowing conditions on the dissolution rate. The 

previous study by Ruzic et al [23] showed that the dissolution process of the protective 

film is mass-transfer controlled. However later, Yang et al [39] proposed that the mass 

transfer rate has a limited effect on the dissolution of the iron carbonate. 

Figure 10-16(a) shows a comparison between these data. 

  

Figure 10-16. Data show the effect of mass transfer on the dissolution of the 

protective film from a- Yang et al [39]  b- Ruzic et al [23]  c- the current study 
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Ruzic et al [23] data showed a clear mass transfer effect on the dissolution process. 

However, the author conducted his work at pH 5.8 and 80ºC as shown in 

Figure 10-16(b), Ruzic attributed the removal process solely to the chemical 

dissolution effect. The author did not give a clear explanation about how he eliminated 

the mechanical effect of the flow. Considering the current study findings of the critical 

pH level to be at 6, where at pH < 6 the chemical dissolution occurred at static 

conditions spontaneously, therefore testing the chemical dissolution effect at such pH 

(i.e. 5.8) can give inaccurate results, at which the mechanical effect of the flow of the 

dissolution process cannot be eliminated.   

Yang et al [39] dismissed the effect of flow on the film dissolution, proposing that the 

flow velocity showed a limited effect on the dissolution rate as shown in 

Figure 10-16(a). This can be attributed to the low range of flow velocity Yang et al 

[39] used, at which the effect of flow is small.  

Previous studies were conducted to examine the mechanical effect of the flow on the 

removal process of the protective film [22, 33, 35, 143] and there was general 

understanding that the wall shear stress magnitude generated by the flowing 

conditions was well below the shear required to remove the protective films from the 

surface mechanically.   

However in the current study, a clear film removal occurred at shear stress 655 Pa and 

the critical pH level, film removal was observed even at lower wall shear stresses 

down to 10 Pa, at this level no sign of removal was recorded. Therefore, the flow must 

have an effect on the film removal process, not necessarily a direct mechanical effect, 

but it can accelerate the chemical dissolution process by reducing the supersaturation 

level near the surface. This can initiate a chemical dissolution reaction leading to the 

removal of the films. Additionally, chemical dissolution can create a gap or pit on the 

surface as the iron carbonate crystals dissolve under the flowing conditions. These 

pits generate local high turbulent zones and any further chemical dissolution can 

weaken the adhesive force between the crystals around these pits/gaps. The high 

turbulent flow around these zones can accelerate the crystals removal by flushing the 

films with a weak adhesion bind with the films layer. Nevertheless, at lower shear 

stress levels ≤ 300 Pa corrosion rate showed lower flow sensitivity with little increase 

in comparison to the ≥ 650 Pa, which can attribute to the effect of the hydrodynamic 

on the mass diffusion and the durability of the film.  
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Three mechanisms can be identified to describe the film removal under static and 

flowing conditions at 50°C temperature.  

I. Film removal by chemical dissolution, likely to occur at static conditions or 

low flow velocities under low pH solutions < 5.5 conditions.  

II. Film removal by chemical dissolution accelerated by hydrodynamic effects 

under flowing conditions under critical pH solution. 

III. Film removal by a synergistic effect of chemical dissolution and mechanical 

effect. This mechanism occurs at high flow velocities/wall shear stress, when the 

chemical dissolution increases in the mass-transfer rate, the dissolved iron carbonate 

film leave behind gaps and pits, these gaps play as high turbulent zones, at which the 

mechanical effect of the flowing condition will be high enough to wash away any 

crystal at these zones with a weakened adhesive force, due to the ongoing chemical 

dissolution process. 

10.7.2  At 80ºC 

At higher temperature, corrosion behaviour under static and flowing conditions 

confirmed that films removal can occur under both conditions. Two mechanisms of 

films removal can be identified from the current study.  

In static conditions, film removal occurred at pH levels below the critical value, 

where, at pHs 5 & 5.5 solutions the iron carbonate films were removed due to a 

uniform chemical dissolution across the protected surface. At pH 6, the corrosion 

behaviour was different where no film removal was observed. Under flowing 

conditions and temperature 80°C, another film removal reaction was determined as 

second possible mechanisms. 

At 80°C temperature, two mechanisms can describe the film removal process under 

static and flowing conditions.  

I. Film removal by chemical dissolution, this mechanism can occur at the static 

condition at pH solution < than the critical pH. 

II. Film removal by accelerated chemical dissolution, where the film dissolution 

reaction initiated by the effect of the flow on the diffusion rate from/to the protective 

films surface.  
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This mechanism can occur at pH ≥ the critical pH level. The flow increases the 

concentration of the mass-diffusion species near the surface. This decreases the local 

pH below the critical level and initiates a chemical dissolution reaction. Therefore, 

the removal rate of the protective films by chemical dissolution becomes a function 

of the flow.  

In both mechanisms the removal process of the protective films was uniform with no 

holes or gaps left on the surface as results of localised high turbulence zones, 

indicating that the mechanical effect of the flow had a limited effect on the removal 

process. 
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Chapter 11.  Conclusions and recommendations for future work 

 

This thesis has contributed to an understanding of the corrosion behaviour of the 

protected/unprotected surface of the X65 carbon steel under flowing conditions. The 

tests series was carried out using flow loop, the flow cell was designed to provide a 

realistic fluid flow simulating the flow dynamics in transport pipelines, and to 

generate from low to high flow shear stresses. Based on the findings of this research, 

the following conclusions can be summarised:  

11.1 Corrosion behaviour of X65 carbon steel under flowing 

conditions and temperature 50ºC & 80ºC 

11.1.1  At pH 6.6 

X65 carbon steel corrosion behaviour was evaluated under flowing conditions at pH 

6.6 and temperatures 80ºC & 50ºC. The following general conclusions can be drawn 

from the analysis of the outcome of the corrosion behaviour: 

• Corrosion rate showed flow dependency at both temperatures 50ºC & 80ºC. 

The increase in corrosion rate was significant, where corrosion rate at temperature 

80ºC was higher than at 50ºC. Corrosion rate flow dependency shows that the cathodic 

current which is generated by the mass diffusion controlled reaction is actively 

participating in the total cathodic current density. At low shear stress range of 1.3 to 

5.66 Pa corrosion rate showed higher flow sensitivity at higher shear stress ranges.  

• The increase in cathodic current density as a function of wall shear stress 

despite the low H+ concentration at pH 6.6, indicates that there is an additional source 

of H+ feeding the bulk solution throughout the test. This can be attributed to the 

“hydrogen buffering” effect on the cathodic reduction process of the diffusion 

controlled species. Whereas the dissociation of the carbonic acid H2CO3 become a 

source of the diffusion of the cathodic species H+. 

• Wall shear stress is a valid parameter to describe the corrosion behaviour 

under flowing conditions at pH 6.6, where corrosion rate was a direct function to the 

wall shear stress. Whilst other parameters such as; Flow turbulence level (Reynold`s 

number) illustrated a discontinue relationship with corrosion rate, where corrosion 
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rate showed different values at the same Reynold`s number. The mass transfer 

coefficient cannot be used to describe the corrosion behaviour due to the difficulties 

of mass transfer calculations at pH > 4. Therefore at pH 6.6 conditions, having the 

knowledge of only the wall shear stress range is sufficient to predict the corrosion 

behaviour of the X65 carbon steel.  

11.1.2  At pH 4 

The aim of the study presented has focused on understanding the corrosion behaviour 

of the X65 carbon steel subjected to wall shear stress at high concentration of cathodic 

species. From the test series at 4 pH solution, the following conclusion can be made:  

• Corrosion behaviour is under pure mass transfer controlled reduction process 

at both temperatures 50ºC & 80ºC. Corrosion rates at 80ºC are higher than 50ºC due 

to the higher diffusion rate at 80ºC and lower solution viscosity. 

• Corrosion behaviour was a function of the wall shear stress under both 

temperature 50ºC and 80ºC. However, corrosion rate showed significant variation in 

values at some points subjected to the same wall shear stress range, the variation range 

was 35% at temperature 50ºC and ~50% at 80ºC. It is difficult to describe the 

corrosion behaviour of the X65 carbon steel solely by the wall shear stress level. 

• In general, at pH 4 the corrosion rate showed a linear relationship with the 

mass transfer coefficient of the cathodic species. The calculation of the mass transfer 

coefficient is relatively easy at pH ≤ 4 due to the possibility of the direct measurement 

of the limiting current density. Therefore at pH 4 environment, mass transfer 

coefficient is a valid parameter to describe the corrosion behaviour. Other parameters 

such as flow characteristic, fluid properties and channel geometry affect the corrosion 

rate by influencing the mass transfer coefficient from/to the surface of the X65 

samples. 

• The cathodic reduction reaction of the species switches from pure mass 

diffusion controlled process to mixed mass diffusion and charge transfer controlled 

process, this change is a function of the boundary diffusion layer thickness. The 

critical boundary diffusion layer thickness is ~10µm at which the reaction shifts from 

pure mass diffusion to mass diffusion and charge transfer controlled. At lower 

boundary diffusion layer thickness, the reduction process becomes pure charge 
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transfer controlled. This behaviour occurred at different wall shear stress level, at 

temperature 50ºC the cathodic reduction switches to mix controlled reaction at 410 

Pa, whereas at temperature 80ºC this occurred at 87 Pa.  

11.2 Corrosion behaviour of the protected X65 carbon steel under 

static and flowing conditions 

11.2.1  At 50ºC 

This study was carried out in two parts; first was the formation process of the iron 

carbonate films at static and high CO2 pressure environment, and the second part 

covered the aspect of the corrosion behaviour of the protected surface under both static 

and flow conditions. To achieve an understanding to the formation of the protective 

films under high CO2 pressure, and the corrosion behaviour of the protected surface 

of the X65 carbon steel and the removal mechanism of the iron carbonate films FeCO3 

under static and flowing conditions. The main conclusions which can be drawn from 

this study are: 

 •  Iron carbonate films were formed on the X65 carbon steel samples using a 

high-pressure autoclave. The thickness of the protective films during the formation 

process increased with immersion time up to ~60µm after 48 hrs of exposure, the films 

were compact, dense and fully covered the surface. No further increase in the 

thickness of the film was observed when the immersion time increased to 96 and 192 

hrs. This indicates a protective films thickness threshold, where with ~60µm thickness 

of compact FeCO3 films, the formation process reached its limit no further 

accumulation occurs.  

• Films stability was tested under different pH solutions and static conditions. 

Corrosion rates and SEM analysis to the surface and cross-section of the protective 

films confirmed the dissolution of the protective films at pH 4 & 5 environment. The 

dominant films removal mechanism at static conditions was by chemical dissolution 

of the iron carbonate films. However, at pH 5.5, no film removal was observed after 

24 hrs immersion time. Therefore, pH 5.5 was selected as the critical pH at static 

conditions and temperature 50ºC.  
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• Film stability was examined under the flowing condition and the critical pH. 

The protective films exhibited a various level of removal depending on the applied 

wall shear stress. The corrosion rate measurement and the surface & cross section 

analysis showed different film removal mechanisms. The wall shear stress accelerated 

the chemical dissolution process, and the hydrodynamic force increased the removal 

process by flushing away the weakened and less adherent iron carbonate crystal, 

leaving behind holes and gaps on the surface which can generate high flow turbulence 

zones and promote further iron carbonate films removal.    The critical wall shear 

stress was determined at which no films removal occurred under flowing conditions 

and 50°C operating temperature. 

• The protective film’s removal rate by chemical dissolution reaction was a 

function of the wall shear stress. This confirmed that the films removal reaction was 

under mass transfer controlled. 

• Critical pH and wall shear stress are the threshold conditions at which no films 

removal is likely to occur for operating temperature of 50°C 

11.2.2  At  80ºC 

Further investigation was carried out on the corrosion behaviour of the protective 

surface of the X65 carbon steel at temperature 80ºC. The iron carbonate films were 

formed prior to each test using 100 bar CO2 pressure. The tests series under static and 

flowing conditions showed different values of critical pH and wall shear stress than 

at temperature 50ºC. From this study, the following conclusions can be made: 

• Iron carbonate films removal under static condition occurs at pH solutions 

below a critical level. At pH solution ≥ the critical pH no film removal was observed. 

pH 6 is the critical pH at temperature 80ºC which is higher than the critical pH at 

50ºC. This indicated that at temperature 80ºC the dissolution rate of the iron carbonate 

crystals at pH 5.5 (i.e. the critical pH at temperature 50ºC) is higher than the formation 

rate. However, at pH 6 which is the critical pH level and 80ºC the rates of the 

dissolution and accumulation of the iron carbonate crystals was balanced at which the 

structure of the film remains stable and compact with no reduction in the protective 

films thickness occurred after 24 hrs immersion time at pH 6 environment. 
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• Following the tests series under static conditions, the stability of the protective 

films was investigated under flowing conditions using the critical pH level. The iron 

carbonate FeCO3 crystals exhibited a significant films removal due to a uniform 

chemical dissolution reaction across the protected surface with no visible gaps or 

holes on the surface. Films removal at temperature 80ºC was limited to films removal 

due to chemical dissolution at static conditions and pH < the critical level, however 

under flowing conditions and at the critical pH level, the dominate films removal 

mechanism was accelerated chemical dissolution by the wall shear stress/flow 

velocity. By testing the stability of the iron carbonate layer under various levels of 

wall shear stresses it was possible to determine the critical wall shear stress at 80ºC 

temperature environment.  

• The corrosion rate curves can be divided into different regions, at which the 

corrosion behaviour exhibited different mechanisms. At the starting point the 

diffusion of the cathodic species through the protective film resulting with steady state 

corrosion rate. Further diffusion of species from the bulk solution to the surface 

increases the concentration of the H+ near the surface and the local acidity level, 

promoting the dissolution reaction rate of the protective film. The dissolution of the 

protective film increases the local saturation rate, high saturation rate favours the 

reformation of the protective film. However, at low pH environment the dissolution 

reaction rate is greater than the formation rate, and therefore a reduction in the degree 

of the protection occurred.  

• The rate of the chemical dissolution reaction was a function of the flowing 

conditions. Therefore, films removal by chemical dissolution reaction was controlled 

by the mass diffusion rate. 

11.3 Recommendations for future work 

This research used flow loop combined with an electrochemical monitoring to 

investigate the corrosion behaviour of the unprotected/protected surface of the X65 

carbon steel under flowing conditions. The outcome of this study opens the way to 

further investigations of corrosion behaviour of the carbon steel under different 

flowing conditions and environment. Specific recommended suggestions for future 

work include: 
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• Modify the flow loop to work under high CO2 pressure conditions (up to 10 

bar). To investigate the corrosion behaviour of the X65 carbon steel at a high CO2 

pressure under realistic flowing conditions at different pH level environment. This 

will illustrate the effect of the hydrogen buffering effect and the direct reduction of 

the carbonic acid in the total cathodic current.  

• Investigate the corrosion behaviour of the X65 carbon steel in presence of 

inhibitors under realistic flowing conditions. To achieve an understanding to the effect 

of the wall shear stress on the corrosion behaviour of the inhibited surface of the X65 

carbon steel at different temperatures and pCO2. 

• Add sand load to the solution to investigation the degradation mechanisms that 

take place during erosion-corrosion damage of protected/unprotected X65 carbon 

steel surface at different sand load and temperatures under flowing conditions. 

• Study the formation of the iron carbonate crystals FeCO3 from the initial stage 

under flowing conditions using live feed camera. The transparent top part of the test 

section provides the opportunity to fit HD camera on top of each sample to record the 

crystallisation and growth of the iron carbonate crystals under different wall shear 

stress levels. This will generate enough data to identify the critical wall shear stress at 

which the formation of the iron carbonate crystals exhibits the highest rate. 
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Appendix A 

This section presents the details of the calculation of the flow parameters carried out 

using the empirical correlations and relations listed in paragraph 4.2. 

Clean surface flow parameter calculations: 

At temperature 50ºC and 3% NaCl water properties are: 

Viscosity = 0.000587 Pa*S. 

Density = 1009.68 Kg/m3. 

Diffusion Coefficient = 1.75E-08 m2/s (Dref of H+ at 20ºC = 9.31 × 10-9). 

Schmidt number = 33.18 

Channel height = to the gasket thickness. 

The calculation of flow parameters at flow rate 34 l/min and gasket thickness 15mm 

and 50ºC 

Sample 

Channel 

width  

(mm) 

Cross section 

area 

m2 

Flow velocity 

m/s 

Hydraulic diameter 

m 

Reynold`s 

number 

Friction 

factor 

Wall shear 

stress 

N/m2 

1 50 7.50E-04 0.76 0.023076923 3.00E+04 5.55E-03 1.60 

2 43.8 6.56E-04 0.86 0.022340426 3.32E+04 5.41E-03 2.04 

3 37.5 5.63E-04 1.01 0.021428571 3.71E+04 5.26E-03 2.69 

4 31.3 4.69E-04 1.21 0.02027027 4.21E+04 5.09E-03 3.76 

5 25.0 3.75E-04 1.51 0.01875 4.87E+04 4.91E-03 5.66 

 

The calculation of flow parameters at flow rate 32.5 l/min and gasket thickness 6mm 

and 50ºC 

Sample 

Channel 

width  

(mm) 

Cross section 

area 

m2 

Flow 

velocity m/s 

Hydraulic diameter 

m 

Reynold`s 

number 

Friction 

factor 

Wall shear 

stress 

N/m2 

1 50 3.00E-04 1.81 0.010714286 3.33E+04 5.40E-03 8.90 

2 43.8 2.63E-04 2.06 0.010552764 3.75E+04 5.25E-03 11.28 

3 37.5 2.25E-04 2.41 0.010344828 4.28E+04 5.07E-03 14.85 

4 31.3 1.88E-04 2.89 0.010067114 5.00E+04 4.88E-03 20.57 

5 25.0 1.50E-04 3.61 0.009677419 6.01E+04 4.66E-03 30.69 
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The calculation of flow parameters at flow rate 29.5 l/min and gasket thickness 3mm 

and 50ºC 

Sample 

Channel 

width  

(mm) 

Cross section 

area 

m2 

Flow 

velocity m/s 

Hydraulic diameter 

m 

Reynold`s 

number 

Friction 

factor 

Wall shear 

stress 

N/m2 

1 50 1.50E-04 3.28 0.005660377 3.19E+04 5.46E-03 29.62 

2 43.8 1.31E-04 3.75 0.005614973 3.62E+04 5.29E-03 37.50 

3 37.5 1.13E-04 4.37 0.005555556 4.18E+04 5.11E-03 49.24 

4 31.3 9.38E-05 5.24 0.005474453 4.94E+04 4.90E-03 68.00 

5 25.0 7.50E-05 6.56 0.005357143 6.04E+04 4.66E-03 101.02 

 

 

The calculation of flow parameters at flow rate 41.5 l/min and gasket thickness 2mm 

and 50ºC 

Sample 

Channel 

width  

(mm) 

Cross section 

area 

m2 

Flow 

velocity m/s 

Hydraulic diameter 

m 

Reynold`s 

number 

Friction 

factor 

Wall shear 

stress 

N/m2 

1 50 1.00E-04 6.92 0.003846154 4.58E+04 4.99E-03 120.55 

2 43.8 8.75E-05 7.90 0.003825137 5.20E+04 4.83E-03 152.49 

3 37.5 7.50E-05 9.22 0.003797468 6.02E+04 4.66E-03 200.07 

4 31.3 6.25E-05 11.07 0.003759398 7.16E+04 4.46E-03 275.96 

5 25.0 5.00E-05 13.83 0.003703704 8.81E+04 4.24E-03 409.31 
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At temperature 80ºC the 3% NaCl water properties are: 

Viscosity = 0.000382 Pa*S. 

Density = 993.67 Kg/m3. 

Diffusion Coefficient = 2.9E-08 m2/s (Dref of H+ at 20ºC = 9.31 × 10-9). 

Schmidt number = 13.28 

Channel height is equal to the gasket thickness. 

 

The calculation of flow parameters at flow rate 34 l/min and gasket thickness 15mm 

and 80ºC 

Sample 

Channel 

width  

(mm) 

Cross 

section area 

m2 

Flow 

velocity m/s 

Hydraulic diameter 

m 

Reynold`s 

number 

Friction 

factor 

Wall shear 

stress 

N/m2 

1 50 7.50E-04 0.76 0.023076923 4.54E+04 5.00E-03 1.42 

2 43.8 6.56E-04 0.86 0.022340426 5.02E+04 4.88E-03 1.81 

3 37.5 5.63E-04 1.01 0.021428571 5.62E+04 4.74E-03 2.39 

4 31.3 4.69E-04 1.21 0.02027027 6.37E+04 4.59E-03 3.34 

5 25.0 3.75E-04 1.51 0.01875 7.37E+04 4.43E-03 5.03 

 

 

The calculation of flow parameters at flow rate 32.5 l/min and gasket thickness 6mm 

and 80ºC 

Sample 

Channel 

width  

(mm) 

Cross 

section area 

m2 

Flow 

velocity m/s 

Hydraulic diameter 

m 

Reynold`s 

number 

Friction 

factor 

Wall shear 

stress 

N/m2 

1 50 3.00E-04 1.81 0.010714286 5.03E+04 4.87E-03 7.89 

2 43.8 2.63E-04 2.06 0.010552764 5.66E+04 4.73E-03 10.01 

3 37.5 2.25E-04 2.41 0.010344828 6.48E+04 4.58E-03 13.18 

4 31.3 1.88E-04 2.89 0.010067114 7.57E+04 4.40E-03 18.25 

5 25.0 1.50E-04 3.61 0.009677419 9.09E+04 4.20E-03 27.24 
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The calculation of flow parameters at flow rate 29.5 l/min and gasket thickness 3mm 

and 80ºC 

Sample 

Channel 

width  

(mm) 

Cross 

section area 

m2 

Flow 

velocity m/s 

Hydraulic diameter 

m 

Reynold`s 

number 

Friction 

factor 

Wall shear 

stress 

N/m2 

1 50 1.50E-04 3.28 0.005660377 4.83E+04 4.93E-03 26.29 

2 43.8 1.31E-04 3.75 0.005614973 5.47E+04 4.77E-03 33.28 

3 37.5 1.13E-04 4.37 0.005555556 6.32E+04 4.60E-03 43.70 

4 31.3 9.38E-05 5.24 0.005474453 7.47E+04 4.42E-03 60.34 

5 25.0 7.50E-05 6.56 0.005357143 9.14E+04 4.20E-03 89.65 

 

The calculation of flow parameters at flow rate 41.5 l/min and gasket thickness 2mm 

and 80ºC 

Sample 

Channel 

width  

(mm) 

Cross 

section area 

m2 

Flow 

velocity m/s 

Hydraulic diameter 

m 

Reynold`s 

number 

Friction 

factor 

Wall shear 

stress 

N/m2 

1 50 1.00E-04 6.92 0.003846154 6.92E+04 4.50E-03 106.98 

2 43.8 8.75E-05 7.90 0.003825137 7.87E+04 4.36E-03 135.33 

3 37.5 7.50E-05 9.22 0.003797468 9.11E+04 4.20E-03 177.55 

4 31.3 6.25E-05 11.07 0.003759398 1.08E+05 4.02E-03 244.90 

5 25.0 5.00E-05 13.83 0.003703704 1.33E+05 3.82E-03 363.25 

 

Covered surface (protected) flow parameter calculations: 

At temperature 50ºC and 3% NaCl water properties are: 

Viscosity = 0.000587 Pa*S. 

Density = 1009.68 Kg/m3. 

Surface roughness = 10µm 

Channel height = to the gasket thickness. 
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The calculation of flow parameters on covered surface at flow rate 32.5 l/min and 

gasket thickness 6mm and 50ºC 

Sample 

Channel 

width  

(mm) 

Cross 

section area 

m2 

Flow 

velocity m/s 

Hydraulic diameter 

m 

Reynold`s 

number 

Friction 

factor 

Wall shear 

stress 

N/m2 

1 50 3.00E-04 1.81 0.010714286 3.33E+04 6.38E-03 10.50 

2 43.8 2.63E-04 2.06 0.010552764 3.75E+04 6.27E-03 13.48 

3 37.5 2.25E-04 2.41 0.010344828 4.28E+04 6.16E-03 18.02 

4 31.3 1.88E-04 2.89 0.010067114 5.00E+04 6.04E-03 2546 

5 25.0 1.50E-04 3.61 0.009677419 6.01E+04 5.93E-03 39.9 

 

The calculation of flow parameters on covered surface at flow rate 29.5 l/min and 

gasket thickness 3mm and 50ºC 

Sample 

Channel 

width  

(mm) 

Cross 

section area 

m2 

Flow 

velocity m/s 

Hydraulic diameter 

m 

Reynold`s 

number 

Friction 

factor 

Wall shear 

stress 

N/m2 

1 50 1.50E-04 3.28 0.005660377 3.19E+04 6.92E-03 37.52 

2 43.8 1.31E-04 3.75 0.005614973 3.62E+04 6.81E-03 49.27 

3 37.5 1.13E-04 4.37 0.005555556 4.18E+04 6.71E-03 65.67 

4 31.3 9.38E-05 5.24 0.005474453 4.94E+04 6.60E-03 91.64 

5 25.0 7.50E-05 6.56 0.005357143 6.04E+04 6.50E-03 140.93 

 

The calculation of flow parameters on covered surface at flow rate 41.5 l/min and 

gasket thickness 2mm and 50ºC 

Sample 

Channel 

width  

(mm) 

Cross 

section area 

m2 

Flow 

velocity m/s 

Hydraulic diameter 

m 

Reynold`s 

number 

Friction 

factor 

Wall shear 

stress 

N/m2 

1 50 1.00E-04 6.92 0.003846154 4.58E+04 7.08E-03 171.07 

2 43.8 8.75E-05 7.90 0.003825137 5.20E+04 7.01E-03 221.20 

3 37.5 7.50E-05 9.22 0.003797468 6.02E+04 6.94E-03 299.04 

4 31.3 6.25E-05 11.07 0.003759398 7.16E+04 6.87E-03 424.90 

5 25.0 5.00E-05 13.83 0.003703704 8.81E+04 6.81E-03 655.64 
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At temperature 80ºC and 3% NaCl water properties are: 

Viscosity = 0.000382 Pa*S. 

Density = 993.7 Kg/m3. 

Surface roughness = 10µm 

Channel height = to the gasket thickness. 

The calculation of flow parameters on covered surface at flow rate 32.5 l/min and 

gasket thickness 6mm and 80ºC 

Sample 

Channel 

width  

(mm) 

Cross 

section area 

m2 

Flow 

velocity m/s 

Hydraulic diameter 

m 

Reynold`s 

number 

Friction 

factor 

Wall shear 

stress 

N/m2 

1 50 3.00E-04 1.81 0.010714286 5.03E+04 5.99E-03 10 

2 43.8 2.63E-04 2.06 0.010552764 5.66E+04 5.91E-03 12.50 

3 37.5 2.25E-04 2.41 0.010344828 6.48E+04 5.83E-03 16.77 

4 31.3 1.88E-04 2.89 0.010067114 7.57E+04 5.74E-03 23.81 

5 25.0 1.50E-04 3.61 0.009677419 9.09E+04 5.67E-03 36.72 

 

The calculation of flow parameters on covered surface at flow rate 29.5 l/min and 

gasket thickness 3mm and 80ºC 

Sample 

Channel 

width  

(mm) 

Cross 

section area 

m2 

Flow 

velocity m/s 

Hydraulic diameter 

m 

Reynold`s 

number 

Friction 

factor 

Wall shear 

stress 

N/m2 

1 50 1.50E-04 3.28 0.005660377 4.83E+04 6.58E-03 35.12 

2 43.8 1.31E-04 3.75 0.005614973 5.47E+04 6.50E-03 45.35 

3 37.5 1.13E-04 4.37 0.005555556 6.32E+04 6.43E-03 61.00 

4 31.3 9.38E-05 5.24 0.005474453 7.47E+04 6.35E-03 86.81 

5 25.0 7.50E-05 6.56 0.005357143 9.14E+04 6.28E-03 134.16 
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Appendix B 

This section presents the details of the relationship between the corrosion rate and the 

shear stress derived as a function of velocity, Reynold`s number and geometry.  

The wall shear stress can be a function of Re1.75 only when the hydraulic diameter D 

value is a constant throughout the test section. Figures C and D show the corrosion 

rate as function of Ren (n = 1.75 and 0.85), the curves trends/behaviour is similar to 

the behaviour of the corrosion rate vs Re curve in Figure B. Knowing that the 

hydraulic diameter D at this study varies across the samples due to the complex shape 

of the test section.  

The relation of the shear stress ∝  𝑅𝑒1.75 can be rearranged to (wall shear stress ∝

 v1.75  ×  𝐷−0.25).  

Where: 

τ =
Cf ×  v2  ×  𝛒

2
 

𝐶𝑓  =  0.073 ×  𝑅𝑒−0.25 

𝑅𝑒 =
𝐷 ×  v ×  𝝆

µ
 

These three equations can be rearranged to: 

τ = (0.073 ×  (
𝐷 ×  v ×  𝝆

µ
)

−0.25

) ×
 v2  ×  𝛒

2
  

 

τ = (0.073 × (
 𝝆

µ 
)

−0.25

× 
1

2
) ×  𝐷−0.25  ×  v1.75  

                                               (Constant) 

∴ 

τ ∝ 𝐷−0.25 × v1.75 

 

Figure (E) shows the relationship of the corrosion rate Vs v1.75 x D -0.25. The overall 

shape of the curves indicates a similar behaviour/trend to the curves of corrosion 

rate Vs wall shear stress in Figure A. 
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Figure A. Shear stress Vs Corrosion rate 50°C and pH 6.6 

 

Figure B. Re Vs Corrosion rate 50°C and pH 6.6 

 

Figure C. Re1.75 Vs Corrosion rate 50°C and pH 6.6 
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Figure D. Re0.85 Vs Corrosion rate 50°C and pH 6.6 

 

Figure E. (V1.75 * D-0.25) Vs Corrosion rate 50°C and pH 6.6 

 

0

2

4

6

8

10

12

5.00E+03 7.00E+03 9.00E+03 1.10E+04 1.30E+04 1.50E+04

C
o

rr
o

si
o

n
 r

at
e 

m
m

/y

Re^0.85

Flow rate 34l/min & gasket thickness 15mm

Flow rate 32.5l/min & gasket thickness 6mm

Flow rate 29.5l/min & gasket thickness 3mm

Flow rate 41.5l/min & gasket thickness 2mm

0

2

4

6

8

10

12

0 50 100 150 200 250 300 350 400 450

C
o

rr
o

si
o

n
 r

at
e 

m
m

/y

V1.75 * D-0.25


