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ABSTRACT

The existence of corrosive gases (CO2 and H>S) in oil wells under High-Pressure
High-Temperature (HPHT) condition exacerbates the severity of tubular corrosion and
increases the need for different corrosion mitigation methods. To avoid unnecessary
cost of replacement or failure in these conditions, highly reliable materials and
corrosion control strategies must be developed. Corrosion attacks components of a well

from drilling to abandonment stage.

The principal aim of this study is to understand electrochemical and physical
mechanisms associated with CO2 and H2S corrosion of carbon steel at HPHT condition.

The research approach includes experimental, theoretical and modeling studies.

Based on the theoretical studies, different corrosion models are developed to
predict corrosion of carbon steel in brine saturated with mixed gas containing CO, with
or without H2S. The models are developed considering different phenomena involved
in the corrosion process such as dissolution of gases, homogenous chemical reactions,
mass transfer process, and electrochemical reactions. The models accounts for the
effects of environmental variables such as presence of H.S, pressure, temperature; flow
velocity, and material type. They use an improved solubility model to predict
concentration of dissolved CO, and other species in brine solution. Extensive
experimental study has been conducted to validate the models and better understand
corrosion behavior of carbon steel. Two sets of experiments were conducted during the

investigation: i) low-pressure tests; and ii) high-pressure corrosion experiments. Model
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predictions show good agreement with experimental measurements indicating the

validity of the assumptions made in the formulation of the models.

To carry out low-pressure tests, cylindrical specimens of common carbon steel
(C1045) were prepared. The specimens were exposed to brine solution saturated with
mixed gas containing carbon dioxide and nitrogen. Experiments were carried out in a
2-liter autoclave at 0.83 MPa varying temperature (26 — 80°C), salt concentration (1 and
2% NaCl), and CO: partial pressure ratio (0 — 100%). Two different corrosion-
measuring methods were employed: weight loss method and Linear Polarization
Resistance (LPR) technique, which is used to measure instantaneous corrosion rate. In
the presence of CO,, LPR measurements show sharp increase in the corrosion rate for
the first ten hours, reaching maximum and then sharp decrease. Moreover, results
reveal that temperature is the most influential factor affecting CO. corrosion. The

maximum corrosion rate was observed at 43°C regardless of CO> concentration.

The high-pressure tests were aimed at investigating corrosion resistance of API
carbon steels (T95, C110 and Q125) in sweet and sour environments. Specimens were
cut from API casings and machined to serve as corrosion coupons and tensile strength
test specimens. Water-jet cutting and milling machines were employed to manufacture
the specimens with high precision and eliminate the occurrence of material defects
during manufacturing. Corrosion tests were carried out by placing 2 or 3 specimens
into a 2-liter autoclave, which was filled with 950 ml of 2% NacCl solution and 1050 ml
mixed gas containing CO2, H>S and CH4. Sodium chloride concentration is kept as high
as 2%, which stays within the range of seawater salinity and simulating formation water

in the oil field (Liu et al. 2014; Hassani et al. 2011). The CO2 and CH4 concentrations
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were varied from 0 to 100%, while H>S concentration was varied from 0 to 150 ppm.
In pure CO> corrosion experiments, carbon dioxide displays supercritical behavior. The
total pressure and test temperature were in the range of 20.68 — 62.05 MPa and 38 —
107°C, respectively. The maximum test temperature was limited to 107°C, because the
corrosion rate was very low at high temperature and it was difficult to measured
accurately due to limited change in specimen weight throughout the test duration (7
days).Corrosion resistance of T95 and Q125 API carbon steels was investigated under
static and dynamic condition. Dynamic tests were conducted by creating a Couette flow
between two concentric cylinders (outer stationary and inner rotating at a constant
speed). Tests were performed varying rotational speed from 0 to1000 rpm. All
experiments were carried out for one-week duration. Due to lack of electrodes that are
certified for HPHT environment, weight loss method was the only technique viable to
measure corrosion rate. After exposure, the specimen surface was examined using a
digital microscope to inspect corrosion product and detect presence of localized
corrosion. After scale examination and weight loss measurements, the specimen Load
Carrying Capacity (LCC) was measured using tensile strength measuring apparatus.
LCC measurement was obtained principally to assess localized corrosion, which
degrades mechanical properties of a metal without significant weight loss.
Experimental results show that temperature and flow velocity are highly influential
parameters on sweet corrosion. Consistent with the corrosion rate measurements
obtained from low-pressure tests, the maximum corrosion rate was observed at 38°C.
Under the test conditions employed in this research, Q125 carbon steel exhibited the

highest corrosion resistance. Therefore, it can be considered as the best option to serve
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in aqueous CO2-HoS environment. C110 and Q125 specimens tested at H2S
concentration of 50 ppm showed considerable reduction in LCC indicating the
occurrence of localized corrosion. Similar reduction in LCC was observed when T95
and Q125 carbon steels were exposed to brine saturated with mixed gas containing 50%

CO2and 50% CHgat 71°C and high rotational speeds (greater than 300 rpm).
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Chapter 1 : INTRODUCTION

1.1 Overview

Generally, corrosion is described as a destructive chemical/electrochemical attack of
metal by its surrounding. Scientifically, corrosion is simultaneous transfer of mass and
electric charge across a metal-solution interface. It occurs usually due to an
electrochemical process between the metal surface and its surrounding environment.
There are many physical phenomena by which corrosion can be classified including
mechanisms of corrosion reaction and level of applied stress. Thus, often corrosion is
categorized into three main types: i) general corrosion (uniform corrosion) ii) localized
corrosion; and iii) stress-cracking corrosion (SCC). The localized corrosion comprises
crevice corrosion and pitting. The occurrence of pitting corrosion commonly associated
with fluid velocity and low temperature. In addition to the mechanisms, the
surrounding composition has a prominent effect in determining corrosion categories.
For instance, the existence of carbon dioxide and/or hydrogen sulfide in the
environment can be another criterion for classifying the corrosion type. As a result,
corrosion occurring in oil and gas field is classified as sweet corrosion (fluid system not
containing H2S) or sour corrosion (fluid system containing H.S).

Carbon dioxide related corrosion is one of the major challenges in the industry.
Vast oil and gas resources are from formations that are under HPHT corrosive
condition. The failure of tubulars due to CO> corrosion is becoming a major issue in the

application of various modern production enhancement technologies such as enhanced



oil recovery (EOR). Moreover, Carbon Capture and Storage (CCS) technology has
been innovated as one of the most effective method to reduce CO emission and global
warming.

The internal corrosion of tubulars due to CO. and H»S was initially discovered
in the 1940s. For last six decades, extensive experimental and theoretical studies were
carried out to understand corrosion of metallic materials in COz-containing
environment. However, most of these studies were limited to relatively low-pressure
low-temperature condition, simulating conditions that are in shallow wells and oil
pipelines.

CO2 corrosion is highly dependent on the material composition and
environmental conditions. Moreover, the existence of CO, with other impurities such
as H2S, CO, SO», and Oz in production stream results in severe corrosion of well casing
and production tubing (Yevtushenko et al., 2013).

There are several physical phenomena and chemical reactions involved in CO-
corrosion process, which determine corrosion kinetics. CO2 corrosion process includes
dissolution of acidic gases in aqueous solutions, homogenous chemical reactions, mass
transport process, and electrochemical reactions occurring at the metal surface. Under
favorable condition (high temperature and pH), corrosion forms a barrier (scale)
between electrolyte and steel surface. The scale becomes additional factor that
influences the corrosion process. The slowest step in corrosion process is the one
ultimately controls the corrosion rate. The main factors such as CO> partial pressure,

temperature, salt content, and flow velocity determine the kinetics of each step involved



in CO2 corrosion process in which they can either accelerate or retard these steps and
alter the controlling step. For instance, presence of flow velocity enhances mass
transport and changes the corrosion mechanism to reaction controlled. The CO:
corrosion mechanism at low-pressure and low-temperature condition was widely
investigated for the past few years. However, limited studies have been carried out to
study the COz corrosion mechanism at HPHT conditions. Moreover, the presence of
impurities such as hydrogen sulfide makes the corrosion mechanism more complex.
CO2-H>S corrosion mechanism is still not fully understood.

Two different methodologies (empirical and theoretical) are often used to model
corrosion process of carbon steel exposed to corrosive environment containing CO> or
CO2-HS gas. The first approach is an empirical or semi-empirical, which is mainly
based on intensive data gathered from corrosion test. Empirical models are aimed at
predicting corrosion rate for specific condition and their application is limited.
Recently, limited theoretical (mechanistic) models have been developed to predict CO>
corrosion process taking into consideration of corrosion mechanisms. Presence of H2S
with CO. complicates corrosion mechanism and makes the corrosion modeling very
difficult.

Wellbore integrity issue in deep-water wells has become the most complex
subject for the well completion and production designers. Poor wellbore integrity
increases non-productive time and subsequently the project cost. Failure of oil and gas

tubular due to CO: corrosion can lead ultimately to environmental calamity. According



to Simmons (2008), the total annual cost of corrosion in the oil and gas industry is

estimated to be $1.372 billion.

1.2 Statement of the Problem

It is well known that corrosion attack occurs at every stage of a well, from drilling to
abandonment. Corrosion can degrade drillstring, production pipelines, casing and any
other down-hole equipment. Well casing is mainly installed to support the wellbore and
prevent leakage of formation fluid to the environment or other formations. The main
concern is uniform corrosion occurring on internal and external surfaces of well
tubulars. In many oil and gas fields, hydrocarbon production is accompanied with
formation water containing corrosive gases (COz and H,S).

In CO- sequestration and EOR techniques, carbon dioxide is injected into a well
under supercritical conditions exposing the interior pipe wall to the aggressive
environment. Casing degradation occurs once it is installed and exposed to formation
fluid. In deep-water reservoirs, maintaining the wellbore integrity is more challenging.
The tubular materials are serving not only in corrosive environment but also under
HPHT condition. Casing failure can lead to pollution of groundwater resources and
cause environmental hazard. Therefore, it is critical to have better understanding for
sweet and sour corrosion and effectively mitigate corrosion related issues to reduce

associated costs and environmental impact of oil and gas operations.



1.3 Objectives

The main objective of this study is to better understand physical and electrochemical
processes involved in sour and sweet corrosion of carbon steel in HPHT environment.
This study is carried out to investigate the impacts of pressure, temperature, water
chemistry, CO2 and H>S concentration, flow status and material type on corrosion

behavior of carbon steel. Hence, this study is aimed at:

Understating corrosion mechanism of tubulars under HPHT CO2 and CO2-H.S

containing environment.

e Developing corrosion models to describe CO, and CO2-H>S corrosion
processes.

e Experimental studying corrosion behavior of carbon steel in brine saturated
with acidic gases to determine the effects of pressure, temperature and gas
composition.

e Determining presence of localized and intergranular corrosion under borehole

condition.

1.4 Methodology and Scope of Study

To accomplish the study objectives outlined in Section 1.3, first extensive literature
survey has been conducted to understand sour and sweet corrosion mechanisms and
determine factors that influence corrosion resistance of metals in harsh environment.
Then, comprehensive theoretical study has been performed to develop mathematical

descriptions of all the process involved in the sweet and sour corrosion and determine



the role of environmental variables on each process. Subsequently, existing corrosion
models have been thoroughly investigated to identify their weakness and shortcomings.
New enhanced models have been developed based on the existing ones. The models are
capable of making predictions for corrosion occurring at HPHT conditions. The models
utilize an improved solubility model that predicts concentrations of corrosive species

and solution pH.

To formulate the corrosion models, first gas-liquid equilibria of CO-water
system is studied. The gas phase is assumed to have CHsand acid gases such as H»S
and CO,. Based on this, an improved solubility model is developed to predict
concentrations of CO2, H2S, and CHs in brine (NaCl solution) for wide ranges of
pressure, temperature and ionic strength. Moreover, the solubility model is used to
estimate the equilibrium hydrogen ion concentration in the bulk solution and
subsequently solution pH. The solubility model predictions are used as input data for

the corrosion models.

Different corrosion models are developed in this study. First, electrochemical-
based CO> corrosion model is developed to predict corrosion rate in brine saturated with
mixed gas containing CO2 but not H.S. Afterward, the model is upgraded to account
for the presence of hydrogen sulfide, which considerably influences the corrosion
process. In both models, mass transport process and electrochemical reaction rate are
described using the Fick’s first law and the Butler—\Volmer equation, respectively. To

validate the models, corrosion tests were carried out using various grades of carbon



steels. Furthermore, to identify the occurrence of localized corrosion and intergranular

attack, mechanical properties of test specimen were measured.

The scope of this study includes experimental investigations. Hence, corrosion
experiments were conducted under low-pressure and high-pressure conditions. Two
types of test setup were developed to investigate mainly uniform corrosion of carbon

steels varying environmental conditions.

Weight loss and LPR methods were utilized to assess corrosion behavior of
carbon steel under low-pressure condition. LPR measurements were compared with
weight loss (WL) data to ensure the accuracy of the measurement. The effect of
temperature, gas phase CO2 concentration and salt content on CO2 corrosion was

assessed. The total pressure was maintained constant at 0.83 MPa.

High-pressure corrosion experiments were carried out using HPHT test facility.
Weight loss technique was used to measure corrosion rate. Tests were performed to
investigate the impacts of total pressure, CO2 and H2S concentrations, temperature, type
of steel, and flow velocity on the corrosion process. Moreover, tensile strength of each
specimen was measured to evaluate the impact of corrosion on mechanical properties of

the materials.



Chapter 2 : LITERATURE SURVEY

2.1 Gas Solubility Studies

To develop accurate corrosion models, a reliable thermodynamic model, which predicts
properties of a brine-mixed-gas system, is necessary. Solubility of acidic gases in pure
water and brine is needed to estimate the amount of dissolved gas and determine
concentrations of ionic species. In the past few years, solubility of gases (CO2, H.S,
CHs, and N2) has been experimentally and theoretically studied considering a wide

range of temperature, pressure, and ionic strength.

Several experimental studies (Takenouchi and Kennedy 1964; Todheide and
Franck 1963; Pitzer et al. 1984; Winkler 1906; Selleck et al. 1952; Ben-Naim and
Yaacobi 1974; Blount and Price 1982; Price 1979; O’Sullivan and Smith 1970)
conducted to measure the solubility of acidic and sour gases in pure water and aqueous
NaCl solutions. Tests were performed mostly using single gas-phase at low-pressure
and/or low-temperature conditions. Measurements were very scattered and did not
display clear trend with pressure and temperature variations. Other studies were carried
out to formulate improved models. However, most of the models (Li and Ngheim
1986; Harvey and Prausnitz 1989; Zuo and Guo 1991) have uncertainty of 10 to 20% at
high salt concentration and high-pressure (greater than 100 MPa). Recently, Duan and
sun (2003) proposed an improved model, which predicts the amount dissolved CO; for

wide range of temperature (up to 260°C), pressure (up to 200 MPa) and ionic strength



(up to 4 m). The uncertainty of the CO- solubility prediction is reduced (maximum 7%

at high-pressure and high-temperature).

In addition to empirical models, mathematical and semi-empirical solubility
models (Carroll and Mather 1989; Barta and Bradley1985; Suleimenov and Krupp
1994) were also developed to predict dissolved amount of H2S in pure and salty water.
These models are limited to low-pressure applications (less than 3 MPa). Recently,
Duan et al. (2007) developed an accurate thermodynamic model for predicting CO> and
H>S solubility in brines. The model is established based on a specific particle
interaction theory of liquids and a highly accurate equation of state of real gases.
Predictions of the model demonstrated good agreement with available measurements for
wide range of pressure (up to 20 MPa). Following a similar approach, CHs and N3
thermodynamic models (Duan and Mao 2006; Sun et al. 2001) were developed to
predict solubility of these gases in pure water and brine for wide range of pressure,
temperature and ionic strength. Although recent models (Duan and Sun 2003; Duan et
al. 2007; Duan and Mao 2006; Sun et al. 2001) provide accurate prediction for pure
COg2, H2S, N2 and CHa4 solubility, they don’t account for water content and impurities
present in real gas mixtures. These limitations make the models inadequate for oil and

gas applications.

Valtz et al. (2004), Chapoy et al. (2005), Choi and Nesic (2009) proposed
improved thermodynamic models for predicting mutual solubilities of pure CO. and
CHa in equilibrium with pure water at vapor-liquid region. However, the effects of salt

content and gas composition was not considered, which makes their application limited



in corrosion modeling. More recently, a new thermodynamic model (Zirrahi et al.
2012) has been formulated to predict mutual solubilities of CO2, H2S, CHa, and their
mixture in brine under subsurface disposal conditions. The model predictions showed a
reasonable agreement with experimental data and predictions of existing models of pure

gases.

2.2. COz2and CO2-H2S Corrosion Studies

Numerous studies (de Waard and Lotz 1993; de Waard and Milliams 1975b; de Waard
et al. 1995, 1991; Dugstad et al. 1994; Jangama and Srinivasan 1997; Olsen et al. 2005;
Pots et al. 2002) were carried out on CO;and CO2-H,S corrosion investigating the role
of different environmental parameters and material characteristics. Other studies
(Smith et al. 1993; Smith and Pacheco 2006; Woollam et al. 2011; Kvarekval et al.
2002; Kvarekval et al. 2003) investigated the contribution of protective scale on
corrosion. However, mostly these studies were limited to low-pressure low-temperature
applications. In general, there are two major approaches to study the corrosion behavior
of carbon steel: mechanistic modeling and experimental approach.

2.2.1. Modeling Studies

I. CO2 Corrosion

CO- corrosion models are often classified into three major groups: i) empirical and
semi-empirical models, ii) elementary mechanistic models, and iii) comprehensive
mechanistic models. A number of empirical and semi-empirical models (de Waard and

Lotz 1993; de Waard and Milliams 1975b; de Waard et al. 1995, 1991; Dugstad et al.
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1994; Jangama and Srinivasan 1997; Olsen et al. 2005; Pots et al. 2002) were developed
in the past few decades to estimate the corrosion rate. de Waard and Milliams (1975b)
developed a corrosion model assuming linear relationship between pH and corrosion
current density, which occurs when charge transfer rate of anodic and cathodic currents

are equalized at the equilibrium potential (i.e. corrosion potential).

logi,,,, =—A.pH+B (2.1)

corr —

where A and B are constants determined from experimental measurements. After
examining the values of A and B for different cases, de Waard and Milliams (1975b)
proposed the direct reduction of carbonic acid as a mechanism for cathodic reaction.
Based on this assumption, they were able to establish simple correlation for predicting
COz corrosion rate as a function of temperature and CO; partial pressure. This model
was the first attempt in modeling CO- corrosion. However, the effects of solution pH,
flow and slow CO> hydration reaction on the cathodic reaction were not considered.
Later, a number of studies (de Waard and Lotz 1993; de Waard and Milliams 1975a;
1975b; de Waard et al. 1995; 1991) were conducted in effort to enhance the original
model (de Waard and Milliams 1975b) by introducing additional empirical correction
factors to account for the influence of pH, flow, corrosion scale, and steel

microstructure on corrosion rate.

To improve accuracy of empirical and semi-empirical models, elementary
mechanistic models were developed. These types of models are formulated based on

simple theoretical equations, which describe physicochemical phenomena occurring
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during corrosion process. However, for the sake of simplicity, the phenomena involved
in CO2 corrosion such as chemical reactions, mass transfer and charge transfer are
described in simplified and decoupled form. Early elementary mechanistic models
(Gray et al. 1989; 1990) considered direct reduction of carbonic acid as the main
cathodic reaction mechanism. As a result, model applications are limited to pH value of
4. The model employs simplified and decoupled equations for mass transfer rate
calculation, and mass transfer and CO> chemical reaction limitations. In addition, the
mixed potential theory is applied to determine equilibrium potential (corrosion
potential), and subsequently the corrosion current density and corrosion rate. It is worth
mentioning that the flow-sensitivity of CO2 corrosion is not considered in this model.
In their second model (Gray et al. 1990), limitation of the model has been extended to
work in more alkaline environment (pH 6-10) and higher test temperature. Moreover,
new electrochemical reactions at the metal surface and bicarbonate ion reduction have
been incorporated into the total cathodic and carbonic acid reduction reactions. To
obtained corrosion rate value, a similar approach as in their previous model is
employed. Even though solution pH between 4 and 6 and high temperature are
commonly known as favorite conditions for the formation of corrosion scale, the effect

of scale is not considered in the model formulation.

Few years later, slightly different CO. corrosion modeling approach (Dayalan
1995) presented assuming steady state condition to determine the corrosion current
density. In other word, it means that electrochemical reactions are simultaneously

occurring at the metal surface and the sum of all the cathodic reactions is equal to that
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of the anodic iron dissolution reactions. It also implies that mass transfer rate of all
species are equal to their reduction or oxidation reaction rates. In this model, the
reduction of hydrogen ions, carbonic acid and bicarbonate represent the total cathodic
reduction mechanism, which distinguishes this model from the previous model (Grey et
al. 1990). The system of equations is implicitly solved in order to estimate surface
concentration of species and ultimately corrosion rate. It should be noted that
Dayalan’s model does not account for the influence of temperature, fluid velocity, CO>
hydration, as well as corrosion scale. Due to the significant influence of these
environmental conditions on CO2 corrosion process, Dayalan’s model has been

extended to account for FeCOs layer formation and fluid velocity (Dayalan et al. 1998).

Following similar approach, Nesic et al. (1996a) developed a productive
mechanistic model. The model assumes that the cathodic reaction consists of reduction
of hydrogen ion, carbonic acid and bicarbonate, and water. In addition, the model
accounts for the presence of oxygen. Mass transport process of corrosive species is
differently modeled by assuming independent diffusion process and using well-
established correlation for mass transfer coefficient, which accounts for system
hydrodynamics. Some physicochemical parameters in this model are calibrated by
comparing linear sweep voltammetry and weight loss measurements. The model
predicts individual theoretical polarization curve (E vs. i) for each species. By using
this curve, for small over-potentials, linear polarization resistance can be also

determined.

Flow regime and type (single-phase or multiphase) can have substantial effect
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on CO, corrosion. During oil and gas production and transportation, different flow
regimes can develop, which may facilitate or limit the corrosion process (Sun and
Jepson 1992; Chen et al. 2000). A mechanistic model (Wang et al. 2002) has been
formulated to predict CO, corrosion in multiphase fluid. The model is applicable for
horizontal pipe flow of multiphase fluid with formation of slugs. In the model
formulation, hydrogen ion reduction was considered as the most dominant cathodic

reaction. The model is applicable at low solution pH.

Despite the acceptance and wide use of elementary mechanistic models in the
corrosion-engineering field, these models still have fundamental weakness in their
simplification of physicochemical theory of corrosion phenomena. One of these
weaknesses is that the diffusion process of species is separately modeled assuming a
homogenous chemical reaction and no ionic interaction between the species inside the

electrolyte layer.

To overcome the shortcomings of elementary mechanistic model, a number of
mathematical/mechanistic models (Turgoose et al. 1992; Pots 1995; Nesic et al. 2001,
Nordsveen et al. 2003), have been developed considering conservation of mass in the
diffusion layer (Nernst-Planck equation). Turgoose et al. (1992) proposed the first
mathematical model adopting the general approach of the Nernst-Planck equation. The
model is based on mass transfer and homogenous reaction equilibria of carbonate
species in the diffusion layer. The model considers total cathodic current consists of
proton and carbonic acid reduction. However, the charge transfer kinetics of electro-

active species is neglected. The model predicts concentration profiles of corrosive
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species in the electrolyte. In addition, the current response at mass transfer limit

condition can be predicted.

A more advanced mechanistic CO> corrosion model is developed by Pots (1995).
In this model, mass transfer process and homogenous chemical reactions are coupled
and described by Nernst-Planck equation (diffusion equation). This equation accounts
for the effect of flow condition wherein convective mass transfer is calculated using
empirical correlation for the eddy diffusivity while the charge transfer rates are assumed
to follow the Tafel equation. Pots recognized the significant impact of homogenous
reaction on the current response. Based on model predictions, he concluded that
eliminating the direct reduction of H2COs in the total cathodic current calculation does

not have significant effect on corrosion rate prediction.

Based on theoretical analysis and laboratory investigations, recent studies (Nesic
et al. 2001; Nordsveen et al. 2003) developed comprehensive mechanistic models for
predicting CO2 corrosion accounting for the formation of protective iron carbonate
(FeCOg3) film. The positive side of these models is that they distinctly described
relevant phenomena (homogenous chemical reaction, electrochemical reactions and
mass transport process) involved in CO> corrosion process. Nernst-Planck equation is
employed to describe mass transfer of species from and toward the metal surface,
including diffusion through the porous corrosion scale. The transport of species is
attributed to three components: diffusion, convection and migration process. The
turbulent convection is described via turbulent diffusivity concept. For the

electrochemical reaction, kinetics of charge transfer is described using Tafel equation.
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However, the current densities of corrosive species in the Tafel equation are computed
differently from the approach presented in the preceding models (Turgoose et al. 1992;
Pots 1995) wherein the exchange current densities of reduction reactions are calculated
as a function of surface concentration of the involved species instead of the bulk
concentration. Therefore, the mass transfer limitation effect is implicitly considered via
calculating the surface species used in charge transfer expression. Both models (Nesic
et al. 2001; Nordsveen et al. 2003) do not account for the growth of corrosion scale
(FeCOs) with time and change of the scale porosity. The models specify the thickness

and porosity of the layer.

I1. CO2-H2S Corrosion Studies

Historically, Anderko and Young (1999) proposed the first comprehensive
mathematical model for predicting the corrosion rate of carbon steel exposed to CO>
coexisting with HS saturated brine. The model is formulated by inclusive modeling of
thermodynamic properties and electrochemical reactions. First, a thermodynamic
model is used to determine activities of species, which participate in the corrosion
process. Then, an electrochemical model is utilized to predict the reaction rates of
partial cathodic and anodic processes occurring at the steel surface. Consistent with
previous COz corrosion model (Nesic et al. 1996), the cathodic reaction consists of
reduction of hydrogen ions (H"), carbonic acid (H2COs3), and water whereas the anodic
reaction is represented by oxidation of iron. The influence of H,S content on CO>
corrosion is modeled by adding new reduction reaction to the cathodic portion, which is

identified as direct hydrogen sulfide (H2S) reduction. The model formulation accounts
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for the formation of corrosion scale, which consists of both iron carbonate (FeCO3z) and
iron sulfide (FeS) layers. Depending on temperature and water chemistry, the formation
of corrosion scale affects corrosion rate. The model predictions displayed acceptable
agreement with available experimental date at relatively low pressure (0.1 MPa) and
wide range of temperature (up to 60°C) and for pH ranging from 4 to 6. Later, Anderko
and Young (2002) improved the original model to predict corrosion rate of alloy steel
containing 13% Cr. Additionally, the improvement of the model includes method for
determining the active-passive transition and the effect of solution species on the
passivity. The applicability of the model has been extended for predicting CO:
corrosion rate under harsh conditions including: CO> partial pressure of up to 3 MPa,
temperature of up to 200°C, and H2S concentration of up to 300 ppm.

More recently, Nesic et al. (2008) developed a mechanistic model for CO2-H>S
corrosion in multiphase flow. The model is adopted from the previous studies
(Nordsveen et al. 2003; Nesic et al. 2003; Nesic and Lee 2003), which were developed
for predicting CO corrosion in the presence of iron carbonate scale. The original
model foundation incorporates various physical processes including Kinetics of
electrochemical and chemical reactions, transient transport of species through turbulent
boundary and porous surface scales, kinetics of scales growth and dynamics of
multiphase flow. The new model provides better predictions than original model at
high and low temperature and high salinity (up to 25% wt NaCl). However, the novelty
of the model (Nesic et al. 2008) is that it incorporates the effects of H>S on carbon

dioxide corrosion and kinetics of iron sulfide (mackniwate layer) growth by solid-state
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reaction. The model predictions are extensively compared with reliable experimental
database from the oil field and showed satisfactory agreement.

A mass transfer-based mechanistic model has been developed to predict sour
uniform corrosion of steel (Sun and Nesic 2009). The model is an advanced version of
earlier HoS corrosion model (Sun and Nesic 2007), which is tuned using experimental
measurements and observations that reveal formation (precipitation) of two layers of
mackinawite on steel surface, which is considered in the model. Formation of
mackinawite layer indicates that H>S controls the corrosion process. Consequently, the
corrosion process is considered to be under mass-transfer control rather than
electrochemical or chemical kinetics control. Model predictions are validated with
available corrosion measurements and they display satisfactory agreement at low CO>
and H.S concentrations and moderate temperature. On the other hand, iron sulfide
transformation and its precipitation are not considered in the model formulation. Even
though the model can be employed to predict CO,-H>S corrosion, it does not provide
good prediction for CO> corrosion of carbon steel.

It is well known that organic acid and oxygen have considerable influence on
sour corrosion by accelerating the iron dissolution process. Therefore, their impact on
metallic degradation cannot be ignored. Nesic et al. (2009) suggested a mechanistic
model for predicting CO2-H2S corrosion behavior of carbon steel combined with
organic acid and/or O2. The unique characteristic of this model is that, the participation
of CO2 and H>S in the formation of corrosion scale (iron carbonates and iron sulfide

layers) is considered. Additionally, two distinct approaches are adopted in modeling
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total corrosion rate prediction. First, the contribution of corrosive agent (carbon dioxide
and organic acid) to the total corrosion rate is separately modeled considering
electrochemical process. Then, contribution of H.S is separately modeled considering
mass transfer process occurring in the mackinawite layer. The total corrosion rate is
obtained by adding contributions of each individual corrosive agent. The model
predictions show satisfactory agreement with experimental data obtained under
different test conditions (up to temperature of 120°C; fluid velocity of up to 20 m/s; and
pH range of 3 - 7). The model has been validated for total pressure of up 3 MPa.

A recent mechanistic model for sour corrosion is developed by Fardisi et al.
(2012). In this study, carbon dioxide is assumed to cause corrosion but not interfere
with scale formation process, which is controlled by H>S. The scale acts as a barrier
between electro-active species and metal surface. The model neglects the contribution
of H,S electrochemical reaction to the corrosion process. It includes the transient
chemical reactions, transport of active species, and electrochemical reactions at the
metal surface. The Tafel and diffusion equations are utilized to describe charge transfer
and mass transfer rates, respectively. Due to the difficulty of modeling the effect of
corrosion scale (that forms in CO2-Hz2S environments) on the corrosion process, the
study proposed decoupling of the scale growth from corrosion rate modeling. The
model predictions exhibited satisfactory agreement with experimental measurements
obtained under different test conditions. The model limitation was not specified in their

work. However, the model was validated up 3 MPa and 80°C.
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The most recent study (Zheng et al. 2015) developed electrochemical-based
model to predict H2S-CO; corrosion. The model is an extension of the existing H2S
corrosion model (Zheng et al. 2014), which was upgraded to incorporate the influence
of CO,. Charge transfer rates, mass transfer rates and CO2 hydration reaction rate are
determined according to Nesic et al. (1996). The cathodic reaction portion of the
electrochemical reaction consists of four direct reductions: i) hydrogen ions, ii)
hydrogen sulfide, iii) carbonic acid, and V) water reduction. The model (Zheng et al.
2015) accounts for the effects of H.S partial pressure, solution pH, temperature, and
flow velocity. However, the impact of corrosion scale (possibly formed in CO2-H.S
environment) is not considered. As a result, model predictions demonstrate good
agreement with experimental data obtained from short time exposure and under low-
temperature and low-pH conditions, which are unfavorably for the formation of
corrosion scale.

2.2.2. Experimental Studies

Very influential factors that have significant role in determining CO: corrosion are
displayed in Fig. 2.1. Each element of these factors has individual effect and they can
interact each other in many ways to affect the corrosion process. The exact effects of

many of these factors are still unknown.
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Figure 2.1 Parameters effecting CO2 corrosion

|. Effect of CO2 and H2S Concentration

CO: partial pressure is one of the influential parameters affecting corrosion of carbon
steel. In addition, the effect of CO, partial pressure is indirectly related to other
environmental parameters such as temperature, solution pH and ionic concentration,

which have substantial effect on the precipitation and formation of corrosion scale.

In scale-free conditions (low temperature and low pH), increase in CO; partial
pressure increases corrosion rate (Wang et al. 2004; Choi et al. 2013; Nesic et al. 2003).
With increased in CO: partial pressure, the dissolved amount of CO> increases and
subsequently H>COs content, results in accelerated cathodic reaction and corrosion

process. Generally, corrosion rate increases with CO- partial pressure. The relationship
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can be described using a power function with exponent ranging from 0.5 to 0.8
(Dugstad et al. 1994; Videm and Dugstad 1989a). However, other conditions allow
formation of protective scale (commonly at high temperature and high pH), increasing
CO. partial pressure (Pcoz) may facilitate the formation of scale, which results in
reduction of corrosion rate (Nesic et al. 2002; Nesic 2007; Schmitt and Horstemeier
2006). Hence, increasing CO- partial pressure may also cause decline in corrosion rate
(Sun and Nesic 2004; Seiersten 2001). Seiersten (2001) observed reduction in
corrosion rate even in presence of porous non-protective corrosion scale. The reduction
possibly occurs due to the change in water chemistry, particularly at low solution pH.
Videm and Dugstad (1989b) and Moiseeva (2002) reported similar trend of corrosion
rate decline with Pcoz. They attributed the reduction to the increase in ferrous
concentration approaching super-saturation and causing retardation of the cathodic

process due to the hydrogen evolution process.

Figure 2.2 displays the influence of CO. partial pressure on average corrosion
rate of 110S steel in CO2-H.S containing environment (Wen-fei et al. 2012). During the
corrosion tests, temperature and H>S partial pressure were maintained at 130°C and 9
MPa, respectively. As revealed from the plot, the increase in CO; partial pressure from
2 to 8 MPa resulted in consistent increase in the corrosion rate. However, the corrosion
rate slightly declined as the CO- partial pressure was elevated from 8 to 10 MPa. Bich
and Goerz (1996) investigated corrosion mechanisms in sour gas gathering systems

with a significant concentration of CO2. The study has been carried out to investigate
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leaks occurring in flow lines. Results reveal that CO> partial pressure is the main factor

that determines the corrosion rate.
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Figure 2.2 Average corrosion rate of 110S steel vs. Pcoz and Przs= 9 MPa (data from Wen-fei et al.
2012)

Although the effect of H>S concentration on corrosion behavior of carbon steels
has been widely studied in CO2-H2S environment, its role in corrosion process is still
not fully understood. For instance, it has been observed (Videm et al. 1996 and Mishra
et al. 1992) that, the existence of significant amount of H.S in brine solution with or
without COz2 either accelerates or inhabits the corrosion rate of steel. Videm et al.
(1996) and Mishra et al. (1992) reported two contradictory corrosion rate measurements
regarding the effect of H,S concentration. While the former reported increase in
corrosion rate with addition of very small amounts (less than 30 ppm) of H.S in CO2-
containing brine, the latter observed inhibitive effect of small amount of H2S on CO:2

corrosion of steel.
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Numerous studies (Nordsveen et al. 2003; Nesic et al. 2001; 2003; Brown and
Nesic 2005; Das and Khanna 2004a; Brown et al. 2004; Sun et al. 2006; Camacho et al.
2008; Abelev et al. 2009; Solehudin et al. 2011) were carried out to study the influence
of H2S on CO> corrosion at low pH. There is a general agreement that presence of
small amount of H2S (~10 ppm) significantly reduces CO; corrosion rate. However,
this trend reverses and corrosion rate increases at high HzS concentrations (above 10
ppm). In addition, the trend of corrosion rate with H>S concentration is related to test
material and solution pH. In accordance with previous studies (retardation factor), HS
concentration inhibited the corrosion of 1018 carbon steel at 100 ppm of hydrogen
sulfide (Choi et al. 2011b). The inhibition occurred because of formation of thin
corrosion scale (FeS), which partially or completely covered the steel surface and
ultimately diminished anodic dissolution reaction. Generally, it has been indicated that
corrosion rate at high H2S concentration is low compared to H2S free condition (sweet
corrosion).

Consistent with previous observations, a corrosion study (Valdes and Case
1998) conducted in CO2 and H>S containing environment showed critical H2S
concentration that indicates the transition between the two effects of H.S (acceleration
and inhibition of CO corrosion) and provides the maximum corrosion rate. In order to
determine the critical value, experiments were carried out by exposing A-516 carbon
steel to brine solution (5% NaCl) at different temperatures (50 to 150°C) and H.S
concentrations (0 to 40 ppm). As shown from Fig. 2.3, test results show that the

maximum corrosion rate at 10 ppm of H>S. Moreover, the critical concentration was
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found to be independent of temperature, despite the reduction of the corrosion rate with
temperature. It was also observed that the effect of temperature on corrosion rate was

more pronounced than that of H>S concentration.
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Figure 2.3 Corrosion rate of A516 steel vs. H2S concentration at different temperatures and Pcoz=
3.10 MPa (data from Valdes and Case 1998)

Wen-fei et al. (2012) conducted corrosion experiments at slightly high-pressure
and high-temperature to study of the influence of Pw2s on corrosion of carbon steel.
Pr2s was varied from 3 to 12 MPa; whereas, Pco2 and temperature were kept constant at
6 MPa and 130°C, respectively. Figure 2.4 displays corrosion rate measurements as a
function of Pnas. Accordingly, minor reduction in corrosion rate was observed when
H>S partial pressure in the gas phase was elevated from 3 to 9 MPa. When Ph2s was
more than 9 MPa, the corrosion rate sharply increased with Przs. As reported by Yin et
al. (2008), increase in H.S concentration resulted in both acceleration and inhibition of

CO:z corrosion.
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Figure 2.4 Average corrosion rate of 110S steel vs. Przs (data from Wen-fei et al. 2012)

To get a better understanding of the influence of small amount of hydrogen
sulfide on CO> corrosion, Videm and Kvarekval (1995) conducted corrosion tests
varying partial pressure of H2S (14 to 60 Pa) and temperature (70 and 80°C) while
maintaining CO> partial pressure at 70 kPa. In contrast with previous findings, the
presence of H.S accelerated the corrosion in the entire range of H2S concentration.

Additionally, H2S influence on CO. corrosion diminished at high pH.

Partial Pressure Fraction (PPF = Pu2s/Pcoz) is considered as an adequate
parameter for determining corrosion initiation condition in the presence of CO2 and H2S
(Kermani et al. 2004). The PPF has strong influence on corrosion rate of carbon steel
regardless of NaCl concentration (Agrawalet al. 2004). The PPF and other surrounding
parameters are used in determining the nature and composition of corrosion scale.

Jingen et al. (2011) reported corrosion rate measurements of N80 steel at temperature of

26



90°C and different PPF. The presence of small amount of H>S in a CO; saturated brine
remarkably retarded CO corrosion. To determine the role of PPF on H>S-CO>
corrosion, Zhang et al. (2009b) carried out corrosion experiments at a constant PPF of
1.7 and various H»S partial pressures (0.15 to 2 MPa). Corrosion rate increased with
total pressure at constant temperature (60°C) and PPF. Moreover, H2S predominantly

controlled the corrosion process forming mackinawite-dominated scale.

I1. Effect of Temperature

In corrosive gas containing environment, temperature is considered one of the key
factors determining the corrosion phenomena. In general, temperature plays a
significant role in the CO2 corrosion process. On one hand, temperature has a
substantial influence on the CO. thermodynamic properties, mass transport and
electrochemical reactions. For instance, the dissolved amount of CO: in brine is much
higher at low temperature and subsequently carbonic acid formation, which results in
low pH and more corrosive environment. However, higher temperature can cause a
decrease in CO; solubility and simultaneously increases reaction rates and transport of
species, hence results in a higher corrosion rate. Furthermore, temperature interferes
with the formation of corrosion scale. Due to the high solubility of iron carbonate at
low temperature (below 60°C), non-protective layer is normally formed on the steel
surface. This type of corrosion scale demonstrates porous and loose characteristics,
leading to increased corrosion rates. The increased temperature accelerates the kinetics
of corrosion product precipitation and forms more compact, dense corrosion scale,

resulting in decrease in corrosion rate. In absence of H.S, corrosion products mainly
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consisting of iron carbonate (FeCO3) precipitate and deposit on the metal surface when
corrosion product concentration reaches its solubility limit. Johnson and Tomson
(1991) reported that the rate of ferrous carbonate precipitation is extremely temperature
sensitive. The severity of corrosion of carbon steel is more intense at low temperature
regardless of hydrogen sulfide presence (Valdes and Case 1998).

A number of studies (Cui et al. 2006; Li et al. 2013a; Xiang et al. 2013; Huang
et al. 2014; Yin et al. 2009; Dugstad 1995; Das 2014) to investigate the effect of
temperature on CO; corrosion. Cui et al. (2006) conducted corrosion tests by exposing
three different carbon steels (P110, N80, and J55) to brine saturated with supercritical
carbon dioxide. Corrosion measurements were obtained using weight loss method at
constant CO partial pressure (8.274 MPa) and varying temperature (60 to 150°C). The
results showed considerable decrease in corrosion rate with temperature. The decline in
the corrosion rate is attributed to the formation of corrosion scale, which was mainly
composed of FeCOz and CaCOs. Moreover, it was found that the corrosion scale is
more stable at low temperature than elevated. Li et al. (2013a) observed similar trend
of CO; corrosion rate with temperature, although the corrosion tests were conducted at
low CO; partial pressures (0.15 and 4 MPa).

Another study (Xiang et al. 2013) showed both exacerbation and inhibition of
CO:- corrosion of carbon steel (X70) with temperature under dynamic condition. In the
study, test temperature was varied from 25 to 93°C while CO; partial pressure was
maintained at 10 MPa. The corrosion rate was gradually increased with temperature

and subsequently declined as temperature elevated above 93°C (Fig. 2.5). The
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maximum corrosion rate was observed at 75°C. The first trend change in corrosion rate
with temperature is attributed to increase in mass transport and electrochemical reaction
rates as temperature increases. In addition, the corrosion product layer becomes more
compact at higher temperature and prevents further corrosion. A recent study (Huang et
al. 2014) showed reduction of CO- corrosion with temperature at high temperature (100
to 250°C) due to the formation of protective iron magnetite (FesO4) scale.

According to the previous studies (Yin et al. 2009; Li et al. 2013a; Dugstad
1995; Das 2014), the critical temperature in which the maximum corrosion rate is
attained is not constant; it varies with other test parameters such as CO2 concentration,
pressure, salt concentration and solution pH. For instance, Yin et al. (2009) and Li et al.
(2013a) reported the critical temperature around 43°C. Other studies (Ikeda et al. 1984,
1985; Dugstad 1995; Das 2014), which were conducted at low CO; partial pressure,

observed the maximum corrosion rate between 70 and 100°C.
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Figure 2.5 Corrosion rate of 110S steel vs. temperature, Pco2= 6 MPa and PH2s = 6 MPa (data from
Wen-fei et al., 2012)
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In CO2-H>S saturated environments, limited corrosion studies were performed to
investigate the influence of temperature on the corrosion behavior of carbon steel.
Reported corrosion rate measurements show conflicting trend with temperature. For
instance, lkeda et al. (1985) carried out corrosion test varying H.S content and
temperature (50 to 150°C). At H.S partial pressure of 0.0103 KPa, corrosion rate
increased with temperature reaching to its maximum value at 100°C and subsequently
decreased. This observation has been found inconsistent with a previous study (Yin et
al. 2008). In the most recent study (Wen-fei et al. 2012), at low temperature (below
110°C) corrosion rate decreased with temperature and increased above 110°C (Fig. 2.5).
The minimum corrosion rate was observed at 110°C, which is slightly different from
that reported by Ikeda et al. (1985).

Das and Khanna (2004b) carried out corrosion experiments to study the
influence of temperature on CO- corrosion varying partial pressure of H>S, pH and type
of carbon steel. All tested material demonstrated similar corrosion rate trend with
temperature. At low temperature, corrosion rate increased with temperature; afterward,
it declined. The maximum corrosion rate was observed at 90°C regardless of other
parameters. This is slightly different from the values reported by other studies (Ikeda et
al. 1985; Yin et al. 2008). The increase in corrosion rate with temperature is in

accordance with the measurements reported by Solehudin et al. (2011).

I11. Effect of Flow Velocity

Since corrosion is defined as degradation process occurring at the metal surface, fluid

velocity can either inhibit or accelerate corrosion. Fluid flow can decrease corrosion by
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removing iron carbide scale that creates a galvanic effect and promotes crevice or
pitting corrosion. In CO2 containing environment, the most common effect of fluid
flow is to enhance the corrosion process. In general, single-phase flow accelerates
corrosion through two different mechanisms: i) enhancing mass transfer, which is more
pronounced in a film-free condition, and ii) impeding the formation or removing
corrosion protective scale. Chen et al. (1992) developed a trend of corrosion rate with

fluid velocity (Fig. 2.6).
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Figure 2.6 Variation of corrosion rate with flow velocity (Chen et al. 1992)

In scale unfavorable environment (low temperature and pH), the core effect of
fluid velocity (turbulence) is to enhance transport of active species (cathodic species)
toward the steel surface, leading to increased corrosion rate (Zhang et al. 2012).
Simultaneously, the diffusion of dissolved iron (iron ions, Fe?*) away from the steel
surface increases with fluid velocity resulting in reduced super-saturation and
precipitation rate of corrosion scale. Both effects participate in producing less
protective corrosion product layer being formed at high velocities. Corrosion is
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accelerated by means of flow fluid when it is mainly under mass transport control.
When the charge transfer reaction becomes the rate-controlling step, increase in flow
velocity has no effect on corrosion rate and it reaches steady state.

In scale-forming environment, fluid flow can affect the corrosion rate by

interfering with deposition or erosion processes of the scale. First, the flow impedes the
precipitation of corrosion products by enhancing the species (Fe?* and COZ") transport

away from the metal surface, leading to formation of porous and non-protective iron
carbonate layer. At high velocity, the hydrodynamic wall stress plays an importance
role by mechanically removing a portion of the protective scale. Partial removal of
corrosion scale often leads to increased risk of localized attack. Ruzic (2005) concluded
that the removal of ferrous carbonate scale in the dynamic fluid flow is attributed to
coupled mechanism; chemical dissolution and mechanical removal.

Generally, two flow systems, rotating cylinder electrode and flow loop tester are
utilized to study flow sensitivity of CO> corrosion and impact of wall shear stress on the
scale formation process. Denpo and Ogawa (1993) carried out an experimental study to
investigate the influence of fluid flow on corrosion resistance of N80 carbon steel and
13 Cr stainless steel in CO.-containing environment (up to partial pressure of 4 MPa).
The study was performed at 80°C by varying fluid velocity from 2 to 17 m/s during
flow loop test and 0.1 to 1 m/s in a rotating electrode system. Corrosion rate of N80
carbon steel consistently increased with fluid velocity while that of 13 Cr stainless steel

increased with fluid velocity and gradually stabilized at 3 m/s. In addition, no
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protective corrosion scale was noted on the specimen surface under these test
conditions, which possibly explains the strong velocity sensitivity of CO2 corrosion.
Nesic et al. (1995) have carried out similar work using a flow loop. The
corrosion tests were conducted under unfavorable condition for scale formation (low
COg. partial pressure, low temperature, and pH < 4). The flow velocity in the flow loop
was varied from 1 to 10 m/s. The test results showed considerable increase in corrosion
rate with fluid velocity (Fig. 2.7). Predominately, the increase in corrosion rate is
attributed to the enhancement of mass transport mechanisms due to turbulence and fluid
movement. Moreover, in accordance with schematic of Chen et al. (1992), under these

test conditions, mass transport is rate-controlling step (Fig. 2.6).
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2
L
0
1 2 4 6 10

Velocity (m/s)

Corrosion rate (mm/y)
w

Figure 2.7 Measured corrosion rates versus fluid velocity in the absence of iron carbonate scale

The impact of fluid velocity on uniform corrosion of carbon steel is related to
other environmental parameters such as CO pressure, temperature, and solution pH.
Dugstad et al. (1994) investigated flow sensitivity of CO2 corrosion varying fluid

velocity (0.1 to 13 m/s). Corrosion experiments were carried out varying CO> partial
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pressure (0.05 — 2.1 MPa) and temperature (20 — 90°C). During the test, pH value was
adjusted to be in the range of 4 to 6. Experimental results displayed high sensitivity of
CO:- corrosion rate to fluid flow at low pH while the rate became less sensitive at high
pH. The change in corrosion rate is attributed to reduced proton concentration and
dominance of carbonic acid reduction at a high pH. It is evident that corrosion
mechanism at high pH was more under charge transfer control than mass transfer
control. In test temperature range, the impact of flow on CO corrosion was more
apparent at high temperature. The change in CO2 corrosion rate with fluid velocity
under various temperatures was interrelated to formation of iron carbide scale on
specimen surface (Dugstad et al. 1994). For instance, a decrease in corrosion rate was
noticed at low temperature (20 — 40°C) due removal of iron carbide scale by the fluid
which resulted in less galvanic effect. On the other hand, removing iron carbide due to
liquid flow tends to increase the corrosion rate at higher temperature by exposing the

steel surface to the corrosive environment.

CO2 corrosion is under dynamic condition is sensitive to CO; partial pressure.
High-pressure flow loop apparatus was used to investigate the influence of fluid flow on
the corrosion rate of X-65 carbon steel (Wang et al. 2004) at various CO> partial
pressures. The study was carried out at relatively low fluid velocity (0.2 — 2 m/s) and
varying CO; partial pressure (0.3 to 2 MPa) at pH value of 5 and temperature of 60°C.
Corrosion process was studied using electrochemical and weight loss techniques. The
variation in the corrosion rate with flow velocity at three different CO; partial pressures

is presented in Fig. 2.8.
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Figure 2.8 Corrosion rate vs. velocity at 60°C, pH =5, for different Pco2 (data from Wang et al.
2004)

The test results displayed good agreement with previous data (Denpo and
Ogawa 1993) in which the impact of velocity on corrosion rate became more
pronounced with increase in CO> partial pressure. Greater change in corrosion rate was
detected with fluid velocity at high CO- partial pressure (2 MPa) than at low CO; partial
pressure. Possible explanation for this is that more protons are generated at high CO>
partial pressure, resulting in mass transport rate-controlling regime (Nesic et al. 1996).
According to their Potentio-dynamic measurements, flow velocity has minor effect on
the anodic dissolution reaction. This observation indicates a charge transfer control of

iron dissolution reaction.

Recently, Mohamed Nor et al. (2011b) investigated flow-sensitive of CO>
corrosion varying CO: partial pressures (1-7 MPa), temperatures (25-50°C) and solution
pH (3-5) using both high-pressure high-temperature rotating electrode autoclave and

pipe flow loop system. Both weight loss and electrochemical techniques were used to
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evaluate the effect of flow on corrosion rate and its mechanism. Flow sensitivity of
CO2 corrosion was measured using LPR technique (Fig. 2.9). Slight sensitivity of
corrosion rate to rotational speed was generally observed at all test conditions. They
attributed the slight sensitivity to corrosion control mechanisms. At high CO; partial
pressure (greater than 1 MPa), the corrosion rate is more likely controlled by chemical
reaction process (CO2 hydration which is very slow process) than mass transport
process of corrosive species (hydrogen and carbonic acid ions). It is evident that
temperature has a substantial and dominant impact on corrosion rate. However,
corrosion rate at each temperature became flow insensitive at high rotational speed (Fig.
2.9a). These results are in agreement with previous studies (Dugstad et al. 1994; Wang
et al. 2004). Under all test conditions, the anodic reaction was apparently found to be
less sensitive to flow conditions, indicating charge transfer control mechanism (Wang et
al. 2004; Nesic et al. 1996). Iron carbide scale was detected on the steel surface under
all test conditions, which probably explains the increment in the corrosion rate due to its

non-protective character as well as galvanic effect.
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Figure 2.9 Effect of rotational speed on CO: corrosion at various environmental parameters: a)
temperature variation; b) pH variation; and c) CO: partial pressure variation (Data from
Mohamed Nor et al. 2011b)

To study the effect of flow velocity on CO2-H.S corrosion of carbon steel, Omer
et al. (2005) carried out a series of flow loop experiments. Corrosion tests were
performed varying pressure, temperature and velocity (1 to 5 m/s). Test outcomes
revealed remarkable increase in the corrosion rate with flow velocity. Additionally,
extraordinary type of corrosion (pitting corrosion) associated with uniform corrosion
was observed at high flow velocity (5 m/s). The occurrence of pitting corrosion is
possibly due to partial removal of corrosion scale.

Unsteady slug flow can also lead to considerable fluctuations in wall shear
stress, which removes protective scale or protective inhibitor films on metal surface. As
illustrated above, most of the corrosion studies assessed the flow-sensitivity of CO2
corrosion in Couette and Poiseuille flows. In pipe flow, velocity varies from zero to its
maximum value at the center; therefore, using wall shear stress is more reasonable than
the velocity. Chong et al. (2014) investigated the influence of wall shear stress on CO»-

H>S corrosion for wide range of CO> partial pressure (345 — 1378 KPa) and temperature
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(25 — 120°C). Specimens were mounted on corrosion resistance holder and an impeller
was used to agitate test solution and produce appropriate wall shear stress (1 to 27 Pa)
on the specimens. The shear stress is estimated using the Wichterie’s method. The
results showed uniform sour corrosion of carbon steel accelerated with wall shear stress
(Fig. 2.10). The wall shear stress became less effective and approximate steady
corrosion rate was observed at H,S partial pressure of 1378 KPa and 120°C (Fig.
2.10b). The increase in corrosion rate is attributed to: i) increasing wall shear stress
enhances mass transfer rate of corrosive species to/away from the steel surface; and ii)
higher wall shear stress could impact the integrity and protectiveness of the corrosion
scale. Under similar test conditions, their findings have been consistent with results of

previous studies (Omar et al. 2005; Nesic 2007; Sun et al. 2010).

300

250

-=@--25Deg.C ;
200 || --m--90Deg.C | -+ g o
120 Deg.C R
150 |--meme s B

25 Deg.C ‘
240 [|--®--120Deg.C| -~

180 f-----mmmmmeedemom b

100 f-----mmmooee- i, JELESISRREEES

120 |ormmeemmoeed gl O SRR
5O |--------geo- [ IO s g

T

Normalized Corrosion rate
\
\
\
\
([ ]
Normalized Corrosion rate
N
\
[}
\
\

0.1 1 10 100 0.1 1 10 100
Wall shear stress (Pa) Wall shear stress (Pa)

€Y (b)

Figure 2.10 Normalized corrosion rate vs. wall shear stress at various temperatures: a) Przs = 345
KPa, and b) Pr2s = 1378 MPa (data from Chong et al. 2014)
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V. Effect of Salt Concentration

Salt concentration is another parameter affecting CO. corrosion. Formation
water generally contains dissolved salts at high concentration, particularly sodium and
calcium salts. Typical chloride concentration in produced brine during oil and gas
production is around 50,000 mg/L (Hudak and Wachal 2001), which is highly corrosive
to metals. The salt can significantly affect CO> corrosion process in many ways. First,
high salt content reduces dissolved amount of CO, and homogenous chemical reaction,
resulting in low carbonic acid concentration and pH. In addition, increasing salt
concentration can change viscosity and density of the fluid, which consequently affects
mass transport process. Fosbal et al. (2009) discussed the effect of high ionic strength
on diffusion process during CO2 corrosion and the importance of including this effect in
mechanistic models. At relative low temperature, an increase in salt concentration
retards the electrochemical reaction occurring at metal surface (Fang et al. 2006).
Moreover, salt interferes in the formation of iron carbonate scale, wherein high ionic
strength increases the solubility limit of FeCO3 and retards its precipitation and growth
(Silva et al. 2002; Sun et al. 2009a). Addis et al. (2008) suggested that NaCl content
could inhibit corrosion rate by forming adsorbed chloride ion film on steel surface,

resulting in low corrosion rate.

Limited experimental studies have been carried out to assess the impact of salt
concentration on CO2 corrosion behavior. Some of these studies (Sun et al. 2003; Ma et
al. 2003) focused on the effect of chloride ion concentration on localized corrosion.

The results from both studies show acceleration of localized corrosion due to chloride.
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In contrast, Jiang and Nesic (2009) found that chloride concentration between 1 to 20%
by weight has no remarkable effect on localized corrosion. Their results are in
agreement with observation made by Chen et al. (2002) and sun et al. (2003). Other
corrosion studies (Qu, 2011; Schmitt 1984; Han et al. 2011; Nesic et al. 2008; Fang
2006; Fang et al. 2010) also showed conflicting results. For instance, Qu (2011)
reported increase in corrosion rate with NaCl content while several studies (Schmitt
1984; Han et al. 2011; Nesic et al. 2008; Fang, 2006; Fang et al. 2010; Hassani et al.
2011) demonstrated a reduction in corrosion rate with salt concentration, which is
attributed to the decline in corrosion rate due to effect of salt content on thermodynamic

properties and influence of ionic strength on the solubility limit of FeCOs.

A recent study (Liu et al. 2014) showed a different trend of corrosion rate with
salt concentration. At low salt content, corrosion increased reaching its maximum value
at 30 g/L of CI" concentration and subsequently decreased with the concentration. It is
evident that CO. corrosion is a mixed-control process with increasing CI” content. Fang
et al. (2006) observed gradual change in corrosion mechanism from mixed-charge
transfer (limiting current) control to pure-charge transfer control with increasing salt
concentration.  Salt concentration shows pronounced influence not only in CO;

saturated solution but also in CO»-free environment.

V. Effect of Solution pH

Solution pH is classified as one of the influential factors affecting corrosion of metal in
corrosive environment. It indicates the amount of H' ion present in the environment.

Proton ion is one of the active species in cathodic reaction and highly influential in the
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electrochemical process. Experimental measurements and model predictions have
demonstrated critical influence of pH on formation of corrosion scale and subsequently
the corrosion rate (Nesic et al. 2003). pH displays both direct and indirect effects on
corrosion. pH has direct influence on corrosion because it reduces concentration of H™,
However, major influence of pH is the indirect effect, which arises from its remarkable
contribution in the formation of protective scale (ferrous carbonate). Solubility of iron
carbonate normally decreases at higher pH creating favorable condition for super-
saturation, ultimately leading to faster precipitation, and formation of protective film,
which in turn diminishes the corrosion rate.

In H2S containing environment, pH is a key factor in determining corrosion
mechanism and Kinetics. For instance, at low pH (less than 2), the solubility limit of
FeS is relatively high; thus, iron sulfide does not precipitate on steel surface. However,
at intermediate pH values (3 < pH < 5), iron sulfide (FeS) becomes less soluble,
resulting in the formation of protective film and reduced corrosion rate. Brown et al.
(2004) carried out corrosion tests to assess the influence of solution pH on corrosion
behavior of AISI 1018 steel in CO.-H>S containing environment. The test specimens
were exposed to 1% NaCl brine solution at 60°C and 0.79 MPa. The maximum HzS
concentration was 100 ppm. Varying pH of the system from 4 to 6.6 resulted in

remarkable variation in corrosion rate (Fig. 2.11).
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Figure 2.11 Corrosion rate vs. pH, Pco2= 0.79 MPa, Vsl = 1m/s and 100 ppm H:S in the gas phase
(Data from Brown et al. 2004)

V1. Effect of Material Type

Since corrosion is generally defined as interaction between metal surface and
environment, the severity of CO2 corrosion depends on environmental conditions as
well as the type of steel. The effect of material type on CO; corrosion arises from both
chemical composition and microstructure of the metal. Often steel is categorized as
mild steel or low-alloy steel when its chemical composition contains 2 to 3% of carbon
by weight. Low-alloy steel or carbon steel is widely used in the oil and gas industry
because it is not expensive. However, carbon steel is susceptible for corrosion. Thus,
chemical composition of carbon steel is altered to enhance its corrosion resistance and
mechanical properties. Alloying elements such as carbon, chromium, nickel, and
copper are normally added to improve corrosion resistance. The added alloying
element may potentially improve corrosion resistance; however, it can have a negative
effect. For instance, carbon is added to enhance mechanical properties of steel.

However, it reduces corrosion resistance of steel (Gulbrandsen E et al.1998; Al-Hassan
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et al. 1998). The reason is that carbon element dissolves and reacts with iron forming
iron carbide, which exhibits a galvanic effect and accelerates corrosion.

The most widely used alloying element is chromium, which typically added with
different concentration to low alloy steel. The maximum concentration of Cr content in
carbon steel is limited to 13% by weight. Chromium is added to low-alloy carbon steels
in order to improve their sweet and sour corrosion resistance. The mechanism by which
the Cr element could improve sweet corrosion resistance of carbon steel is by altering
the structure and chemical composition of corrosion scale. In other word, Cr content
improves the protectiveness and persistence of the corrosion scale. Several studies (Sun
et al. 2016; Kermani et al. 2001; Liu et al. 2009; Hu et al. 2011; Chen et al. 2005a;
Hassani et al. 2014) noted better performance of Cr-alloyed steel in CO, and CO2-H2S
containing environment as compare to the regular low-alloy carbon steels. In most of
these studies, the reduction in corrosion rate is attributed to the formation of two-layer
corrosion scale, which is commonly consisted of FeCO3z (middle layer) and mixture of
FeCOs, Cr (OH)s and Cr.Oz (inner layer). However, although Cr-alloyed steels
exhibited (Yevtushenko et al. 2014; Pfennig and Kranzmann 2012) a high uniform
corrosion resistance, they could not prevent occurrence of localized corrosion at
elevated temperature (60°C).

In CO2-H2S environment, the reaction mechanism of Cr-alloyed steels is more
complex and distinct from pure CO2 environment. Limited corrosion tests (Sun et al.
2016; Liu et al. 2015; Suk Seo et al. 2015; Yin et al. 2012) were carried out to compare

performance of Cr-rich and regular carbon steels in sour gas environment. Recent
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studies (Liu et al. 2016 and Hassani et al. 2014) conducted at elevated pressure and
temperature showed better corrosion resistance of Cr-alloyed steel in sour environment
as compare to low-alloyed carbon steel. Surface analysis of the specimens indicated the
formation of a dense Cr-containing corrosion scale, which blocked ion movement,
resulting in lower corrosion rate. On the other hand, results reported by Sun et al.
(2016) showed that 5Cr-P110 displayed the highest uniform corrosion in comparison
with 3Cr-P110 and P110 steels in CO2-H>S environment. Other alloying element such
as nickel and copper are added to improve toughness and strength of carbon steel. The
addition of nickel to Cr-alloyed carbon steel has negligible effect on the corrosion
process (Kimura et al. 1994).

The other characteristic of material type is the microstructure of alloyed steels,
which depends on the chemical composition and heat treatment. Carbon steel has many
microstructures including ferrite, pearlite, martensite, and austenite (Mohammed Nor
2013). Typical carbon steel normally exhibits ferrite-pearlitic microstructure. Similar
to the chemical composition, microstructure influences sweet corrosion via forming iron
carbide (FesC) layer, which is electrochemically active. It accelerates corrosion by
creating galvanic coupling between covered and uncovered portion of the metal. Very
limited studies investigated or discussed the influence of microstructure on sweet
corrosion. Rihan (2013) studied corrosion resistance of two low-carbon steels (X60 and
X52) in CO2 containing environment. The test was carried out at atmospheric pressure
and 50°C. X52 demonstrated better corrosion resistance by showing lower corrosion

rate in comparison with X60 carbon steel.
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V1. Effect of Corrosion Product

Corrosion scale is the main factor affecting the corrosion rate. The scale functions as a
diffusion barrier for the species involved in the corrosion process by covering up metal
surface from further Fe*? dissolution resulting in hindered corrosion, particularly as
dense and less porous scale is formed. Better understanding of the kinetics of iron
carbonate and iron sulfide scale formation assists in predicting and controlling CO2-H>S
corrosion of carbon steel. The corrosion film characteristics, which are highly
influenced by the surrounding conditions (CO2 and H»S concentrations, temperature,
and solution pH and flow condition), strongly affect the corrosion process. Moreover,
composition of corrosive solution is one of the factors that determine the type of
corrosion scale formed on steel surface. The growth and stability of scale relies
primarily on the kinetics of the corrosion process, which is affected by the environment.
Generally, there are two different mechanisms (precipitation and direct reaction) by
which the corrosion scale could be formed.

In H2S corrosion process, various types of iron sulfide scales (amorphous
ferrous sulfide, mackinawite, cubic ferrous sulfide, smythite, greigite, pyrrhotite,
troilite, and pyrite) can form on the metal surface. Mackinawite is the most prevalent
iron sulfide that forms on steel surface at low H>S concentrations and low temperatures
(Smith et al. 1993). As the H>S concentration increases, mackinawite layer dissolves
and subsequently precipitated, forming other types of iron sulfides such as pyrrohitte
and pyrite. The transformation from one type to the other and its mechanism depends

on the environmental conditions. In CO2 and H2S mixed system, corrosion scale can be
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mixed, FeCOs, FeSx or occasionally FesOs4 (Smith and Pacheco 2006). Smith and
Pacheco (2006) proposed corrosion product formation diagram (Fig. 2.12) showing the
boundary between different types of corrosion products. As displayed from the figure,
two dominant operational parameters, temperature and H>S concentration, determine
type of corrosion scale.  Moreover, they concluded that pyrrhotite is more
thermodynamically stable than mackinawite because formation kinetics of pyrrhotite is

slower than that of mackinawite.
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Figure 2.12 Corrosion product formation diagram (Smith and Pacheco 2006)

Smith and Wright (1994) developed a model to predict the minimum H»S partial
pressure that is necessary for mackinawite to form on steel surface in sour environment.
The model requires pH and operating temperature to be identified as input data. In
CO2-H:zS environment, pressure ratio (Pco2/PHz2s) plays an important role in determining
the type of corrosion scale formed on steel surface. Dunlop et al. (1983) proposed
critical value of 500 for the pressure ratio (Fig. 2.13). When pressure ratio is above

500, iron carbonates layer (FeCO3) forms on steel surface and dominates the CO2-H2S
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corrosion process. The critical pressure ratio is assumed constant and independent of
temperature. However, recent study (Woollam et al. 2011) revealed that the value of
the critical pressure ratio is not constant and it varies with temperature and iron ion
(Fe?*) concentration. This variation in critical pressure ratio results in changing the
nature and composition of corrosion scale. The comparison between the two studies is

presented in Fig. 2.13.
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Figure 2.13 Siderite-Mackinawite boundary for varying temperatures vs. ratio of partial pressure of CO2/H.S

In presence of acidic gases (CO2 and H2S), it is relatively difficult to determine
the dominant acid gas that controls corrosion process and governs the formation of
corrosion scale. Masamura et al. (1987) provided the best key factor for identifying
corrosion mechanism. They proposed critical pressure ratio of 200 to identify the
corrosion mechanism of carbon steel in CO2-HS environment. CO: is dominating and
governing the corrosion process when Pcoz/Phzs is above 200. However, when
Pco2/PHzs is below 200, stability of corrosion scale (FeS and FeCO3) plays major role in
determining corrosion rate. The use of pressure ratio to determine the nature of
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corrosion scale is supported by other investigations (Kvarekval et al. 2002; Kvarekval et
al. 2003). Pots et al. (2002) utilized the pressure ratio and considered three different
corrosion domains based on dominance of corrosion mechanism as affected by
dominating acid gas. The corrosion types are classified (Table 2.1) and described using

different regimes (Fig. 2.14).

Table 2.1 Corrosion regimes in CO2-H2S environment

Pcoz/PHzs Dominant acid gas Type of corrosion product
Less than 20 Dominant HzS Any type of iron sulfide (FeS)
20< CO2/H25<500 Mixed CO2/H2S corrosion dominance Mixture of FeCOs and FeS
Above 500 Dominant CO2 Iron carbonate (FeCOz)

pH.S

CO, Regime
sweet

> pCO;

Figure 2.14 Corrosion regimes in CO2/H:S corrosion defined by Pots et al. (2002)

2.3 Effect of CO2 Corrosion on Mechanical Properties

Generally, uniform corrosion has significant effect on the metallic strength. However,

presence of carbon dioxide tends to accelerate corrosion and thus deteriorate the metal
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through a considerable material loss or occurrence of pitting corrosion. Limited studies
(Ranji and Zakeri, 2010; Chen and Garbatov Soares 2012; Chen et al. 2005b) have been
conducted to investigate the effect of corrosion on mechanical properties of carbon steel
and other metallic alloys under atmospheric conditions. Some of these studies (Ranji
and Zakeri 2010; Garbatov et al. 2014) reported degradation of mechanical properties

after exposure to corrosive environment.
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Chapter 3 : THEORETICAL STUDY

3.1 CO, Corrosion Mechanism

Corrosion process is complex and diverse. As a result, a number of corrosion
mechanisms exist to describe the process. Generally, corrosion mechanism is described
as actual atomic, molecular or ionic transport process that occurs at the interface of a
material and its surrounding. These processes commonly involve more than one step

and the slowest step controls the rate of the overall reaction.

In corrosion process, mass transport from the interface to the environment
mostly involves electrochemical, chemical, and physical processes. Since
electrochemical corrosion involves the release of ions to the environment and
movement of electrons within the material, this process can occur only if the
environment can contain ions and the material allows flow of electrons. One of the
most important processes in the electrochemical mechanism is that the atom at the steel
surface dissolves into the solution as metal ion and leaves a valence electron behind,
creating a negative charge on the metal surface (Fig. 3.1). Subsequently, the electron is
consumed by a corrosive species in the solution. The ions of the metal move into the

solution and reacts with available anions (S* and/or CO% ) in the solution forming

corrosion scale by precipitation. Modeling CO. corrosion phenomena requires
understanding of the mechanism of CO: corrosion. In this chapter, the fundamental

mechanisms underlying CO corrosion such as: homogenous chemical reaction in the
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bulk solution, mass transport process, and electrochemical corrosion of metal and alloys

are discussed.

3.1.1 Homogenous Chemical Reaction

At the gas-liquid interface of a mixture of brine and mixed gas containing CO2,
a considerable amount of carbon dioxide dissolves into brine. The carbon dioxide
dissolution equation and its corresponding equilibrium constant are expressed as

follows:

)
CO,,, —CO Keoco, = —2 (3.1)

2@g) 2(aq) C
co,

where K, o, Is solubility constant of CO2 which is temperature and salinity dependent,

Peo, Is partial pressure of CO2, and C, is carbon dioxide concentration in the liquid

phase. When other gases present in the gas phase, additional dissolution reaction
equations are needed to describe the solubility of the gases. In this study, gas mixture
of CO2, CH4 and HaS is used. For the sake of simplicity, methane is considered
insoluble compared to other gases. HaS is highly soluble aqueous solution. Dissolution

reaction and solubility constant equations of hydrogen sulfide are expressed as:

H:Sg = HoSe (3-2)

where K, s is solubility constant of H2S which varies with temperature and salinity.

P, s is partial pressure of HS and C,, 5is concentration of dissolved hydrogen sulfide.
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In most of previous corrosion studies, concentrations of CO2 and HzS in aqueous phase
are obtained by applying Henry’s law, which is valid for relative low pressure and low
temperature. However, at pressure greater than 1 MPa, Henry’s law overestimates
concentrations of carbon dioxide and hydrogen sulfide. Since this work is intended to
predict corrosion behavior of carbon steel at high-pressure high-temperature condition,
an accurate solubility model is needed to predict accurately dissolved amount of
corrosive gases under a wide range of pressure, temperature, and ionic strength. After

dissolving in the liquid phase, CO> hydrates to form carbonic acid. Thus:

CO,¢y +H,0—H,CO K, — —HaCOs (3.3)

hy — C

3(aq)
co,

Carbonic acid (H2CO3) is a weak acid and it subsequently dissociates through two steps
of reactions (first and second dissociation) to produce hydrogen, bicarbonate, and
carbonate ions in the solution. Dissociation equations and their corresponding

equilibrium constants are described as:

c _XC,_ ..
H,CO,,,, = H" +HCO; Kico, = 1% bH (3.4)
Ch H,co,
- + 2- CbCOZ’ ><Cb HY
HCO, —»H" +CO? Koo =9 oM (3.5)
o Cb,HCO;

where K, .. and K are first and second dissociation constants of carbon dioxide,

1,C0, 2,CO,
respectively. To properly calculate concentrations of H* and OH", water dissociation

reaction should be considered in the analysis. Thus:
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H,0—>O0H +H" K,=¢C XC (3.6)

W T ZhoH™  VbH*

where K, is water dissociation constant. When hydrogen sulfide presents in the system,

additional two dissociation reactions need to be included in the analysis. Aqueous
hydrogen sulfide dissociation reaction and their corresponding equilibrium constants are

given:

H,Sy) > H +HS Kins = _bHS bHT (3.7)
bH, S

_ s *Con (3.8)

b,HS

HS > H" +S% K

2H,S

Kin,s and K,,, s are the first and second dissociation of hydrogen sulfide, respectively.

Since the value of K, ¢ is very small, the second dissociation reaction of H2S (q) is

neglected in this study. All the equilibrium constants of the reactions are corrected for
the effect of temperature and ionic strength. Concentrations of CO2 and H»S and other

corrosive species (¢, .. ¢

10, Choo Coge1Cyr C COH—) in the bulk solution are computed using a

05’ HS™'

solubility model presented in Section 3.2.

3.1.2 Mass Transport Process

Due to electrochemical and chemical reactions, different species (H2COs, H2S ag), HS,
HCO; Fe?*, H*, co¥and S) are produced or consumed on exposed steel surface. As a
result, concentration gradients are created between bulk solution and steel surface,

which leads to molecular diffusion of the species towards and away from the surface as
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demonstrated in Fig. 3.1. In general, the mass transport of corrosive species consists of
three mechanisms: i) molecular diffusion; ii) convective diffusion, which occurs in
dynamic system; and iii) migration process, which happens due to electrical field.
When the diffusion processes are much faster than the electrochemical processes,
species concentration gradient at the steel surface is very small. On the other hand,
when the diffusion processes is slower than the electrochemical processes, the
concentration of the active species near the metal surface becomes very different from
the bulk solution. The rate of electrochemical process depends on the species
concentration at the surface. Therefore, there exists a two-way coupling between the
electrochemical process and other processes occurring in the adjacent solution layer (i.e.
diffusion in the boundary layer). In this study, steady state condition is assumed, in
which transport rate of species is equivalent to their reduction or oxidation rate at the
steel surface. The electro-active species that diffuse toward/away from metal surface in
CO2 and CO2-H5S systems are classified as:

I. Reactant species that move from bulk solution to steel surface

Hgug = Hisurean (3.9)
HZCOS(Bulk) - H2C03(Suﬁace) (3.10)
HCO;puiy = HCO3 syt (3.11)
H.,S coyuio = HaSeasurtce) (3.12)
HSguiy = HSgurtace) (3.13)

I1. Product species that move from steel surface to bulk solution
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Fe(zstrface) - Fe(23+u|k) (3.14)

2- 2-
CO3surte) > CO3guig (3.15)
2- 2-
S(Surface) - S(Bulk) (316)
(Gas Phase @
Fe2~ Fe* s pmem——— AR, T T—
. - = H IS{ac_}
*_
. H,CO, Z
2e a Reactions
me Mlass transport T
! S ST EEEDEEREDEERES HCO; =
H.CO, Diffusion 3 Hyco ;.m0 ;.00
. Convection _  ms-.mt.om-
RS Migration HS @
Y T Equilibrium
® - H” Liquid Phase
s ——————————————
= p Electrolvie . Bulk
8¢

Figure 3.1 Corrosion process occurring in corrosive environment

Under dynamic condition, corrosive fluid moves with respect to the metal
surface such as turbulent flow in the oil production pipelines. Therefore, the influence
of convective diffusion on the transport process should be considered as an accelerating
factor. Turbulent eddies can usually penetrate into the boundary layer and significantly
enhance species transport. Compared to fast electrochemical reactions, mass transfer of
H* occurs at considerably slower rate; and therefore, the rate of overall reaction will be

limited by the mass transfer process (i.e. how fast the species can move through the
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mass transfer layer and any solid corrosion product layer). The electro-migration
mechanism, which is generated due to potential gradient is very small compared to

other mass transport mechanisms, therefore, its impact is neglected.

3.1.3 Electrochemical Reactions

Due to presence of structural discontinuity and defects in metallic materials, anodic and
cathodic reactions occur on a corroded surface as a coupled process. In CO2 aqueous
system, the dissolution of iron (oxidation reaction) in brine solution is described as the
anodic reaction (dissolution). For modeling purpose, the most commonly used anodic

reaction is the one proposed by Bockris et al. (1961). Thus:

Fe+OH ——>FeOH+¢ (3.17)
FeOH—F2 5 FeOH" +OH"~ (3.17a)
FEOH' ——Fe*" +OH ™ (3.17h)

The reaction rate in Eqn. (3.17) can be retarded either by shortage of oxidizing species
on the cathodic side or accumulation of iron ions near the metal surface. In CO>
aqueous system and pH > 4, the exchange current density of iron dissolution is assumed
to be more affected by the surface coverage of OH than solution pH (Bockris et al.
1961). However, recent study (Nesic et al. 1996) measurements reveal that iron
dissolution reaction is not significantly affected by OH" concentration at pH above 4,

although it is affected by the presence of CO, (Davies and Burstein 1980 and Videm
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1993). Therefore, the electrochemical dissolution of iron is expressed as (Nordsveen et

al. 2001):

Fe ——>Fe* +2¢ (3.18)

According to previous studies (Nesic et al. 1996; Kahyarian et al. 2015),
cathodic reaction is pH-dependent. In strong acids, in which the H>COz fully
dissociated, CO> accelerates corrosion of carbon steel primarily by hydrogen evolution
(reduction) reaction. The hydrogen reduction reaction is described according to the

following equation:

2H"+2e —>H, (3.19)

The rate of iron dissolution in Eqgn. (3.18) depends on the amount of H* moved from the
bulk to the metal surface. The hydrogen evolution is an important and most dominant
reaction in the total cathodic reduction when pH is less than 4. However, when pH is
between 4 and 6, the direct reduction of carbonic acid becomes influential in addition to

the hydrogen ions reduction (Nesic et al. 1996; Nordsveen et al., 2001):

2H,CO,+2e —>H,+2HCO, (3.20)

The direct carbonic acid reduction is controlled by a slow chemical step, carbon dioxide
hydration reaction (Egqn. 3.3). Carbonic acid increases CO. corrosion rate by
accelerating the cathodic reaction in two different mechanisms (Tran et al. 2015). First,

the direct reduction mechanism occurs when the adsorbed H>COs molecules are
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consumed at the steel surface (Egn. 3.19). This mechanism was originally suggested by
deWaard and Milliams (1975). Alternative approach is that carbonic acid works as a
source of hydrogen ions through the dissociation reaction (Egn. 3.4), which promotes
hydrogen ion reduction as dominated cathodic reaction. This mechanism is referred as
buffering effect. In a less corrosive environment (pH > 5), additional cathodic reaction

known as direct bicarbonate reduction becomes important (Gray et al. 1990):
2HCO; +2e —H,+2CO% (3.21)

When HS is added to CO, aqueous system, the electrolyte solution contains

increased number of ions (H*, H2COs, HCO;,C0O2 H2S, HS and S*) due to hydration

and dissociation reactions. Therefore, the electrochemical reactions occurring at steel
surface in sour environment are relatively complex process. In addition to the reduction
reactions (Egns. 3.18 to 3.20) that are considered in CO2 corrosion process, two
supplementary reactions (Eqgns. 3.22 and 3.23) are involved in the total cathodic

reaction. These reactions are defined as direct reduction of aqueous H,S and HS".

2H,S+2¢ > H,+2HS (3.22)

The direct reduction of aqueous HS has been proposed (Zheng et al. 2015; Zheng et al.
2014) recently for modeling H>S and CO2-H2S corrosion. In addition, buffering
mechanism is proposed by Kittel et al. (2013) to account for contribution of H.S

through its dissociation reactions (Eqn. 3.8) as an additional source of protons at the
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corroding surface. As a result, in CO2-H>S corrosion environment, the cathodic process
is described using five formulas that show the reduction reactions occurring at the
cathode (Zhang et al. 2012). The reactions involved in the cathodic process are test
condition-dependent (i.e. CO. and HzS partial pressure and pH-dependent). On the
other hand, the anodic dissolution strongly depends on H>S concentration (Zheng et al.
2014). Therefore, the exchange current density is expected to be more influenced by
HS thanOH™. In this study, the impact of HS™ on iron dissolution rate is taken in to

consideration as suggested by recent studies (Zheng et al. 2013; Zheng et al. 2015).

3.2 Solubility Model for Gas Mixture at HPHT

Solubility of acidic gases has a strong impact on corrosion process. Therefore, accurate
prediction of dissolved amount of CO2, H2S and other corrosive species (ions produced
from dissociation reaction) helps to improve performance of corrosion model. In this
study, an improved solubility model is developed based on existing models (Duan et al.
2007; Duan and Sun 2003; Mao and Duan 2006; Duan and Mao 2006; Zirrahi et al.
2012). The model is specially formulated to predict solubility of common acidic gases
in brine under HPHT condition. Afterward, the model is coupled with another
systematic model for estimating concentration of the ions resulting from dissociation
reactions of aqueous CO and H>S. Therefore, the first step is development of a
comprehensive model to predict dissolved amount of gas mixture in brine. It is
noteworthy that existing models are developed for predicting solubility of single
corrosive gas in the brine. In this study, a mixed gas system containing CO», H>S and

CHg4 is considered.
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Under equilibrium condition, a number of homogenous chemical reactions occur
in aqueous CO2-H2S system including CO. and HS dissolution in brine, which are
described in Egns. (3.1 and 3.2). The dissolved amount of CO2 and H2S can be
computed by adopting similar approach that was presented in the previous models
(Duan et al. 2007; Duan and Sun 2003). The approach is assuming the chemical
potential balance between the gas and liquid phases. The chemical potential for
component (i) can be described in terms of fugacity in the vapor phase and activity in

the liquid phase.

w T PY)=u'OT)+RTIny,P+RT Ing (T,P,y) (3.24)

w1 (T,P,y)= 2 (T,P)+RT Inm,P+RT Iny,(T,P,m) (3.25)

where subscript i refers to the components presenting in the gas phase such as carbon
dioxide, hydrogen sulfide, and methane. It is assumed that, both equations (Eqns. 3.24
and 3.25) are equalized for each component at equilibrium condition.  After

rearrangement, mole fraction of dissolved gases in the liquid can be expressed as:

- Molality of Carbon dioxide
1(0)

Inmeo, =IN(Yeo, X @0, X P) - % —INyeo, (3.26)

- Molality of Hydrogen sulfide
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1(0)
Hy,
In Mys = In(szs X Py, X P) _# —In VH,s (3.27)

- Molality of Methane

Hew,
In My, = In(yCH4 X Pcp, X P) - F\(’illj —In Yen, (3.28)

where Yeo , Yi,s» Yen, @re mole fraction of CO2, H2S, and CHa in the gas phase after

normalization. ¢.q , ¢4, and ¢, are the fugacity coefficient of carbon dioxide,

hydrogen sulfide and methane. P is total pressure in (bar). 4" term is defined as
RT

interaction parameter and it is different for each species, referred as Par (T, P). The
parameter (Par) is a function of pressure and temperature. It is calculated using
empirical models (Duan et al. 2003; 2006; 2007). A detailed calculation procedure for
the parameter is presented elsewhere (Elgaddafi 2016a). Equations from 3.26 to 3.28
give the dissolved amount of CO2, H>S and CHs as a function of their gas phase
properties and their activities in the liquid phase. Under particular condition, some
amount of water evaporates and stays in the gas phase; therefore, the exact gas
composition is more complex. Since the amount of water vapor is unknown, an
iterative numerical procedure is commonly used to determine the exact composition of
the gas phase. In this study, semi-empirical equation developed by Duan and Mao

(2006) is utilized to estimate mole fraction of water vapor as:

_XuoPho o (VioP—Pio) (3.29)
Yh,0 XP RT
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where x, . is mole fraction of water in liquid phase, which is approximately 1 for CO»-
HaS system. p;, and o, , are water saturation pressure and molar volume of liquid,
respectively. ¢, ¢ is fugacity coefficient of water in gas phase, which is obtained from

an empirical model presented in Elgaddafi et al. (2016a). After mole fraction of water
vapor is determined, mole fractions of other gas components are computed applying the
material balance equation, and then the gas phase mole fractions are utilized in the

solubility calculation.

The parameters needed to apply the solubility equations (Egns. 3.26-3.28) are
calculated as follows. The activity coefficients for aqueous CO2, H2S, CHs, 7; , are

calculated using models suggested by Duan and Sun (2003), Duan and Mao (2006), and
Duan et al. (2007), respectively. The general formula for the activity coefficient, which

is applicable for a three-component system, is given by:
In 7i = 2221—cmc +z 2/11—ama +zzgi—c—amcma (330)

where subscript of m_and m_denotes anions and cations molality, respectively, ,
and, . are the second and third order interaction parameters, respectively. The

parameters are calculated with appropriate T-P coefficients, as presented elsewhere
(Elgaddafi et al. 2016a). Subscripts a and ¢ denote anion and cation, respectively. In
the vapor phase, fugacity coefficients of CO2, H.S, and CH4 (Egns. 3.26-3.28) are
calculated based on the Peng-Robinson equation of state (PR-EOS). Details of the

fugacity coefficient calculation are presented in Elgaddafi et al. (2016a). The

62



intermolecular attraction and repulsion terms of a mixture (amix and bmix) are calculated
using mixing rules. In order to estimate bulk concentrations of carbon dioxide and
hydrogen sulfide in brine solution, a system of equations presented in Section 3.2 is

utilized.

After dissolution of carbon dioxide and hydrogen sulfide in the liquid phase,
numbers of homogenous chemical reactions take place in the brine including CO>
hydration and dissociation reaction producing corrosive environment. Hydration and
dissociation reaction equations are presented in Section 3.1.1 with their corresponding
equilibrium constants. Using these equations, a system of equations with a number of

unknown ionic concentrationsc C,,. is generated. To predict the

HzCOmCHcog ’Ccog’ ’CH* ’CHS’ !

unknown ionic concentrations, a new model consisting of non-linear system of
equations is developed and coupled with the solubility model. However, there are six
unknowns and four equations. Two additional equations are needed to complete the
model. Therefore, electro-neutrality and material balance equations are utilized. In
aqueous CO2-H.S system, electro-neutrality can be described using the following

formula:

CH* = COH’ + CHcog + 2Cco§* + CHS’

(3.31)

Carbon in the system is preserved during corrosion process. Hence, carbon material

balance in the system can be expressed as:

Ceo, =Chyco, +Cpeo, +C (3.32)

coZ”
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Once Egns. (3.31) and (3.32) incorporated into the system of equations, the model
equations (six non-linear equations) require numerical procedure to predict the bulk
concentration of each species. To solve the system of equations numerically, a
computer program is developed using Mathlab. The program predicts bulk
concentration of species in aqueous solution as a function of temperature and pressure.
Predictions of the model (concentration of species) are used in corrosion models

presented in Chapter 4.

3.3 Solution pH Prediction

The calculation approach of pH is traditionally derived from the electro-neutrality
equation as illustrated in Egn. (3.31). Once the proton ion concentration (HY) is

determined, the pH is simply calculated from hydrogen activity in liquid as:
pH, =—log|C,,. | (3.33)

In Egn. (3.33), the effect of ionic interaction in the solution is ignored. However, other
studies (Plennevaux et al. 2013; Spitzer et al. 2011) defined pH value according to the

International Union of Pure and Applied Chemistry (IUPAC) recommendation, which

is a negative logarithm of the relative activity of the hydrogen ion (a,,. ):

pH, =-logla,. |=-log[y,. xC .1 (3.34)
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where C . is the hydrogen ion concentration and v,,. is the activity coefficient. The

activity coefficient of H* in the liquid phase is calculated by applying the Pitzer’s model

(Pitzer et al. 1984). Thus:

ny,. = —‘z

05 2 . V..V 289 s a’l) e
HszI.A{Hb.l&s+bln(1+b.los)}+m*'\/C'{Zﬁff)CIJr aHQICI 1-|a IOS—T e (3.35)

2
+ 3m’ Z(VH* Veor cY
2 v H*CI™

To determine H* activity coefficient, Eqn. (3.35) is applied to HCI solution containing

v,,. and v ions of charge of z ,.and z_ , where b is a factor related to ion size and

H* Cl~ cr’

its value is 1.2 kg®>/mol®®, m is molality of the electrolyte, and I is the ionic strength:
1 2
| = EZmi.zi (3.36)

(0) ) ¢ - . L .
,BH+CI_ ,,BH+CI_, and CH+CI_ are the Pairwise and Triplet ion-interaction parameters of

Pitzer’s equation (Eqn. 3.36). These ion-interaction parameters are called Par (o, P, T)

and obtained from the equation proposed by Holmes et al. (1987) as a function of

pressure, temperature and solution density:

Par(p,P,T) =0, +0,In(p/ pg) + q3(p_pR )/,0* + q4(T —Tq )/T* +q5(P -F )/ P’ (3.37)

where q’s are adjustable parameters which are given in Table 3.1, p is the density of

the brine, p*is 1 kg/m3 T7is 1 K, P'is 1 MPa. Tg, Pr, and pare the reference

temperature, pressure, and density, respectively and their values are presented in Table
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3.1. It should be noted that the ion-interaction parameters obtained from Table 3.1 are

valid for a wide range of temperature (273 - 523 K) and molality (0-16 m).

Table 3.1 Constant values of the Pairwise and Triplet parameters

Parameter constant (0) o) ¢
’BH+CI' 'BH+CI‘ CH*CI‘

[of 0.17579 0.2924 2.070x108

Q2 -0.07079 16.753 -

gs - -18.271x1073 -

g4 -3.9004x10* - -3.9390x10°°

Js 1.07800x10 -2.95x10* -

Tr=298.15 K, Pr=0.101325 MPa, and Pr =997.062 kg/m?3

In Eqgn. (3.35), A,is Debye-Huckel parameter for osmotic coefficient and it is normally

given by (Pitzer et al. 1984):

0.5 2 \3/2
A = E(Z”NAO'W) € (3.38)
3l 1000 ) | DKT

For simplicity, a temperature-dependent expression proposed by Steiger et al. (2008) is

utilized to predict A,as:

A, =-0.817653 - 0.8685276 /(T —222) +1.9251x10*/T? +0.5251284 x10°T
—7.149397 x10°°T % +9.3385%x107**T*

(3.39)

Equation (3.39) is validated with data available in the literature (Pitzer et al. 1984) at
various pressures and temperature. The results showed that Debye-Huckel parameter is

pressure-independent.
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Chapter 4 : CORROSION MODEL

Accurate prediction of corrosion is one of important elements of engineering design.
Modeling corrosion requires essentially a comprehensive knowledge of corrosion
mechanisms as well as thermodynamic properties of corrosive gases. In this study, two
mechanistic corrosion models are developed to predict CO, and CO2-H.S corrosion.
First, electrochemical-based CO. corrosion model is established to predict corrosion
rate of carbon steel in film-free conditions. Afterward, the model has been upgraded to
incorporate the presence of HzS combined with CO> (sour corrosion model). The
second model is an improved version of an existing model Nesic et al. (2009), which
predicts CO2-H>S corrosion assuming mass transport as a rate-controlling step. The
model is improved by accounting for non-ideal water chemistry. In this chapter,

formulations of these models are presented.

4.1 Electrochemical Based Corrosion (EBC) Models

4.1.1 CO2 Corrosion Model
The most accepted CO2 corrosion mechanism consists of cathodic (reduction of H™,
H2.CO3z and HCO; ) and anodic (iron dissolution, Fe’") reactions. The mechanism

involves five steps: i) dissolution of corrosive gases into liquid phase; ii) chemical
reactions in the bulk solution; iii) corrosive species mass transport from the bulk to the
steel surface; iv) electrochemical reaction at the steel surface; and v) transportation of
corrosion products to the bulk solution. These steps are shown in Fig. 3.1. The EBC

model has been developed for CO> corrosion considering these five steps, and ignoring
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contribution of the protective scale. The model is designed to perform in stagnant and
dynamic corrosion environments. The corrosion process is described mathematically

considering the following steps:

I. Dissolution of Corrosive Gases into Liquid Phase

CO. and H>S gases are highly soluble in brine solutions. The physical and
mathematical description of gas solubility model used in EBC model is presented in

Section 3.2.

Il. Electrochemical Process
The electrochemical reactions are characterized by anodic and cathodic currents. The
current densities developed due to the electrochemical reactions (Eqgns. 3.18 — 3.21).

They are computed using the Butlere-Volmer equations:

- Anodic reaction rate (iron dissolution):

) 2-B)xFx(E,, —E_..)

i,=2FK _,c__,e oLt 4.1

a e,Fe”" Ts,Fe Xp|: RxT ( )
- Cathodic reaction rate (reduction of H*, H.COs and HCO; ):

. -BxFx(E,, —E;)

i, =2FK,c, e Lor—t 4.2

(] e,iv”s|i Xp|: R % T ( )
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where the subscript i represents the components of H*, H,CO, or HCO;. F is

Faraday’s constant, which is 96,500 C/mol. K and K,; are standard

eFe?
electrochemical reaction rate constants of anodic and cathodic reactions, respectively.
These constants are temperature-dependent parameters and their values are related to
is

bulk species concentrations at reference condition (Kahyarian et al. 2015). K

e Fe?*
related to the exchange current density of iron dissolution reaction, which is a unique
property for each type of carbon steel (Nesic et al. 1996). Therefore, suitable values of

K, .. are selected for tested material to calibrate the model. The electrochemical
reaction rate constants are provided in Table 4.1. The rate constants for cathodic
reactions are obtained from previous studies (Dayalan et al. 1998; Wang et al. 2002). f

is a transfer coefficient, which is 0.5 for most of the reactions (Dayalan et al. 1995;

Wang et al. 2002). R is the universal gas constant, which is 8.314 J/mol.K, and T is

absolute temperature (K). The equilibrium potentials of hydrogen and iron ions (E .

andE_,. ) are expressed using the Nernst equation as:
RT | ()
E.=E’ +—In— 4.3
H " nF [ Con (43)
RT
EFe2+ = E'O:e2+ +Fln[CS,Fe2+:| (44)

E°H+ and E? ,, are the standard potentials of hydrogen and iron ions, respectively. The

Fez+

standard potential values for oxidation and reduction reactions (Eqgns. 3.18 — 3.21) are
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obtained from previous studies (Wang et al. 2002; Sompalli 1996). In Eqgns. (4.3 and

4.4), C,,. and C__.. are surface concentration of hydrogen molecule and iron ions in

s,Fe?*

mol/m?3.

Table 4.1 Standard electrochemical reaction rate constants for different tested materials

Test environment CO:g saturated brine CO:2-H>S saturated brine
38°C 71°C 38°C
K. .- T95 carbon steel (m/s) 2.56x10% 9.0x1012 2.59x10°
K, e C110 carbon steel (m/s) N/A N/A 1.5x10¢
K, qr Q125 carbon steel (m/s) 9.0x1077 7.0x10-11 9.0x1077

I11. Mass Transport Process

Due to electrochemical reactions occurring at metal surface, species concentration
gradients are formed, which are normal to the steel surface. The fluxes of the electro-
active species forward and away from the steel surface are attributed to the existence of
different mechanisms. Under dynamic condition, the species mass transport mechanism
consists of molecular diffusion, convective diffusion and migration process. The

migration related mass transfer of species is negligible compared to the diffusive and

convective mass transfers. In this study, mass transfer rates of reactants (H,CO;,

HCO; and H* ) and products ( Fe*" and CO;?) involved in electrochemical reaction
(Egns. 3.9 — 3.16) are defined by adopting existing model (Yabuki, 2011):

Mass transfer rate of products = K, (csvp - cb,P) (4.5)

Mass transfer rate of reactants = K, (cva - CSYR) (4.6)
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where K, symbolizes the mass transfer coefficient of corrosive species. C.p,Cyp,Cqg

and c, are surface and bulk concentrations of products and reactants, respectively.

The bulk concentrations of corrosive species are obtained from the solubility model

(Chapter 3). The mass transfer coefficient for all species is required for calculating
mass transport rates. For steady state and quiescent (i.e. stagnant fluid) condition, K,

is approximately 1x10* m/s for all species (Sun and Nesi¢ 2009). In scale-free CO>
corrosion process, fluid flow promotes mass transport process and ultimately increases
the corrosion rate. To simulate effect of single-phase flow on mass transport, the
hydrodynamic parameters (Reynolds number and Schmidt number) are coupled with
mass transport parameter (Sherwood number). For a rotating cylinder, the mass transfer
parameter of species i in turbulent single-phase flow, is estimated using the Eisenberg’s

correlation (1954):

K,.L

m,i

D.

Sh= =0.079 x Re®"x S¢%% 4.7)

where Km,i is the mass transfer coefficient of species i involved in corrosion process
(m/s), L is the characteristic length (m), and Di is the diffusion coefficient of species i
(m?/s). Re is the Reynolds number [pUd, / ], and Sc is the Schmidt number [v/D]], o
is solution density (kg/m?), U is the mean fluid velocity, d. is diameter of the cylinder,
u is solution viscosity, v is the kinematic viscosity. Once the mass transfer
coefficients for all electrochemical species are calculated, the mass transfer flux of the

species moving through the electrolyte can be determined. When temperature changes,
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the mass transfer coefficient needs to be adjusted by correcting the diffusivity of the
species. Some parameters such as diffusion coefficient, density and viscosity of brine
appeared in Egn. (3.7) are also corrected for temperature variation. The effect of

temperature on the diffusion coefficient (Di) can be predicted using the Stokes-Einstein

equation:
Di =D x ! Xluref (4.8)
Tref H
D, . is the diffusion coefficient of species i at standard temperature (20°C). The

diffusion coefficient values of the species involved in corrosion process are obtained

from previous studies (Nordsveen et al. 2003). T and Ty are test and reference

temperature in K. g and u, are water viscosity at test and reference temperatures,

respectively. Density (kg/m®) and viscosity (kg/m.s) of brines are estimated using the

following correlations (Nesic et al. 1996):

p=1152-05116xT (4.9)

1.327220-t,)-0.00105%20-t, )2

/u = :uref Xlo 1105 (410)

A. Model Assumption

As mentioned earlier, five physico-chemical process steps are involved in CO:
corrosion process, which are mathematically described using fundamental equations.
These steps are included in the model formulations. Under steady state condition, the

following assumption can be made to establish the model:
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I. The sum of cathodic reaction currents must be equal to the sum of anodic reaction

currents.

i (4.11)

e Flhco, Thico, = e = loor

Il. The sum of mass transfer rates must be equal to the sum of electrochemical reaction

rates.
For anodic reaction
i =2FK (e —C, ) (4.12)
For cathodic reaction

IH+ + IH2CO3 + IHCOg - FKmt,H* (Cb,H* - CS,H* )+ FKmIvH2C03 (Cb,H2C03 N Cs,H2C03 )

+FK (c

m,HCO; \"bHCO;

(4.13)

Cs,HCO'3 )

I11. Under steady state condition, mass balance of carbonate species can be expressed

as:

FKmthzcoa (beHzCOs ~ Csyco, )+ FKmt,HCOé (Cb,HCO'3 - Cs,HCO'3 )= FKmt,cog' (Cs,cog' - Cb,cog' )
(4.14)

IV. The first and second dissociations of carbonic acid and water dissociation occur at
the steel surface. Equilibrium constants of these reactions are given in Eqgns. (3.4),

(3.5) and (3.6).
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B. Model Solution and Implementation

Applying these assumptions, a system of seven nonlinear equations (Egns. 3.4 — 3.6 and

4.11- 4.14) with seven unknowns is developed. The unknowns are concentrations of
iron ion and corrosive species (Fe**,H*,H,CO,,HCO;,CO2 ,0H"), and corrosion

potential (Ecorr). The unknowns are obtained by solving the system of equations
numerically using Newton-Raphson method. The corrosion current density (icorr),
which is equal to total cathodic or anodic current density, can be determined from the

solution. Corrosion rate is proportional to the current density (Wang et al. 2002). Thus:
CR(mmly) =116 i, (4.15)

After formulation, the model is implemented into a computer code to solve the
system of equations numerically and determine corrosion rate. The model incorporates
solubility, pH and gas compressibility calculation procedures to determine bulk
concentrations of the corrosive species, compressibility factor and fugacity coefficients.
Input variables for the model are: gas composition, total pressure, temperature, salt
concentration, type of steel, and flow velocity. The initial concentration of iron ion is
assumed 1.0x 10 mol/m3. The steps of the corrosion rate are described by the

flowchart shown in Fig. 4.1.
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Figure 4.1 Computational flowchart for electrochemical-based corrosion model

4.1.2 CO2-H2S Corrosion Model
CO2 corrosion model developed in this study is extended to account for the presence of
H2S in combination with CO,. In conditions that are unfavorable for the formation of

corrosion scale (i.e. scale unfavorable), adding hydrogen sulfide to a CO2 containing
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environment effects physico-chemical processes involved in the CO2 corrosion process.
H>S quickly dissolves in brine forming weak acid whereas CO; takes slower steps to
form carbonic acid and associated corrosive species. As a result, H.S often leads the

corrosion process.

The impact of H.S or any other impurities on thermodynamic properties of CO»
is discussed in Chapter 3. According to previous corrosion experiments (Zheng et al.
2013; 2014; 2015; Zhang et al. 2012), the presence of HzS has significant influence on
the electrochemical reactions at the metal surface, in which the anodic reaction becomes
more depended on the HS™ surface concentration. Hence, two additional reduction
reactions are added to the total cathodic reaction (H2S direct reduction and HS

reduction).

In the CO2-H>S system, the rate of iron dissolution is calculated using Eqgn. (4.1)
after it is corrected for the effect of HS™ ions surface concentration, as it proposed by
(Zheng et al. 2014). The rate of direct reduction of H,S and HS" is obtained using Eqgn.
(4.2). The electrochemical parameters, which are shown in Egns. (4.1 and 4.2) related
to H.S. The standard potentials in Eqns. (3.22 and 3.23) are determined as suggested by
previous studies (Wang et al. 2002; Tanaka and Tamamushi, 1961, Foroulis, 1980).

The electrochemical rate constant of the anodic reaction is material characteristic and it

is not affected by the environment. Therefore, the value of K is kept constant

e,Fe?*

whereas that of K, sand K_, are calculated following the method presented by

s

Zheng et al. (2013). The mass transport rate of reactants (H2.S and HS) and products (
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S*7) species are similarly described by Eqns. (4.5 — 4.6), in which the mass transfer
coefficients are determined from Eqgn. (4.8). In addition, the model assumptions are

slightly changed due to the presence of hydrogen sulfide.

A. Model Assumption

I.  The sum of cathodic reaction current densities must be equal to the sum of anodic

reaction current densities. Thus:

i Fico, e Tins g =l =lgn (4.16)

FeZ+

where 1, is the corrosion current density.

Il.  The sum of mass transfer rates must be equal to the sum of electrochemical
reaction rates. Therefore, the anodic reaction current density can be related to

mass transfer rate of iron ions. Thus:

iFe2+ =2 I:Kmt,Fez* (Cs,Fe2+ - Cb,FeZ+ ) (4'17)

Similarly, for cathodic reaction, the total current density can be related to total mass

transfer rate of corrosive species as:

e Tlhco, Thico, Tls Tlie = FKmt,H*(Cb,H* —Conr )+ FKo o, (Cb,Hzcos _CSszcos)

+FK (c c )+ FR s Cors —Copvs )+ FK

mt,HCO; \"b,HCO;  “s,HCO; ¢

mt, HS™ (Cb,HS' T Vs HS

(4.18)

1. Masses of carbonate and aqueous hydrogen sulfide species are conserved. Thus:
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FKmt,HZCOS (Cbezcos ~Csh,co, )+ FKml, HCO3 (Cb,HCO'3 - Cs,Hcog ): FKmt,cog' (Cs,cog' - Cb.cog' )

(4.19)
FKmt,HzS (Cb,HzS _CsszS) + FKmt,HS' (Cb,HS' “Cons ) - FKmt,S' (CS,S' B Cbs') (4.20)

IV.  The first and second dissociations of carbonic acid, aqueous hydrogen sulfide and
water dissociation occur at the steel surface. Equilibrium constants of these

reactions are presented earlier (Egns. 3.4 to 3.8).

B. Model Solution

To obtain model solution, first bulk concentrations of involved species are determined
using the solubility model, then mass transfer coefficients and equilibrium constants are
inserted in the model expressions to establish a system of equations (3.4 — 3.8 and 4.16
— 4.20) with ten unknowns. The unknown variables include all surface concentrations
of the involved species produced from chemical and electrochemical reactions in

addition to the corrosion potential (E_ ). Similar to CO corrosion model, the system

corr

of equations is numerically solved using Newton Raphson method to determine the

equilibrium potential and subsequently the corrosion current density (i, ) and

corr

corrosion rate (Eqgn. 4.15).
The electrochemical-based corrosion CO2-H>S model developed in this study
has incorporated all relevant phenomena involved in corrosion process with the

exception of corrosion scale. The model can be used to predict corrosion rate in CO>
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and CO2-H,S containing environment under stagnant and dynamic conditions. The

model has not been validated for corrosion environment that does not contain CO..

4.2 Mass Transport Based CO.-H>S Corrosion Model

As described in the literature survey, numerous mathematical models have been
developed in the past few years for H.S and CO>-H.S corrosion of carbon steel.
However, their applications are limited to oil pipeline, which means restricted to
relatively low pressure and low temperature conditions. In this study, an existing Mass
Transport Based (MTB) model (Sun and Nesic 2009) has been improved to predict
uniform corrosion of steel in wet H,S and H>S-CO. environment under HPHT. The
improvement includes: i) enhancement in accuracy of water chemistry prediction
technique by employing the thermodynamic calculation to determine bulk concentration
of active species and solution pH, as presented in Chapter 3; and ii) modifications of
diffusion and mass transfer coefficients to account for the effects of temperature and
fluid velocity.

The MTB model accounts for the influence of H2>S concentration, temperature,
flow condition and protective scale on the corrosion process. Thickness and type of
iron sulfide layer formed on steel surface change with time and depend on scale-
formation and removal rates. It should be noted that the model does not account for a
change in FeS scale type. According to surface analysis conducted by Sun and Nesic

(2007), mackinawite layer is predominantly iron sulfide, which is formed due to direct
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reaction of H>S with metal surface (Fig. 4.2). Based on experimental observations and

theoretical analysis, the following four assumptions are often made in developing the

MTB model for aqueous CO2-H>S corrosion of steel:

Hydrogen sulfide leads the corrosion process; thus, corrosion scale
mechanism in aqueous sour system takes place via direct heterogeneous
solid-state reaction at steel surface and the overall reaction can be expressed
as:

Feg +H,S— FeSg +H,

© (4.21)

After short time of exposure, very fluffy and compact mackinawite layer
(less than 1 um) forms on steel surface.

At long-time exposure, a thin mackinawite layer that goes continuously
through a cyclic process of scale growth, cracking and delamination forms.
The cyclic process eventually results in the formation an outer mackinawite
layer.

A thicker (greater than 1 um) and loosely porous outer mackinawite layer is

formed on top of the thin layer.
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Figure 4.2 Schematic of H2S corrosion process (adopted from Sun and Nesic 2009)

To formulate the MTB model for CO2-H>S corrosion, the contributions of four
major factors (H>S concentration, pH, CO. concentration and protective scale) to the

total corrosion rate are independently evaluated and modeled.

Effect of H2S Concentration: In CO2-HzS environment, due to formation of
mackinawite layers (inner and outer), which works as electronic barrier, the corrosion
process is assumed to be under mass transfer control rather than electrochemical or
chemical reaction control.

Throughout corrosion process, mass transport of the reactive species occurs via
diffusion mechanisms caused by concentration gradients. Various types of diffusion
processes (Fig. 4.2) are involved including: convective diffusion in surrounding fluid,
molecular diffusion through porous outer layer and solid-state diffusion through thin

mackinawite layer. Thus, molecular and ionic fluxes (mol/m?.s) of the three diffusion

processes can be written as:
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Convective diffusion through the surrounding fluid as:
Flux, =K ,{(C,, -C,,) (4.22)
- Molecular diffusion through outer layer:

D, ey

Flux, = (c,,-C.,) (4.23)

0s

Solid-state diffusion through inner mackinawite film:
Flux, :Azm[ﬁ] (4.24)
Cs,Z

where Cp, Co, Ci and Cs represent concentrations of different species in bulk solution,
outer scale-solution interface, inner scale-film interface, and steel surface, respectively.
Subscript Z denotes components H»S, H" and CO,. Under steady state condition, the
three fluxes (Eqns. 4.22 — 4.24) of each single component are equal. By eliminating
unknown interfacial concentrations from Eqgns. (4.22) through (4.24), the flux of H2S

can be described as:

Cyhs — Flux,, U - L
o i DHZSSW Km,st

Flux, s =A,sIn

(4.253)

s,H,S

The flux of aqueous hydrogen sulfide in Eqgn. (4.25) is related to the corrosion rate as:

CR,, ¢ = Flux,, s.Mp/pp, (4.25b)
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where y_and ,_are molecular weight and density of iron, respectively.

Effect of pH: Solution pH has a critical impact on corrosion behavior. For instance, pH
interferes with the formation of corrosion scale. High pH (greater than 5) is favorable
condition for protective scale precipitation and ultimately corrosion rate reduction. At
low H.S concentration, pH significantly affects the corrosion rate.  Although
mackinawite layers form and control corrosion process due to direct reaction of
dissolved H>S with steel surface, the process is strongly driven by reduction of protons
rather than the direct reaction. Proton transport rate (flux of proton) is controlled by
convective diffusion, diffusion through the pores outer layer and solid-state diffusion
through thin mackinawite layer. Fluxes of protons through the three layers are obtained
from Eqns. (4.22 — 4.24). At steady state condition, the three fluxes of H* are equal and

relate to the corrosion rate as: CrR,,. =Flux,, .M/2p,,. The flux of protons, which is

controlled by mackinawite layer, is expressed as

wa_FIUXw[ B0 + 1 J
’ DH*S\V Km,H+

C

s,H*

(4.26)

FquH+ :AHJn

Effect of CO2 Concentration: In CO2-H.S corrosion, mass transfer mainly governs
corrosion process. Hence, the contribution of CO» to the sour corrosion can be
evaluated by applying similar approaches used in determining H2S and H* effects on

corrosion. Consequently, at steady state condition, the three fluxes of CO2 must be
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equal and related to CO2 corrosion rate as:CR.,, = Flux., .M./p.- Hence, the flux of

COz is given by:

(4.27)

FluXco, =Aco,In

Unlike H.S and H* contributions, the CO2 contribution arises from the corrosive species
generated from the hydration of CO>. In this case, the CO- hydration reaction at steel
surface becomes step-determining process. Therefore, CO> flux has to be equated to the

limiting rate of hydration at steel surface.
0.5
FluXco, = Csco, (DHZCO3 'g'l//'K];yd'Khyd) (4.28)

By eliminating the unknown variable, c__ from Eqns. (4.27) and (4.28), CO flux can

be expressed as:

(4.29)

P 0.5
(DH20033-‘Vhyd-Khyd)

Effect of Corrosion Scale: In CO2-H,S corrosion, hydrogen sulfide is responsible for
the formation of mackinawite layers. In addition, the aqueous H2S contributes to the
total corrosion rate. In this study, kinetics of layer formation is described using two
mechanisms. The inner layer forms due to direct reaction of aqueous H>S with steel

whereas the outer layer forms because of continuous precipitation of corrosion products
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resulting from cyclic process occurring in the inner layer. During the corrosion process,
thickness of outer mackinawite layer changes with time. It is assumed that thickness of
the layer depends on the balance between layer-formation and layer-damage rates,

which can be expressed as:
SRR =SFR -SDR (4.30)

where, SRR, SFR and SDR are sulfide retention rate, sulfide layer-formation rate and
sulfide layer-damage rate, which all are in units of (mol/m?.s). For typical pH range (4
< pH < 7), precipitation and dissolution of iron sulfide layer have major role; thus, Eqgn.

(4.30) can be written as:
SRR =CR-SDR, (4.31)

where SDRn is measured sulfide layer mechanical damage rate. As proposed by Sun et
al. (2008a), SDRm = 0.5CR. Once the layer retention rate is determined, change in mass

of the outer sulfide layer can be estimated as:

Am,  =SRR x M x A, x At (4.32)

where M., is molecular weight of iron sulfide in kg/mol and At is the time
interval in seconds. A _is surface area of the steel in m2. In Eqn. (4.29), mackinawite

layer porosity and tortuosity factor are needed to compute flux of CO,. Porosity of
outer mackinawite layer is expected to be very high (¢ = 0.9) and tortuosity factor (y) is

estimated to be 0.003. Afterward, thickness of mackinawite layer is determined by:
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3, = Amosl(pFes x Ay, ) (4.33)

Equations (4.25, 4.26 and 4.29) are nonlinear with respect to variable Flux, ; therefore,

solutions are obtained numerically (Fig. 4.3).
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Figure 4.3 Computational flow chart for CO2-H:S corrosion model (MTB)
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Chapter 5 : EXPERIMENTAL STUDY

The experimental study consists of i) Low pressure corrosion studies conducted at 0.83
MPa and varying temperature (26 to 80°C), salt content (1 and 2%), and gas phase CO>
concentration (0 to 100%); and ii) high-pressure corrosion investigations performed
varying temperature (37.78 -107°C), pressure (20.68 to 62.05 MPa), steel grade (T95,

C110 and Q125), and CO2 and HS concentrations.

5.1 Low Pressure Corrosion Study

In this study, two corrosion measurement techniques (weight loss and LPR) are
employed to determine corrosion rate of tested materials. To identify CO2 corrosion
mechanism, instantaneous corrosion rate was monitored applying the linear polarization
resistance method (LPR). Detailed test procedures and equipment descriptions are

presented elsewhere (Elgaddafi et al. 2015).

5.1.1 Test Material

To measure the average corrosion rate, cylindrical test specimens were used. The
specimens were solid rod with dimensions of 0.64 cm diameter and 10.16 cm length.
They were cut from C1045 carbon steel. During the experiments, a specimen was
partially (50%) immersed into the test solution. Typical chemical composition of
C1045 carbon steel is presented in Table 5.1 (Azo materials, 2015). The test solution
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was prepared by mixing deionized water with desired amount of sodium chloride. A
graphite rod with length of 13.97 cm and diameter of 0.64 cm was used as a counter
electrode. Temperature and pressure transmitters are installed on the autoclave to
monitor and record test temperature and pressure. A test matrix of the experimental

investigation is shown in Table 5.2.

Table 5.1 Chemical composition of Grade C1045 carbon steel (Azo materials, 2012)

Element C Fe Mn P S
Content by weight (%) 0.420 - 0.50 98.51 - 98.98 0.60 - 0.90 <0.040 <0.050

Table 5.2 Test matrix for corrosion test

Temperature | Total pressure : Exposure | Flow
(°C) (MPa) Salt Conc. COz partial pressure (MPa) time (h) | condition
26 0* | 021 | 041 | 062 | 0.83
43 1% and 0* | 021 | 041 | 062 | 0.83
60 0.83 2% NaCl [0 | 021 | 041 | 062 | 083 | 187 | Stagnant
80 0* | 021 | 041 | 0.62 | 0.83

*These tests were performed with pure nitrogen at 0.83 MPa

Pressure Gauge

Counter Electrode <---+- Sensor

Working Electrode ccd il
(Specimen) ' | ‘

Thermocouple

®| |

!

Hot water Jacket <------
Gas Supply
Heating System

Autoclave (Corrosion Cell)

Figure 5.1 Schematic of low-pressure corrosion test setup (Elgaddafi et al. 2015)
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Figure 5.2 Low-pressure corrosion test apparatus (Naidu 2014)

5.1.2 Experimental Apparatus

The test facility was designed to carry out corrosion
experiments under moderate  pressure and
temperature.  All corrosion experiments were
conducted under stagnant condition. A schematic
of the experimental setup is shown in Fig. 5.1. The
test apparatus consists of: i) corrosion cell (2-liter
autoclave) with 8.9 cm diameter and 33 cm length;
ii) circulating bath; iii) LPR system (Gamry G300

Potentiostat); iv) data acquisition system (DAS);
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Figure 5.3 Autoclave lid with cylindrical
PTFE block (Elgaddafi et al. 2015)



and v) carbon dioxide and nitrogen supply cylinders. The cell is jacketed and mounted
on a supporting frame, as shown in Fig. 5.2. To maintain the test temperature at desired
level, heating fluid (Glycol fluid) was circulated through the jacket. A recirculation
bath was used to control test temperature. The corrosion cell consists of three
electrodes (Fig. 5.3): i) working electrode (specimen), ii) Ag/AgCI reference electrode,
and iii) counter electrode (graphite). The three electrodes are wired to the LPR system,

which is installed on data acquisition computer.

5.1.3 Experimental Procedure
A reliable test procedure was developed during this study and consistently used to
determine the influence of temperature, CO> concentration and salt content on corrosion

of carbon steel. The test procedure is summarized into six major steps:

1. Specimen Preparation and Weight Measurement: A test specimen was cut
and machined from 1045 medium carbon steel rod. The surface of the specimen
was polished using medium grade brush and cleaned with deionized water, and
dried. Then, initial specimen weight was measured. To eliminate atmospheric
corrosion, the test specimen was immediately inserted into the copper sleeve,
connected to the LPR system and installed on the PTFE block

2. Electrode Preparation: After each experiment, the counter electrode was
removed, cleaned and reinstalled. The reference electrode was disassembled,
examined, calibrated, filled with KCI to the marked level and reassembled.

3. Continuity Test: After the three electrodes were wired and installed on the

PTFE block, they were checked for continuity using a multi meter to ensure the
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signals transfer from the electrodes to the LPR leads and to avoid any short
circuit between the electrodes and autoclave lid.

. Test Fluid Preparation: 1 L of sodium chloride solution was prepared for
corrosion experiment. Afterward, 75% of the autoclave was filled with the test
solution. Subsequently, the lid of autoclave was assembled and tightened to
prevent gas leak. In order to reduce dissolved oxygen content, the solution was
purged with nitrogen for 5 to 15 min at 26°C.

Pressurizing the system: After purging, nitrogen gas was released from the
autoclave. Afterward, the system was heated to the desired temperature and dry
CO. and N2 were injected into the autoclave, maintaining desired partial
pressures of CO2 and No.

Instantaneous Corrosion Rate Measurement (LPR): Following the injection
of gas into the autoclave, corrosion test was started. Instantaneous corrosion
rate was measured using LPR system. LPR measurements were performed in a
range of + 5 mV with respect to the open circuit potential (OCP) and at scan rate
of 0.125 mV/s. Other variables such as exposed area and equivalent weight of
the specimen were entered into the LPR system software (DC-105) for initiation
of the measurement. The corrosion test was carried out for 187 h. The software
recorded polarization resistance (Rp), which is related to corrosion current

density (icorr) according to the following formula:

p Ba xBe (5.1)

“r TR, 2.303xR,x(B, +B,)

p
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where B, and B are anodic and cathodic Tafel constant; and R is linear

polarization resistance. [ is a constant with a value of 120 mV/decade.
Subsequently, instantaneous corrosion calculated from LPR is a function of

corrosion current density (i, ):

0.00327 xi._xEW

Corrosion rate = Lo (5.2)
Pst
where i, is corrosion current density in mA/cm?.  p, is density of steel in

g/cm3. EW is equivalent weight in grams.

Specimen Cleaning and Final Weight Measurement: After 187 h of exposure
time for each test, the autoclave was de-pressurized gradually and the specimen
was carefully removed from the copper holder. The tested specimen then was
cleaned with de-ionized water in order to remove any type of corrosion scale
deposited on specimen surface and gently polished using a paper towel, and
dried. The final weight of tested specimen was measured after drying. Finally,
average corrosion rate (mm/y) was calculated based on weight loss measurement

approach, as following:

11.14x (W, =W, )
Axt

Corrosion rate =

(5.3)
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where W1 and W are the initial and final weight in grams, respectively. A is the

exposed area in cm? and t is the exposure time in hour.

5.2 High-Pressure Corrosion Investigation

This investigation is aimed to determine the influence of various variables such as
pressure, CO2 and H2S concentrations, temperature, type of material, and fluid flow
condition on the corrosion of common oil field tubulars. Salt concentration was
maintained at 2% NaCl. A test facility was built to carry out corrosion experiments at
HPHT condition. Elgaddafi et al. (2016b) presented details of experimental procedures

and apparatus used in this investigation.

5.2.1 Test Material and Preparation

Test specimens of flat coupons with 2-mm thickness were cut from API grades carbon
steels (T95, C110, and Q125). Hydraulic water-jet machining techniques were used to
manufacture the specimens with high degree of precision, with smooth surface and
without material defect. Test specimens were designed in accordance with the ASTM
standard (ASTM E8M-98, 2009) to function as uniform corrosion and tensile strength
specimens (Fig. 5.4a). The middle narrow portion of the specimens was utilized to
measure corrosion rate (CR) and loading carry capacity (LCC). To prevent galvanic
corrosion and accurately measure corrosion rate, the specimens were covered with
silicon-based corrosion protective coating except the front side (Fig. 5.4b) of the narrow
section (exposure area of 1.92 cm?). Chemical compositions of materials used in this

study are presented in Table 5.3.
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Figure 5.4 Test specimen: a) Design; b) covered with protective coating; and C) Specimen with
holder (Elgaddafi et al. 2016b)

Table 5.3 Chemical compositions of API carbon steels used in this study

Elements (wt %0) C Mn P S Si Cu Ni Cr Mo Fe

Min - - - - - - -
T95

Max 0.33 0.34 0.009 0.001 0.27 0.02 0.03 1.01 0.79 balanced
Min - - - - - - -

C110
Max 0.30 0.47 0.007 0.001 0.23 0.01 0.01 1.01 0.78 balanced
Min - - - - - - -

Q125
Max 0.26 0.49 0.012 0.001 0.21 0.03 0.04 0.91 0.26 balanced

During stagnant corrosion experiments, test specimens were attached to a
coupon holder (Fig. 5.5a), which is made of Teflon sleeve. After the specimens were
covered with protective coating, they assembled with the holder (Fig. 5.5¢) and
mounted in vertical orientation on the Teflon sleeve. In order to be consistence with
dynamic experiments, stationary cylinder made of PTEF material was placed inside the
Teflon sleeve. Afterward, two Teflon bushings were used to keep the specimens in

place as shown in Fig. 5.5b.
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Figure 5.5 Test specimen holder for stagnant corrosion experiments: a) photo; and b) holder with
two specimens and non-rotating cylinder

For dynamic corrosion experiment, instead of stationary PTFE cylinder, a
rotating cylinder (inner cylinder) made of stainless steel was connected to a motor with
speed controlling capability (Fig. 5.6a). The wall shear stress in a Couette flow is a
function of fluid properties, rotational speed, and diameters of inner and outer cylinders.
Like the static test, specimens were mounted on the holder. Then, inner cylinder and,
top and bottom bushings were assembled with Teflon sleeve (outer cylinder) to keep the

specimens in place (Fig. 5.6b).
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Figure 5.6 Test specimen holder for dynamic corrosion experiments: a) photo; and b) holder with
two specimens and inner cylinder

5.2.2 Experimental Setup

The schematic of test setup is displayed in Fig. 5.7. The setup consists of: i) high-
pressure high-temperature (HPHT) autoclave (corrosion cell); ii) dynamic rotating
system consists of: air motor; magnetic coupler; and cylindrical shaft and speed gauge;
iii) gas supply system consists of four cylinders of CO., H2S, CH4 and N2; iv) injection
system to control gas composition and boost supply gas pressure; v) heating system to
precisely control test temperature; vi) measurement and instrumentation system (sensors
and transmitters) to measure and record relevant test parameters; and vii) data
acquisition and control system. The internal face of the autoclave, which has capacity of
2364 cm® (D=8.9 cm and L = 38 cm) is made of Hastelloy C-276 to prevent corrosion.
It is installed inside a heating jacket to maintain constant temperature during experiment

(Fig. 5.8). The jacket is fully covered with insulation to minimize heat loss. Heating
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system consists of a heater, fluid reservoir, heating fluid (synthetic oil), circulating
pump, pipelines covered with insulation to minimize heat lose, and valves to control the
circulated fluid. Autoclave temperature was maintained constant by circulating
synthetic-based heating fluid in the jacket. Before the test, covered specimens,
specimen holder, non-rotating or rotating cylinder and Teflon bushings were assembled

as shown in Fig. 5.6b, and the assembly was placed inside the autoclave.
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Figure 5.7 Schematic of high-pressure experimental setup

The maximum pressure that can be supplied from the gas cylinders was
approximately 17 MPa. Therefore, a gas injection system was used to boost the supply
pressure to a desired level and accurately control composition of mixed gas (methane,
hydrogen sulfide and carbon dioxide) in the autoclave. Two temperature transducers
are installed to monitor autoclave (T1) and heating fluid (T2) temperature. A pressure
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transducer (P1) is mounted on the autoclave to measure total pressure.

variables for this investigation are shown in Table 5.4.

Table 5.4 Test variables for corrosion test at HPHT

The test

Gas composition Expos
Grade Salt( ;);)nc. Tota(ll\;l)ézsjsure T((irg;). C(:O ?)2 (Hﬁ) ((:;; Flo(vr\; ':"Tt]e)ltus tiur:]ee
° i ° (Days)
T95 20.68 37.78
C110 2 41.37 71.11 0-100 | 0-150 0-100 0-1000 7
Q125 62.05 107.00

5.2.3 Test Procedure

The experimental

corrosion experiment is consists of the following

steps:

1. Preparation of test specimen: In high-

pressure study,
specimens were employed
average corrosion rate measurement.
specimen preparation was conducted in

accordance with ASTM standard (ASTM G

procedure for high-pressure

two or three identical
to obtained

The

Figure 5.8 Corrosion cell

111-97). Firstly, the specimens were cleaned with deionized water, dried in the

air, punch marked with numbers and their initial weights were measured. Then,

they were painted with high-temperature coating except the front part of the

narrow section. Then, the unpainted area was cleaned with Methyl Ethyl Ketone

in accordance with ASTM standard. After they were cleaned, immediately
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attached to the specimen holder and inner cylinder and bushings were assembled
as displayed in Fig. 5.6b.

. Test fluid preparation (electrolyte): Test solution (2% NaCl) was prepared by
using deionized water. During the experiment, the autoclave filled up with 950
ml of test solution and heated steadily to the desired temperature by circulating
heating fluid. To remove oxygen, the solution was purged with nitrogen for 30
minutes by pressurizing the autoclave up to 10.34 MPa. Then, the holder
assembly with specimens was inserted into the autoclave.

Gases injection and test implementation: Once the purging process was
accomplished, nitrogen gas was gradually vented from the autoclave.
Subsequently, testing gases consisting of carbon dioxide, hydrogen sulfide and
methane were injected into the autoclave as required. When the desired gas
composition and total test pressure were attained, the autoclave was fully closed,
and temperature and pressure were maintained constant for 7 days.
Depressurizing of the autoclave: when the test was completed, inner cylinder
was stopped (for only dynamic test) and the autoclave was de-pressurized.
Then, the autoclave was opened and the specimen holder was carefully
removed, and the specimens were recovered. Optical micrographs of specimens
were obtained immediately after they were recovered from the autoclave.
Microscopic image of each specimen was taken at a selected spot, which

represents corroded area of the specimen.
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5. Specimen cleaning and weight measurement: After the surface analysis,
corrosion scale deposits were removed by washing the specimens with clean
water and scrubbing it gently using a paper towel. Then, the specimens were
soaked in a paint remover (Methyl Ethyl Ketone) and rinsed with alcohol and
water to remove the coating. After drying, the final weight of each specimen
was measured. The average corrosion rate was obtained from the weight loss
(Eg. 5.3). Finally, the specimens were placed in sealed vials for further

investigations (Tensile strength test).

5.3 Tensile Strength Test (TST)

To assess the effect of uniform corrosion as well as localized corrosion on the
mechanical properties, TST tests were carried out prior and after performing corrosion
experiment. Elgaddafi et al. (2016b) presented details of experimental procedures and

apparatus used to carried out tensile strength test.
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Chapter 6 : RESULTS AND DISCUSSION

During the course of this study, extensive experiments were conducted and corrosion
and tensile strength measurements were gathered. In this chapter, these measurements

are thoroughly presented and extensively discussed.

6.1 Low-Pressure Corrosion Measurements

6.1.1 Instantaneous Corrosion Rate
During low-pressure corrosion experiments, liner polarization resistance (LPR) method
was employed to measure the instantaneous corrosion rate. Figure 6.1 displays LPR
measurement (corrosion rate vs. time) obtained at 80°C and various CO> partial
pressures. At the beginning of the test, the corrosion rate increased reaching its
maximum value at about 10 hrs. Subsequently, a rapid decrease in corrosion rate was
observed, gradually reaching steady state condition at the end of the test (approximately
after 176 h of exposure). The maximum instantaneous corrosion rate observed at the
beginning of the experiment was dependent on CO: partial pressure. The peak
corrosion rate increased with CO> partial pressure. The peak rate occurred due to
contributions of different phenomena. This observation is attributed to formation of
iron carbide scale. As corrosion process progresses, first, iron carbide (FesC) scale
forms on steel surface.

Iron carbide is strong electrical conductor, which can accelerate corrosion
because of galvanic effect between steel substrate and FesC layer (Crolet et al. 1998;

Choi et al. 2013). Subsequently, a decline in corrosion rate occurs due to formation of
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iron carbonate (FeCOs) scale, which is caused by increase in iron and carbonate ion
concentrations near steel surface. Moreover, the increase in corrosion rate with CO>
partial pressure is due to increase in H2COs concentration in the solution, which
accelerates the cathodic reaction. The trend of instantaneous corrosion rate with CO>
partial pressure is consistent with results of previous studies (Suhor et al. 2012; Zhang

et al. 2013b; Choi et al. 2013).
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Figure 6.1 Instantaneous corrosion rate measurements at 0.83 MPa, different CO: partial
pressures, 2% NaCl solution and 80°C

Figure 6.2 compares instantaneous corrosion rate obtained from LPR with
average corrosion rate from weight loss measurement at various CO> partial pressures.
As depicted from the figure, both techniques showed comparable results under steady
state condition (test time exceeding 80 h). However, at the beginning of experiment,
LPR measurements demonstrated higher corrosion rate, which is approximately 3.05
mm/y. After one day of exposure, LPR corrosion rates decreased approaching zero

asymptotically.
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Figure 6.2 Instantaneous corrosion rate (LPR) and average corrosion rate (WL) at various CO:
partial pressures (2% NacCl solution): a) Pcoz = 0.41 MPa; and b) Pco2 = 0.62 MPa

6.1.2 Comparison of WL and LPR Measurements

It is well known that LPR technique involves analysis of complex electrochemical

process based on polarization resistance measurements. Regularly, it contains a number

of calibration techniques to obtain reasonable measurements. Therefore, weight loss

measurements are compared with average LPR data obtained in 187 hours (Fig. 6.3).
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Figure 6.3 Average corrosion rate vs. PPR at different temperatures (1% NacCl solution): a) weight

loss and b) LPR




Even though very high instantaneous corrosion rate was observed during the
first two days of the test, the overall average corrosion rate is comparable with weight
loss measurement. Results show satisfactory agreement between the LPR and WL
methods. Very similar corrosion rate trends were observed at different CO, partial
pressures. In some cases, discrepancies exist between LPR and WL measurements due

to calibration challenge with LPR instrument.

6.1.3 Effect COz Partial Pressure Ratio (PPR)

Figure 6.4 demonstrates impact of PPR on corrosion rate at different temperatures (26,
43, 60 and 80°C). For specimens tested at low-temperature (26°C), the results display
gradually decaying growth in corrosion rate with PPR. Minor change was observed
when PPR exceeded 50%. One possible explanation for this trend could be
improvement of cathodic reaction due to the increase in carbonic acid concentration in
the liquid phase. This observation is in agreement with results of other studies (Cui et
al. 2004; Nesic 2007; Choi and Nesic 2011; Jia et al. 2012; Choi et al. 2014). At
relatively low PPR (below 50%). A similar corrosion rate trend with PPR was observed
at intermediate temperatures (between 43 and 60°C) wherein corrosion rate increased
with PPR (Figs. 6.4b and 6.4c); however, it decreased with PPR when PPR > 75%.
Wen-fei et al. (2012) have attributed the corrosion rate improvement to change in
corrosion scale characteristics. They observed transformation of compact fine-grain
scale into bulky-grain scale with PPR, accelerating the corrosion. Furthermore, as PPR

increased further, decline in corrosion rate was caused by the formation of more
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condensed corrosion scale of FeCOs (Hernandez, et al. 2012). Nesic (2007)

experienced this behavior and provided possible explanation. Accordingly, the increase
in PPR results in increase in concentrations of H.COs and, Fe?* and CO?%", causing

super-saturation near the steel surface, which is necessary for the formation of
protective scale that decreases corrosion rate. The decline in corrosion rate with CO>
content at high PPR is consistent with previous studies (Sun and Nesic 2004; Seiersten
2001). At high temperature (80°C), the trend is slightly different. Remarkable increase
in corrosion rate was observed with CO. concentration at low PPR (less than 25%).
Nevertheless, with further increase in PPR (above 25%), slight variation in corrosion
rate was observed. This observation is consistent with previous findings of Jepson and

Bhongale (1995).
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Figure 6.4 Average corrosion rate measurements for 178 h versus PPR at different temperatures
(2% NaCl solution): a) 26°C; b) 43°C; c¢) 60°C; and d) 80°C

6.1.4 Effect Temperature

Temperature is one of the most significant environmental parameters that influence

corrosion of carbon steel.

Figure 6.5 shows average corrosion rate (measured using

weight-loss technique) of test specimen exposed to 2% NaCl solution at various

temperatures and PPRs. Corrosion rate was increased when temperature was increased

from 26 to 43°C.

Low temperature reduces the possibility of scale formation;

consequently, corrosion exacerbates as temperature increases (Forero et al. 2013).

106




26 Deg.C @43 Deg.C 60 Deg.C @80 Deg.C
1.2
[ [
s NaCl = 2% wt b4
S 1.0 = * :
£ 3 b4 b4
E o8| o : :
) o * *
= ~ * +*
- : : 3
c 0.6 o +* +* »4
0 = * » e
g i $ $ 3
§ 0.4 + + 4
o * * 4 -4
O * * 4 4
* * 4 4
0.2 * * 4 4
* * 4 4
* * 4 4
3 $ 3 8
00 i i i .
0 25 50 75
CO, partial pressure ratio (%)

Figure 6.5 Effect of temperature on corrosion rate at various PPR in 2% NaCl solution

As temperature increased above 43°C, corrosion rate remarkably decreased with
temperature regardless of the PPR. The decline in corrosion rate at high temperature
(above 43°C) could be attributed to the influence of temperature on physical phenomena
involved in corrosion process including CO2 solubility, H2COz ionization,
electrochemical reactions, and corrosion scale. These observations are consistent with
previous investigations (Seiersten 2001; Yin et al. 2009; Xiang et al. 2013; and Li et al.
2013a). In this study, the maximum corrosion rate was observed at 43°C (critical
temperature). This observation has been found in accordance with previous studies
(Yin et al. 2009; Li et al. 2013a) conducted under similar condition. However, in
studies carried out at low CO. partial pressure (lkeda et al 1984; lkeda et al 1985;
Dugstad 1995; Zhao et al 2000), the critical temperature was approximately at 85°C.

The critical temperature can be affected with other test parameters such as pressure, salt
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concentration and CO> partial pressure, and material type. In pure nitrogen saturated
brine (absence of COy), corrosion rate was extremely low and comparable except at

43°C. Previous investigators (Hernandez et al. 2012) reported similar results.

Since temperature affects most of the phenomena associated with corrosion
process, its impact on corrosion is complex and not fully understood. Increase in
temperature can accelerate electrochemical reactions and transport of species (molecular
diffusion); hence, it intensifies corrosion. In contrast, high temperature tends to
increase precipitation rate of corrosion product and assists formation of protective scale,
resulting in reduction of corrosion. For instance, in pure CO saturated brine, iron
carbonate (FeCOs) precipitates on metal surface after its solubility limit is reached.
Corrosion product in CO; saturated environment (FeCO3) is extremely sensitive to the
temperature (Johnson and Tomson 1991). Moreover, at temperature below 149°C, CO>
solubility declines with temperature leading to reduction in carbonic acid concentration
and increase in pH, which has adverse effect on corrosion process.

Predominantly, severity of CO- corrosion is higher at low-temperature than at
high-temperature due to the absence of corrosion product (Valdes et al. 1998). Figure
6.3 show the effect of temperature on corrosion rate of carbon steel exposed to 1% NaCl
solution at different PPR. As displayed from the figure, the maximum corrosion rate,

which is observed at 43°C, is not only temperature-dependent but also PPR.

108



6.2 High-Pressure Corrosion Measurements

In this study, specimens used for corrosion tests were utilized to measure material
strengths after exposure to corrosive environment. Results of mechanical strength tests

are presented in Section 6.3.

6.2.1 Effect CO2 Partial Pressure Ratio

T95 Carbon Steel

Figure 6.6 presents average corrosion rate of T95 carbon steel in brine solution
saturated with mixed gas containing methane and CO,. The corrosion rate values
displayed in the figure represents the average of two test specimens. The experiments
were carried out at 40.37 MPa and 38°C under static condition varying CO> partial
pressure ratio (PPR) from 0 to 100%. T95 exhibited relatively high corrosion rate in
pure methane saturated environment approximately 10 mm/y, which is attributed to the
absence of protective corrosion scale (Fig. 6.8a). As PPR increased from 0 to 25%, the
corrosion rate doubled. This is expected because existence of carbon dioxide creates
corrosive environment containing carbonic acid and lowers solution pH, resulting in
higher corrosion rate. Above 25% PPR, the corrosion rate gradually increased with
PPR. There are two possible explanations for the increase in corrosion rate with PPR.
First, dissolved amount of carbon dioxide exponentially increases with PPR, which in
its turn hydrates and raises H.COgz concentration in the brine and ultimately corrosion
rate. The other possible reason is attributed to the formation of non-protective scale that
partially covers the test specimen surface (Fig. 6.7). Therefore, corrosion continues in

the uncovered portion of specimen.
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Figure 6.6 Average corrosion rate of T95 grade steel vs. PPR at 41.37 MPa

Figure 6.7 Optical micrographs of T95 specimens tested at 41.37 MPa and various CPPR: a) 0%;
b) 25%; ¢) 50%; d) 75%; and €) 100%
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C110 Carbon Steel

Figure 6.8 presents corrosion rate of C110 carbon steel in NaCl solution saturated with
mixed gas containing methane and CO; at different total pressure (20.68, 41.37, and
62.05 MPa). For corrosion measurement at 20.68 MPa (Fig. 6.8a), Corrosion rate
predominantly increased as PPR was increased, resulting from improved dissolution of
CO2 in brine, which raised carbonic acid concentration and consequently reduced
solution pH. A number of studies (Honarvar Nazari et al. 2010; Choi and Nesic 2011;
Zhang et al. 2011) reported exacerbation of corrosion with acid concentration.
Increasing acid concentration often accelerates cathodic reactions and promotes
corrosion. Measured corrosion rate increased approximately tenfold with the injection
of 100% CO2. The highest corrosion rate (14.21 mm/y) was observed at 100% PPR.
Corrosion rate trend with respect to PPR is predominantly consistent with findings of
previous studies (Choi and Nesic 2011; Huang et al. 2014; Schmitt and Horstemeier

2006).
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Figure 6.8 Average corrosion rate of C110 grade steel vs. PPR at different total pressures: a) 20.68
MPa; b) 41.37 MPa; and 62.05 MPa

Figure 6.9 shows surface morphology of C110 specimens corroded at 20.68
MPa and 38°C varying PPR. A micrograph of uncorroded specimen (Fig. 6.9a) is
presented for comparison purposes. As depicted from the figure, non-protective layer
was formed on specimen surface. Microscopic examinations were conducted on

specimen surface before and after removing corrosion protective layer. The
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examination did not indicate presence of localized corrosion. Only uniform corrosion

was visually observed in all the specimens.

o ©

Figure 6.9 Optical micrographs of C110 specimens tested at 20.68 MPa and various PPR: a)
Uncorroded; b) 0%; c) 50%; d) 75%; and e) 100%

Average corrosion rate obtained at 41.37 MPa is presented in Fig. 6.8b.
Consistent with results obtained at 20.68 MPa (Fig. 6.8a), at low PPR (less than 25%),
the corrosion rate significantly increased with PPR. This observation could be
attributed to accelerated cathodic reaction (Nesic 2007), which facilitates corrosion
process considerably. This is in agreement with the findings of Wang et al. (2004) who
reported strong increase in cathodic limiting current density due to dominant effect of
increased H.CO3 concentration, although anodic reaction is unaffected. This is very
common corrosion rate trend, which has been reported by a number of theoretical and

experimental studies (Nesic et al. 1996; Choi and Nesic 2011; Zhang et al. 2013a;

113



Dugstad et al. 1994; de Waard and Lotz 1993; Mohammed Nor et al. 2011). At low

PPR (less than 25%), mixed charge transfer mechanism controls the corrosion process.

In intermediate PPR (between 25 and 75%), effect of PPR on the corrosion rate
was minimal. Minor change in corrosion rate was observed with PPR, indicating
change in corrosion mechanism. In intermediate PPR, CO2 corrosion mechanism
changes from mixed charge transfer control to cathodic reaction control, which leads to
reduction of hydrogen ions (Tran et al. 2015). Similar corrosion rate trend with respect
to PPR has been reported in previous studies (Choi and Nesic 2011; Gavanluei et al.

2013).

Optical micrographs of specimens tested at 41.37 MPa are presented in Fig.
6.10. At high PPR (greater than 75%), corrosion rate decreased by 46% due to
formation of protective film, which was confirmed by examining corroded surface of
test specimens (Fig. 6.10f). Usually protective film reduces corrosion rate (Seiersten
2001; de Waard and Lotz 1993; Seiersten and Kongshaug 2005; Lin et al. 2006). At
PPR of 75%, severe pitting (Fig. 6.10e) was observed on one of the three tested
specimens. The pitted specimen displayed considerably higher corrosion rate than the
others. As a result, the highest data scattering was observed at PPR of 75%. Although
the occurrence of pitting at elevated pressure is still being debated, this observation is
found to be in agreement with a previous study (Zhang et al. 2011). However, some
experimental studies (Sun and Nesic 2004; Suhor et al. 2012; Choi and Nesic 2011)
conducted at low temperature (less than 50°C) did not report existence of localized

corrosion.
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Figure 6.10 Optical micrographs of C110 specimens tested at 41.37 MPa and various PPR: a) 0%o;
b); 25% c) 50%; d) 75%; e) 75% showing pitting; and f) 100%

Two of the specimens exposed to the same corrosive environment did not show
any pitting. Pitting corrosion is often initiated by a small surface defect. In order to
minimize surface defect during manufacturing of the specimens, high-precision water-
jet cutting and milling machines were used. Moreover, the specimens were well-
polished and preserved in vacuum containers. In spite of this, one of the specimens
exhibited pitting at 75% PPR. Further microscopic examination revealed that
morphologies of corrosion scales did not vary significantly in the intermediate PPR
range. This could be one of the possible reasons for high and consistent corrosion rate

observed in the intermediate PPR range.
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At 100% PPR, specimen surface was covered with more compact and dense
corrosion product (Fig. 6.10f), which hindered the corrosion process. In absence of
carbon dioxide (pure CHs-saturated brine), no corrosion film was formed on specimen
surface; nevertheless, corrosion rate was very low compare to tests conducted with

COy-saturated fluid.

Figure 6.8c demonstrates the relationship between corrosion rate and PPR at
62.05 MPa and 38°C. Corrosion rate trend is similar to the one observed at
intermediate pressure (41.37 MPa). At low PPR (less than 25%), the average corrosion
rate was significantly increased with PPR. In the intermediate PPR range (25 to 75%),
variations in corrosion rate was minimal. At 100% PPR, slight reduction in the
corrosion rate was observed. The reduction in corrosion rate is consistent with
formation of scattered corrosion scale that partially covered specimen surface. No

localized corrosion (pitting) was observed under high-pressure condition.

Q125 Carbon Steel

Figure 6.11 displays average corrosion rate of Q125 API grade steels as a function of
PPR at 41.37 MPa and 38°C. Corrosion rate of Q125 carbon steel increased roughly
five fold when 25% of carbon dioxide was introduced to the system. Normally
corrosion increases due to the formation of carbonic acid, which promotes the
electrochemical reaction at metal surface. Moreover, the lack of protective scale on the

specimen surface contributed to high corrosion rate (Fig. 6.12b).
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Figure 6.11 Average corrosion rate of Q125 grade steel vs. PPR at 41.37 MPa

Substantial reduction in corrosion rate of Q125 was observed as the PPR was
increased from 25% to 50%. This reduction is mainly attributed to the formation of
protective corrosion scale, which covered most of the specimen surface (Fig. 6.12c). At
high PPR (greater than 50%), corrosion rate increased with PPR, because of increase in

concentration of dissolved carbon dioxide.
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Figure 6.12 Optical micrographs of Q125 specimens tested at 41.37 MPa and various PPR: a) 0%;
b); 25% c) 50%; d) 75%; and e) 100%

6.2.2 Effect of Hydrogen Sulfide Concentration

To evaluate the effect of H>S concentration on CO2 corrosion of API carbon steels
(T95, C110, and Q125), a number of corrosion tests were carried out at 38°C, 41.37
MPa, PPR of 50% and various H»S concentrations. The corrosion measurements are

shown in Fig. 6.13.

T95 Carbon Steel

Average corrosion rate of T95 steel is shown in Fig. 6.13a as a function of H.S
concentration. The corrosion measurement was obtained at 38°C, 41.37 MPa and PPR
of 50%. As displayed from the figure, at low H.S concentrations (below 10 ppm H>S),
the presence of small amount of H2S into mixed gas containing approximately 50% CO;

and 50% CHas promotes corrosion. Increase in corrosion rate occurred due to
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intensification of cathodic or anodic reaction (Valdes et al. 1998; Zheng et al. 2014).
Moreover, adding hydrogen sulfide to CO; saturated brine tends to change the corrosion
mechanism in which additional cathodic reactions such as direct H2S reduction
contribute to the corrosion process (Kittel at al. 2013; Zheng et al. 2014). The level of
corrosion rate increase due to small addition of H.S has been found in accordance with
other similar studies (Valdes and Case 1998; Kittel at al. 2013; Wei et al. 2016). At
H>S concentration (more than 10 ppm), the corrosion rate trend changed; the rate
reduced with the concentration up to 50 ppm and with further increase above 50 ppm,
minor increase in the corrosion rate was noticed. As reported by Valdes et al. (1998),

the maximum corrosion rate was observed at H»S concentration of approximately 10

ppm.
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Figure 6.13 Corrosion rate vs. H2S concentration at 41.37 MPa and 38°C for different materials: a)
T95; b) C110; and c) Q125

In most recent studies (Sun et al. 2006; Yan et al. 2015) carried out under
comparable conditions, the formation of FeCOz and mackinawite scales were
observed in presence of H.S. Figure 6.14 displays surface morphology of T95
specimens corroded at 41.37 MPa and 38°C varying H.S concentration (ranging
from 0 to 150 ppm). As depicted from the figure, when H2S concentration was
varied from 10 to 150 ppm, non-protective scales (i.e. less dense, un-compacted and
scattered film) were formed on specimen surface. Normally, a loose corrosion scale
is not effective in preventing diffusion of Fe?* and does not reduce corrosion (Fig.
6.14). At intermediate H>S concentration (50 ppm), a different corrosion scale was
formed. Surface examination of the specimen demonstrated the existence of
localized corrosion (Fig. 6.14b). Similar tests (Zhang et al. 2011) conducted at low-

CO. pressures showed occurrence of localized (pitting) corrosion.
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Figure 6.14 Optical micrographs of T95 specimens tested at 41.37 MPa and various H2S
Concentrations: a) 10 ppm; b) 50 ppm, and c) 150 ppm

C110 Carbon Steel

As displayed in Fig. 13b, adding trace amount of H>S marginally accelerates corrosion.
One possible explanation for this is that H2S content enhances the cathodic reaction
through two mechanisms: i) indirect effect by providing more protons to the solution
(buffering effect); and/or ii) direct effect by adding a new reduction reaction to the
corrosion process (i.e. direct reduction of aqueous H2S). Consistent with T95 Grade
trend, corrosion of C110 steel was exacerbated as H>S was injected to system at low
concentrations (less than 10 ppm). However, an apparent reduction (roughly 30%) in
corrosion rate of C110 carbon steel was observed when H.S concentration was further
increased to 50 ppm. The reduction in corrosion rate at 50 ppm is in agreement with
previous corrosion measurements (Marcus et al. 1990; Valdes et al. 1998; Zheng et al.

2014; 2015; Yan et al. 2012; Zhang et al. 2012; Li et al. 2014; Choi et al. 2011a). This

121



decline could be attributed to increase in dissolved amount of H>S in the brine and

formation of protective scale.

Specimens exposed to 50 ppm H2S concentration were partially covered with a
thin compact protective scale (Fig. 6.15d). A scattered non-protective corrosion scale
formed (Fig. 6.15b) on the specimen surface in absence of H>S. With addition of small
amount of H.S (10 ppm), the scale did not form and corrosion rate significantly
increased. However, previous similar investigations (Valdes et al. 1998; Wei et al.
2016) carried out at relatively low-pressure reported the formation of scale consists of

FeCOg and iron sulfides. Pitting corrosion was not detected with C110 specimens.
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Figure 6.15 Optical micrographs of C110 specimens tested at 41.37 MPa and various H2S
concentrations: a) Uncorroded; b) 0 ppm; ¢) 10 ppm, and d) 50 ppm
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Q125 Carbon Steel

Corrosion rate of Q125 accelerated considerably with introduction small amount of H,S
(10 ppm). As revealed from Fig. 13c, Minor variation in corrosion rate was observed as
H>S concentration was increased from 10 to 150 ppm. One possible explanation for the
corrosion rate trend with H>S content is involvement of two mechanisms (direct
reduction and buffering effect), which are influenced by H>S concentration (Tran et al.

2015; Elgaddafi et al. 2016b).

Figure 6.16 displays surface morphologies of corrosion scales formed on Q125
carbon steel exposed to brine-saturated with mixed gas containing approximately 50%
CO2 and 50% CH4 and various concentrations of HzS. In absence of H»S, corrosion
scale formed, resulting in relatively low corrosion rate (Fig. 6.16a). When specimens
were exposed to brine saturated with mixed gas containing 10 ppm of H»S, dense
porous corrosion scales with small grain size were formed and partially covered
specimen surface (gold colored scale shown in Fig. 6.16b). As the H>S concentration
increased, more scattered and un-compacted corrosion scales were formed on specimen
surface (Figs. 6.16¢ and 6.16d). The scales did not provide good protection; as a result,

corrosion rate slightly increased with H2S concentration as reported by Li et al. (2014).
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Figure 6.16 Optical micrographs of Q125 specimens tested at 41.37 MPa and various H2S
concentrations: a) 0 ppm; b) 10 ppm; c) 50 ppm and d) 150 ppm

Grain size and shape of corrosion scale vary with HzS concentration (Fig.
6.16f). The influence of H2S concentration on the grain size and shape of corrosion
scale have been found in accordance with recent studies (Yan et al. 2012; Yan et al.

2015; Li et al. 2014a).

6.2.3 Effect of Temperature

Temperature is considered one of the most critical environmental variables in sweet and
sour corrosion. It affects most of the phenomena involved in the corrosion process.
The influence temperature on corrosion of API steels was investigated at 41.37 MPa
varying temperature from 38 to 107°C. Specimens were exposed to brine saturated with
mixed gas (50% COz and 50% CH.) under static condition. Average corrosion rates of
tested materials are shown in Fig. 6.17. All grades showed similar corrosion rate-

temperature trend in which the corrosion rate sharply decreased with temperature. The
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reduction is mainly attributed to reduction in the dissolved amount of carbon dioxide
with temperature. Q125 carbon steel exhibited the best corrosion resistance. At high

temperature (107°C), three tested materials demonstrated comparable corrosion rates.
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Figure 6.17 Effect of test temperature on the corrosion behavior of tested material T95, C110,
and Q125 at 50% CO:2 and 41.37 MPa of total pressure

Figure 6.18 shows surface morphologies of corrosion scales formed on tested
materials at intermediate (71°C) and high (107°C) temperatures. At intermediate
temperature (71°C), very scattered and un-compacted corrosion scale was formed on
T95 specimen, resulting in pitting corrosion (Fig. 6.18a); while, denser and protective
scales were formed on C110 and Q125 carbon steels (Figs. 6.18c and 6.18e) causing
reduction in corrosion rate. The surface analysis conducted on the specimens tested at
high temperature (107°C) revealed varieties of corrosion scales from being scattered to

nonexistent (Figs. 6.18b, 6.18d, and 6.18f).
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The surface morphologies of corrosion scale formed on T95, C110, and Q125 at
low temperature (38°C) are presented in Figs. 6.7b, 6.10c, and 6.12c, respectively.
According to the analysis, the thickest and the thinnest scales were observed with Q125

and T95, respectively.
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Figure 6.18 Optical micrographs of specimens tested at 41.37 MPa and 50%CQO:2 concentrations: a)
T95 (71°C); b) T95 (107°C); ¢) C110 (71°C); d) C110 (107°C); e) Q125 (71°C) and f) Q125 (107°C)
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6.2.4 Effect of Flow Velocity
To assess the impact of fluid flow on corrosion behavior of steel, a set of corrosion tests
were carried out varying fluid velocity in a Couette cell in which inner cylinder is

rotating and outer cylinder is stationary.

T95 Carbon Steel

Figure 6.19a presents average corrosion of T95 carbon steel exposed to 2% NaCl
solution saturated with mixed gas containing 50% CO and 50% CHj at 41.37 MPa.
Inner cylinder rotational speed was varied from 0 to 600 rpm. At 38°C, CO; corrosion
rate increased significantly (almost doubled) as the inner cylinder rotational speed was
increased to 216 rpm (Fig. 6.19a). Corrosion-rate trend with fluid velocity is as
expected. It indicates that the corrosion process is controlled by mass transport
mechanism; as a result, increasing the rotational speed is expected to enhance the
transport of species toward and away from the metal surface. The process promotes
corrosion and ultimately increases its rate. The increase in corrosion rate with rational
speed has been found in agreement with previous study carried out at relatively low
pressure and temperature (Nesic et al. 1995; Mohammed Nor et al. 2012; Mohammed

Nor et al. 2011).

As the rotational speed was increased above 216 rpm, minor change in the CO-
corrosion rate was observed. This implies that the corrosion mechanism changed from
being mass transport controlled process to mixed charge/chemical reaction controlled at
high fluid velocity. Similar results have been obtained when tests were conducted at

low-pressure (Nesic et al. 1995; Mohammed Nor et al. 2011). Corrosion rate becomes
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insensitivity to fluid velocity at low temperature (less than 40°C) possibly due to the
dominate effect of carbonic acid reduction, which is limited by the hydration of

dissolved CO; (Wang et al. 2004; Mohammed Nor et al. 2012).
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Figure 6.19 Corrosion rate of T95 vs. rotational speed (2% NaCl, 50% CO2, 50% CHs at 41.37
MPa): a) 38°C; and b) 71°C

(d)
Figure 6.20 Optical micrographs of T95 specimens tested at 41.37 MPa, 38°C and various
rotational speed: a) 0 rpm; b) 216 rpm, c) 400 rpm, d) 600 rpm, and €) 600 rpm (50X)
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Figure 6.20 displays surface micrographs of T95 test specimens after exposure.
Very thick corrosion scale precipitated (Fig. 6.20a) on T95 specimen tested under static
condition. The scale resulted in low corrosion rate. Under dynamic condition, very thin
non-protective corrosion scale was formed on specimens (Fig. 6.20b, 6.20c, and 6.20e).
It is important to note that corrosion scales formed under dynamic condition had similar
characteristics. This observation explains insensitivity of corrosion rate with rotational

speed at high speeds (greater than 216 rpm)

Figure 6.19b shows corrosion of T95 as a function of rotational speed at 71°C.
A substantial reduction in corrosion rate was observed as temperature was raised from
38 to 71°C regardless of rotational speed. The maximum corrosion rate was observed at
216 rpm. It is noteworthy that corrosion test at 216 rpm was carried out twice and
measurements were almost the same. The corrosion rate decline due to change in
temperature could be because of reduced gas and FeCOz solubility in brine. Increasing
temperature considerably reduces dissolved CO> in brine and thus carbonic acid content
(CO2 hydration reaction), leading to corrosion rate reduction. Increase in temperature
decreases solubility of FeCOs in brine and accelerates formation of protective scale,

which reduces corrosion rate.

Furthermore, temperature has an impact on flow-sensitivity of corrosion rate in
which the corrosion rate vs. speed trend at 71°C is distinguished from that at 38°C. As
anticipated, the corrosion was increase by roughly three fold as the rotational speed was
increased to 216 rpm (Fig. 6.19). This increment is attributed to mass transport

enhancement and formation of iron carbide scale, which causes galvanic effect that
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accelerates the corrosion (Dugstad et al. 1994). Subsequently, the corrosion rate
declined as the speed was increased to 430 rpm. However, the corrosion rate under
dynamic condition was considerably higher than that at stagnant condition. Low
corrosion rate occurred under stagnant condition due to formation of scale, which
commonly consists of iron carbide and iron carbonate (Fig. 6.21). In this case, the scale
diminished corrosion by acting as a diffusion barrier preventing ionic transport and
promoting less galvanic effect due to reduced iron carbide content. Minor change in
corrosion rate was observed as the speed was increased from 430 to 600 rpm. In
general, the flow minimizes super-saturation by enhancing the ionic transport and

results in formation of porous and uncompacted corrosion scale (Dugstad 1998).

Pitting corrosion

)
Figure 6.21 Optical micrographs of T95 specimens tested at 41.37 MPa, 71°C and various
rotational speeds: a) 0 rpm; b) 216 rpm, ¢) 430 rpm, and d) 600 rpm.

130



Q125 Carbon Steel

Q125 carbon steel was similarly tested under dynamic condition to assess its corrosion
resistance. Figure 6.22a presents corrosion rate of Q125 exposed to 2% NaCl solution
saturated with mixed gas containing 50% CO: and 50% CHa at 41.37 MPa and 38°C.
The test was carried out varying rotational speed from 0 to 1000 rpm. The corrosion
rate consistently increased with fluid velocity. It increased approximately four fold as
the flow status changed from being static to dynamic (216 rpm). Significant increase in
corrosion rate indicates diffusion controlled corrosion process. Under dynamic
condition, the corrosion rate gradually increased with rotational speed. Corrosion rate
became less flow-sensitive at high fluid velocities. Although the speed was increased to

1000 rpm, the mass transfer process maintained its control.
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Figure 6.22 Corrosion rate of Q125 vs. rotational speed (2% NacCl, 50% COz, 50% CHs at 41.37
MPa): a) 38°C; and b) 71°C

It is evident that mass transport mostly dominates the corrosion process at low
fluid velocities. At low fluid velocities, the corrosion process is often controlled by
charge transport or electrochemical reaction. Moreover, it is indicated that hydrogen
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ions reduction is more pronounced in the total cathodic reaction. Similar findings were
obtained by previous studies (Denpo and Ogawa 1993; Hara et al. 2000). Figure 6.23
shows the surface micrographs of test specimens. Corrosion scale formed on the
specimen surface became gradually less intensive and protective as the speed was
increased. The flow velocity retards formation of corrosion scale by improving the
transport of corrosion product species away from specimen surface and reduce the

possibility of attaining super-saturation level.
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Figure 6.23 Optical micrographs of Q125 specimens tested at 41.37 MPa, 38°C and various
rotational speeds: a) 0 rpm; b) 216 rpm, ¢) 400 rpm, d) 600 rpm, and e) 1000 rpm

Similarly, corrosion tests were carried out at high temperature (71°C) using
specimen of Q125 carbon steel. Due to technical issues, the test was conducted at two

different speeds (300 and 550 rpm) in addition to stagnant condition. Figure 6.22b
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presents corrosion rate as a function of rotational speed at 71°C. Corrosion-rate trend
with speed is similar to that observed at low temperature (i.e. consistent increase with
speed). Considerable increase in speed up to 300 rpm results in remarkable increase in
the corrosion rate, which is roughly six fold. The increase in corrosion rate could be
explained by the enhancement in mass transport process of active species. Moderate
increase in corrosion rate was observed when the speed was doubled to 600 rpm.
Figure 6.24 shows the surface micrographs of tested specimens. Scattered corrosion

scales formed on the specimen surface. The scales only provide partial protection.

Figure 6.24 Optical micrographs of Q125 specimens tested at 41.37 MPa, 71°C and various
rotational speeds: a) 0 rpm; b) 300 rpm, and c¢) 550 rpm

6.2.5 Effect of Material Type
Selecting a suitable tubular material for acidic environment is an important step in well-

bore design. Each type of API grade steel has specific corrosion resistance. Figure 6.25
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compares corrosion resistance of API carbon steels. Q125 grade steel showed superior
corrosion resistance by providing lowest corrosion rate with or without presence of H.S
in the mixed gas. Corrosion rate of Q125 steel was as low as 3 mm/y in brine saturated
with sweet mixed gas. However, its corrosion resistance reduced as small hydrogen
sulfide was injected into the CO> saturated brine. Variations in corrosion behavior of
the materials are attributed to difference in their chemical compositions. Chemical
compositions of carbon steels (T95, C110 and Q125) used in this study vary slightly
(Table 5.3). Obvious difference is perceived in the concentrations of alloying elements

(Chromium, Manganese, Nickel and Carbon).
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Figure 6.25 Comparison of average corrosion rate of three tested materials T95, C110 and Q125
exposed to CO2-H2S environment at 41.37 MPa, 38°C and static condition

The influence of Cr-containing element on the CO- corrosion resistance of steel
at low pressure conditions have been extensively investigated (Takabe and Ueda 2001;
Sun et al. 2009a; Sun et al. 2016; Kermani et al. 2001; Liu et al. 2009; Hu et al. 2011;

Chen et al. 2005a; Hassani, et al. 2014). There is a prevalent consensus that Cr-rich
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steels (i.e. Cr content of more than 3%) display a higher uniform corrosion resistance in
sweet corrosion environment than regular carbon steels (Sun et al. 2016; Kermani et al.
2001; Liu et al. 2009; Hu et al. 2011; Chen et al. 2005a; Hassani et al. 2014).
Nevertheless, in the most recent sweet corrosion studies (Yevtushenko et al. 2014;
Pfennig and Kranzmann 2012), a localized corrosion (pitting corrosion) was detected on
the surface of Cr-rich (between 1% and 13%) steel alloys under elevated pressure and

temperature conditions (100 bar and 60°C).

In contrary to previous findings, corrosion measurements revealed that Q125
steel provides the highest corrosion resistance even though its composition contains the
lowest Cr concentration. It is important to note that Q125 carbon steel has higher
content of Mn and Ni. The presence of chromium with high content of manganese
improves the corrosion resistance of carbon steels in CO2-H,S environment (Suk Seo et

al. 2015).

Reaction mechanism of Cr-rich material in CO2-H,S environment is more
complex than that in pure CO2 environment; as a result, corrosion resistance of Cr-rich
steels in CO2-H.S environment is different from that in CO> saturated brine (Liu et al.
2015; Sun et al. 2009a). Very limited corrosion studies (Sun et al. 2016; Liu et al.
2015; Suk Seo et al. 2015; Yin et al. 2012) have been conducted to determine effects of
alloying element on corrosion behavior of carbon steel in CO2-H>S environment. The
outcomes of these studies are not consistent on the effect of chromium alloying on
corrosion of steels. Liu et al. (2016) has compared the corrosion behavior of 3%Cr

alloy with APl X60 carbon steel under elevated pressure (2.5 MPa) and temperature
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(90°C). Interestingly, the alloy displayed higher corrosion resistance than APl X60.
The improvement in the corrosion resistance of alloying steel is attributed to formation
of a triple-layer corrosion scale consisting of FeS (outer layer), FeCOs (middle layer)

and mixture of FeCOgz, Cr (OH)z and Cr20s3 (inner layer).

Figure 6.26 compares the corrosion behavior of two tested materials (T95 and
Q125 carbon steels) at 41.37 MPa, 38°C varying rotational speed. Both materials reveal
similar corrosion trend with rotational speed. However, under this test condition, Q125
exhibits again higher corrosion resistance than T95, which is more apparent under static
condition. However, it can be seen that the difference in the corrosion rate diminishes
with rotational speed. It became negligible at rotational speed of 600 rpm. The
superior corrosion resistance of Q125 is attributed to the characteristic of corrosion
scale and its composition (i.e. low Cr, high Mn and low carbon contents). The
cementite scale is commonly formed at low temperature with steel that has low carbon
content (Gulbrandsen et al. 1998; Cabrini et al. 2014). Al-Hassan et al. (1998) found a
relationship between corrosion rate and carbon content in which corrosion rate increases
with carbon content. Moreover, high Mn and low Cr contents can improve corrosion

resistance of carbon steels (Sun et al. 2016; Suk Seo et al. 2015).
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Figure 6.26 Comparison of carbon steels resistance in 2% NacCl solution saturated with 50% CO:at
different rotational speeds, 41.37 MPa and 38°C

6.2.6 Effect of Pressure

Figure 6.27 compares corrosion rate of three API grade steels exposed to 2% NaCl
solution saturated with mixed gas containing 50% COz and 50% CHjs (i.e. CO2 PPR =
50%) at 38°C. Corrosion rate of Q125 showed a different trend with pressure. For T95
and C110, the maximum corrosion rate was observed at 41.37 MPa due to the absence
of protective corrosion scale. In contrast, Q125 displayed the best corrosion resistance
at 41.37 MPa by demonstrating the lowest corrosion rate. It is noteworthy that three

tested materials demonstrated comparable corrosion resistance at 62.05 MPa.
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Figure 6.27 Effect of pressure on corrosion behavior of T95, C110, and Q125 at 50% CO: and 38°C

Figure 6.28 compares corrosion rate of C110 obtained at CO2 PPR of 100% and
different pressures (20.68, 41.37, and 62.05 MPa). The maximum corrosion rate was
observed at 20.68 MPa due to absence of protective scale (Fig. 6.29a). Corrosion rate

considerably reduced as the pressure was increased to 41.37 MPa.
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Figure 6.28 Corrosion rate of C110 vs. pressure at 100% PPR

The reduction in corrosion rate occurred due to formation of protective scale
(Fig. 6.29b) that creates a diffusion barrier and slows down the corrosion process.
Corrosion rate increased by 30% as the pressure was elevated to 62.05 MPa. This
behavior can be attributed to increase in concentration of carbonic acid in surrounding
brine solution. As the amount of dissolved CO; increases, concentration of carbonic
acid increases and accelerates cathodic reactions. In addition, corrosion product formed
at 62.05 MPa (Fig. 6.29c) was lower in density and compaction than the one formed at

41.37 MPa (Fig. 6.29b).
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(b) C)

Figure 6.29 Optical micrographs of C110 specimens tested at 100% PPR and various pressures: a)
20.68 MPa; b); 41.37 MPa; and c¢) 62.05 MPa

6.3 Tensile Strength Measurement

A metal exposed to a corrosive environment experiences material loss, which is often
measured as thickness reduction. However, localized and intergranular corrosion can
reduce metal strength without significant material loss. In this study, total loss of
material strengths (total reduction of load carrying capacity, ALCCt) and loss of
material strength due to uniform corrosion (reduction of load carrying capacity due to
uniform corrosion, ALCC,c) are compared to identify presence of intergranular and/or
localized corrosion. The reduction in load capacity is chosen for the comparison
purpose because it displays a trend, which is similar to the corrosion rate. To perform
the comparison, uncorroded and corroded specimens of each material were stretched to
the breaking (failure) point to determine ultimate tensile strength of the materials. Load
carrying capacity of specimens measured at the breaking point is the total load carrying
capacity. Tensile strength testing apparatus, presented in Elgaddafi et al. (2016b), was

used to measure load carrying capacity of the specimens. Reduction of load carrying
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capacity because of uniform corrosion (ALCCyc) can be predicted using weight loss

measurement. Thus:

ALCC = AT *w*UTS (6.1)

where, w and AT are specimen width and average specimen thickness reduction,
respectively. UTS is ultimate tensile strength. The average thickness reduction is
determined from weight loss measurement as:
W, -W
AT — ( 1 2) (62)
Apy
Total (overall) reduction in carrying capacity of specimen (ALCCr) is determined from

measured LCCs of uncorroded and corroded specimens as:

ALCC,=LCC, . ~LCC,, (6.3)

where, LCC,,,, and LCC_,, are measured load carrying capacities of uncorroded and

uncor
corroded specimens, respectively. Average load carrying capacities of uncorroded

specimens are presented in Table 6.1.

Table 6.1 Average load carrying capacity of uncorroded specimens
T95 C110 Q125

L.CCuncor (KN) 9.97 11.02 13.22
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6.3.1 Effect of CO2 Partial Pressure

Figure 6.30 shows the comparison between ALCCt and ALCC,y for C110 API steel
grade at various PPRs (0 — 100%) and pressures (20.68, 41.37, and 60.05 MPa). The
comparison demonstrated good agreement between the trend of total LCC reduction and
LCC decline due to uniform corrosion. In addition, the results indicate that total LCC
reduction is slightly higher than ALCCy, which is predicted from the strength.
Indications of higher total LCC reduction can be evidence of the occurrence of localized
corrosion and/or minor irregularities of uniform corrosion, which cause localized
thinning of specimens.  Since thickness of corroded specimens were slightly
(approximately 0 to 20%) varying with location, failure during tensile test was
predominantly occurring at a location where specimen thickness was relatively low. As
a result, the ALCCy formula (Eq. 6.1) underestimates the actual reduction in LCC due
to the use of average specimen thickness. Even though the ALCCycis underestimated, it
is still found to be comparable with total LCC reduction. The results (Fig. 6.30) do not
indicate the occurrence of effective localized corrosion such as pitting and intergranular
corrosion, which often have profound effect on mechanical properties of corroded
metals. For C110 specimens exposed to pure CO; saturated brine, the difference
between ALCCtand ALCC,falls in the range of 0 to 30%, which is approximately the
variation normally observed in specimen thickness. This indicates that the uniform
corrosion is a dominant contributor to the total carrying capacity reduction and

demonstrates minor contribution of localized corrosion.
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Figure 6.30 ALCCT and ALCCuc of C110 as a function of PPR at different pressures: a) 20.68
MPa; b) 41.37 MPa; and c¢) 62.05 MPa

6.3.2 Effect of H2S Concentration

Presence of H>S can reduce ductility and increase embrittlement due to intergranular
attack resulting from liberated hydrogen atom during corrosion process and catalytic
nature of H>S. Mechanical properties of T95, C110, and Q125 API grade steels were
measured after exposure to brine saturated with mixed gas containing approximately
50% CO.,50% CH4and various concentrations of H>S (0 to 150 ppm) at 40.37 MPa and
38°C under static condition. After exposure to the corrosive environment, specimen
thickness diminished due to corrosion and resulted in reduction of load carrying
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capacity of corroded specimens. Average measured tensile force as a function of strain

for uncorrroded and corroded specimens are shown in Fig. 6.31.
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Figure 6.31 Tensile force vs. strain for specimens exposed to brine saturated with mixed gas
containing various concentrations of H2S at 41.37 MPa and 38°C: a) T95; and b) Q125

Considerable change in mechanical properties such as ultimate tensile strength
(UTS) and Plastic Strain before Failure (PSF) occurred when it exposed to the corrosive
environment containing H2S. The UTS and PSF of both grades reduced after exposure.
In general, PSF gradually diminishes with H2S concentration. This implies reduction in
ductility and increases in embrittlement of T95 and Q125 due to presence of small
amount of aqueous H.S. Moreover, LCC of Q125 is slightly reduced when test
specimens were exposed to the environment due to specimen thickness loss.

Figure 6.32 compares ALCCt and ALCC, at different H>S concentration for
three tested materials. In general, there is slight non-uniformity in corrosion and
subsequently thickness reduction; and the total LCC reduction is slightly higher than

ALCCyc. For T95 carbon steel, ALCCt and ALCC,c show good agreement indicating
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absence of hidden corrosion during exposure to the test fluid. Similar results were
obtained with other grades (C110 and Q125) except at H2S concentration of 50 ppm.
Since pitting was not detected from the optical micrographs, abnormal reduction in load
carry capacity could be attributed to structural damage occurred during the exposure.
Due to their high strength and brittleness, C110 and Q125 are more susceptible for wet

H>S cracking, which can be exacerbated due to residual or/and applied stresses.
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Figure 6.32 ALCCT and ALCCuc as a function of Hz2S concentration for different test materials: a)
T95; b) C110; and c) Q125
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6.3.3 Effect of Flow Velocity

Figure 6.33 compares change in total load carrying capacity (ALCCt) with change load
carrying capacity resulting from uniform corrosion at different rotational speed and
temperature (38 and 71°C). Figures 6.33a and 6.33c reveal good agreement between
LCCr and LCCyc for both T95 and Q125, respectively. These results indicate the
absence of intergranular damage or localized corrosion during exposure to the test fluid
at low temperature (38°C). It should be noticed that minor variation between ALCCt
and ALCCy commonly occurs because of slight non-uniformity in corrosion and
subsequently thickness reduction (Elgaddafi et al. 2016b). At high temperature (71°C),
a substantial discrepancy between ALLCt and ALCC,c is obviously observed under
dynamic test condition. The abnormal reduction in load carry capacity could be
relevant to the occurrence of localized corrosion. The occurrence of pitting/localized
corrosion under dynamic condition is consistent with findings of previous studies

(Kumar et al. 2013; Li et al. 2014b).
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Figure 6.33 ALCCT and ALCCuc as a function of rotational speed and temperature for different
test materials: a) T95 (38°C); b) T95 (71°C); ¢) Q125 (38°C) and d) Q125 (71°C)
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Chapter 7 : MODEL VALIDATION

In Chapter 4, mathematical models are developed to predict corrosion rate of carbon
steel in sweet and sour corrosive environment. To ensure accuracy of the developed
models, predictions are compared with experimental measurements generated in this

study and other available data in the literature.

7.1 Validation of Electrochemical-Based CO;, Corrosion Model

The model presented in Section 4.1.1 predicts corrosion rate in COz environments under
steady state conditions. Under dynamic condition, an accurate correlation is used to
calculate mass transfer coefficient taking into consideration of fluid velocity and flow
geometry. The corrosion model is applicable for wide range of CO; partial pressures
and temperatures. Moreover, the model account for the effect of material type on
corrosion rate. To validate the model, its predictions are extensively compared with
measurements generated in this study. The experimental data obtained by exposing test
specimen to 2% NaCl solution saturated with various concentrations of CO; in the gas
phase. Figure 7.1 compares model predictions with measurements obtained from
weight loss (WL) method at low-pressure (up to 0.83 MPa and 80°C). Model
predictions show predominantly reasonable agreement with experimental data. In some
cases, measurements are less than model prediction due to formation of protective scale,
which hinders the corrosion process. The model does not account for the impact of

corrosion scale. Hence, in some cases, considerable discrepancies are observed.
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Figure 7.1 Predicted and measured corrosion rate vs. CO2 partial pressure at various temperatures:
a) 26°C, b) 43°C, c) 60°C and d) 80°C

In addition to temperature, flow velocity is considered one of the major
variables that has remarkable effect on CO corrosion process. It influences corrosion
rate of carbon steel in two ways: i) enhancing mass transport of electro-active species,
and ii) interfering in the formation of corrosion sale. To incorporate the flow effect on
corrosion phenomena, mass transport term was altered to include both molecular and

convective diffusion. Mass-transport coefficient for turbulent flow (km) in Egn. (4.7) is
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calculated using correlation of Eisenberg et al. (1954). In order to ensure the accuracy

of the model, predictions are compared (Fig. 7.2) with corrosion rate measurements.
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Figure 7.2 Predicted and measured corrosion rate vs. rotational speed at 41.37 MPa: a) T95 at
38°C; b) Q125 at 38°C; ¢) T95 at 71°C; and d) Q125 at 71°C

Figure 7.2 compares experimental measurements with model predictions for T95
and Q125 grade steels at 41.38 MPa and different temperatures (38 and 71°C).
Corrosion rate consistently increased with rotational speed until controlling mechanism
changed. At relatively low temperature, the model predictions show predominantly

good agreement with the experimental data for two tested materials. Discrepancies are
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in the range of 5-7% at high rotational speed. At intermediate temperature (71°C), the
corrosion rate trend is similar and the maximum discrepancy is roughly 30%, which is
observed at 200 rpm for T95 carbon steel (Fig. 7.2c). The increased discrepancy is
attributed to other factors that are not considered in the model formulation. Despite
some noticeable discrepancies, in general, the model reasonably captured the corrosion

rate trend with rotational speed (Fig. 7.2).

7.2 Validation of Electrochemical-Based CO2-H,S Corrosion Model

The severity of CO; corrosion could be accelerated or inhibited due presence of H,S. It
essentially depends on environment conditions as well as test material. In this study,
corrosion resistance of three different APl grade steels was studied at 41.37 MPa and
38°C. Corrosive environment was 2% NaCl solution saturated with mixed gas
containing approximately 50% CO2, 50% CHas and various concentrations of H.S. To
ensure model accuracy, its predictions are compared with measurements. Predictions
display predominantly reasonable agreement with experimental data (Fig. 7.3). Minor
discrepancies exist because of data scattering and model inaccuracy resulting from
assumptions and idealizations of real corrosion process, which is complex and difficult

to describe fully using a mathematical model.
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Figure 7.3 Predicted and measured corrosion rate vs. H2S concentration at 41.37 MPa and 38°C: a)
T95; b) C110; and c) Q125

7.3 Mass Transfer-Based CO2-H2S Corrosion Model Validation

The CO2-H2S corrosion model is improved by incorporating new mathematical model
to describe the thermodynamic properties of corrosive gases. To evaluate accuracy of
the model, its predictions are extensively compared with published measurements

(Kvarekval et al. 2003) and predictions of the original model (Sun and Nesic 2009).
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Published measurements are obtained under various H,S partial pressures and exposure

time (Table 7.1).

Table 7.1 Experimental conditions (Kvarekval et al. 2003)

Gas Composition
Case No. Time (h) T(°C)
Pcoz (bar) PH2s (bar)
A 24 120 6.90 1.38
B 20 120 6.90 2.76
C 138 120 6.90 2.76
D 166 120 6.90 2.76
E 215 120 6.90 3.45
F 383 120 6.90 3.45
G 68.5 120 6.90 4.14

Model predictions mostly demonstrate reasonable agreement with measurements
with the exception of Case F in which moderate discrepancies are observed (Fig. 7.4).
In other cases, the new model slightly under-predicts corrosion rate, even though the
original model provided better prediction. In general, the model predictions

demonstrate satisfactory agreement with experimental data and original model.
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Figure 7.4 Comparison of model predictions with experimental measurements

In Fig. 7.5, model predictions are compared with published data (Omar et al.
2005) and predictions of the original model. The corrosion rate measurements were
obtained at elevated temperature and high H.S concentration (Table 7.2). In this case,
the new model displays better accuracy than the original model, which overestimates
corrosion rate due to inaccuracy of the Henry’s law at high pressures. The original
model shows high discrepancy, which reaches up to 100% (Case C). The maximum
discrepancy of new model is approximately 50% (Case A). Previous studies (Kumar et
al. 2014; Han et al. 2011) reported the overestimation of corrosion rate due to the

application of Henry’s law for solubility of CO2 and H2S under high-pressure.
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Figure 7.5 Comparison of model predictions with measurements (Omar et al., 2005)

Table 7.2 Experimental conditions (Omer et al. 2005)

Gas partial pressure
Case No. Time (h) | T(°C)
Pcoz (bar) Przs (bar)
456 80 3.30 10.00
504 25 3.30 10.00
C 360 80 10.00 30.00

Pressure and temperature have remarkable influence on sour corrosion. To
further validate the new model for wide range of pressure and temperature, model
predictions are compared (Fig. 7.6) with experimental data presented by Bich and Goerz
(1996). The data was obtained at high temperature (65°C) and various CO2 and H>S
partial pressure ratios (Table 7.3). Moreover, the new model is compared with an
existing mechanistic model (Fardisi et al. 2012). Overall, the present model displays

better accuracy than the existing model.
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Figure 7.6 Comparison of model predictions with experimental measurements (Bich and Goerz

1996)

Table 7.3 Experimental conditions (Bich and Goerz 1996)

Case No. Time (h) T(°C) Pcozc(;l?:rg:omp%snizisopbar)
A 71 60 5.3 3.0
B 91 60 5.3 3.0
C 69 65 35 12.2
D 91 65 12.8 8.0
E 63 65 3.0 4.2

Figure 7.7 compares model predictions with published experimental
measurements (Zhang et al. 2009b; Zhang et al. 2011; Jingen et al. 2011; Yin et al.
2007; Wen-fei et al. 2012). Generally, model comparison shows reasonable
predictions. However, few data points display noticeable scattering. The discrepancies

are due to very sensitive nature of corrosion to the formation of protective scale. The
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new model is more accurate than the existing model (Sun and Nesic 2009) because its
applicability is extended to high pressure (CO2 and H2S partial pressure of 3 MPa) and
elevated temperature. The model accuracy diminishes outside its application range.
Pitting corrosion, which is not considered in the present model formulation, can occur

when partial pressure is more than 3 MPa.
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Figure 7.7 Predicted vs. measured corrosion rate under wide range of test conditions
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Chapter 8 : CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

8.1.1 Low-Pressure Corrosion Study

Corrosion behavior of 1045 carbon steel in CO> environment was investigated at 0.83

MPa and varying temperature, salt content and CO> PPR. The corrosion rate was

measured using linear polarization resistance and weight loss techniques. A

mathematical model has been developed to predict corrosion rate in sweet environment.

Based on the results, the following conclusions can be drawn:

Corrosion in aqueous COz environment is considerably affected by temperature
and CO- partial pressure in which corrosion rate reduced by averaging of 140%
when temperature was elevated from 26 to 80°C at various CPPR. As the
temperature increased, the corrosion rate increased until it reached a peak value,
and then declined. Regardless of CO; partial pressure, the maximum corrosion
rate was observed at 43°C.

Increasing CO. partial pressure results in increased concentrations of carbonic
acid, and carbonate and iron ions, which accelerate scale formation and
subsequently impede corrosion process.

The impact of CO. partial pressure on corrosion rate is strongly influenced by
temperature. In absence of corrosion scale, increase in temperature facilitates

corrosion reactions and molecular diffusion (transport of species); hence, it
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facilitates the corrosion process. However, higher temperatures (greater than
43°C) result in super-saturation of corrosion products and favor formation of
corrosion scale.

e Corrosion rate is considerably affected by the salt concentration with or without
the presence of carbon dioxide. At CO concentration less than 50%, CO;
corrosion rates significantly (roughly by 50%) decreases with the increase in the
salt concentration. The influence of salt concentration on the corrosion is less
dependent on temperature than CO> concentration.

e Corrosion rate predictions of the electrochemical-based model show reasonable

agreement with experimental measurements obtained under low-pressure.

8.1.2 High-Pressure Corrosion Study

An extensive experimental investigation has been conducted on corrosion behavior of
API carbon steels (T95, C110, and Q125) under high-pressure condition. Experimental
variables were pressure, temperature CO2 and HzS contents in the gas phase, and flow
condition. The electrochemical-based CO corrosion model has been extended to
account for presence of hydrogen sulfide and fluid flow effect. Subsequently,
experimental results are used to validate model predictions under static and dynamic
conditions. Based on the experimental results and theoretical analysis, the following

conclusions can be drawn:
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Presence of COz in corrosive environment exacerbates corrosion of API grade
carbon steels. CO> partial pressure ratio, pressure and type of protective scale
have strong impact on corrosion behavior of API carbon steel.

Presence of small amount of H>S (less than 10 ppm) generally promotes
corrosion process in brine saturated with mixed gas containing methane and
CO..

Both temperature and fluid velocity have very strong influence on corrosion of
APl grade steels. Corrosion of API steels significantly reduced with
temperature. The maximum corrosion rate was observed at 38°C. Furthermore,
corrosion of the materials remarkably increased with fluid flow.

Under the test conditions considered in this research, Q125 carbon steel mostly

exhibited superior resistance to sweet corrosion.

C110 and Q125 carbon steels demonstrated considerable susceptibility for
localized corrosion when test specimen exposed to CO2-H.S containing
environment under dynamic condition. Mechanical property measurements
indicated occurrence of other types of corrosion with C110 and Q125 when the
materials exposed to test fluid with 50 ppm H2S at 71°C and dynamic condition

(above 300 rpm).

Uniform corrosion is the main mechanism for CO. corrosion of C110 at 38°C
and high-pressure condition. Results show absence of localized corrosion that

can cause strength degradation.  Even though mechanical strength is
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predominately preserved after exposure to CO»-brine environment, carrying
capacity of a corroded metal diminishes largely due to material loss.

In absence of CO2, T95 carbon steel exhibits relatively high corrosion, which is
roughly 10 mm/y at 41.37 and 38°C.

Predictions of electrochemical-based corrosion models are in good agreement

with experimental data obtained under HPHT static and dynamic conditions for

both sweet and sour environments.

8.2 Recommendations

Even though desired objectives have been successfully achieved in this investigation,

other corrosion complexities need to be investigated to improve our understanding and

prediction of sweet and sour corrosion in harsh environments. Thus, the following is

recommended:

More advanced theoretical work is encouraged to study CO2 corrosion
phenomena of carbon steel under unsteady state condition. In spite of
complexity, it is important to include corrosion scale influence in the
mathematical models.

In this study, corrosion rate measurements were limited to relatively low NaCl
concentration (2 wt %). It is recommended to investigate the effect of salt
concentration on corrosion rate at high NaCl content. Moreover, it is better to
include other salts such as CaCl> and KCI in the test solution to simulate

produced water in the field.
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Solution pH is a critical factor affecting corrosion rate. It is highly
recommended to measure instantaneous pH during the corrosion test.

The use of other technical methods including linear polarization resistance and
potential dynamic sweep techniques to measure corrosion rate at HPHT is
recommended in order to have a better understanding of CO2 corrosion
mechanism and learn how it is affected by test variables.

It is recommended to analyze various types of corrosion scale formed on
specimen surface using scanning electron microscopy (SEM) and X-ray
diffraction (XRD) techniques.

In this study, dynamic corrosion test is limited to single-phase flow. It is
recommended to study the impact of multi-phase flow on the corrosion
behavior of carbon steels (supercritical COy).

The severity of CO2 corrosion has been extensively investigated under HPHT
condition. It is recommended to study corrosion protection by adding chemical

inhibitors and/or modify chemical composition of the metal.
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APPENDIX A

NOMENCLATURE

exposed area (cm?)
surface area of the steel, m?

sp

A
A
Aco, solid —state diffusion kinetic constant for COz, A, =2.0x10°° mol/(m?’s)
A

.+ solid —state diffusion kinetic constant for H*, A, =4.0x10" mol/(m?s)

A,s solid —state diffusion kinetic constant for HzS, A, s =2.0x10°mol/(m’s)

C bulk concentration of Fe?* (mol/m?)

b,Fe?*

C, .- bulk concentration of H* (mol/m®)

Chco, bulk concentration of CO, (mol/m?)

Cp ,co, bulk concentration of H.COs (mol/m®)

i - 3
Cy cos bulk concentration of HCO, (mol/m°)

c bulk concentration of COZ (mol/m?)

b,CO%

Cyo,s Dbulk concentration of H,S (mol/m?)

C, s bulkconcentration of HS (mol/m?)
C,> bulk concentration of S% (mol/m?3)
C,oq Dulk concentration of OH™(mol/m®)

C__.. surface concentration of Fe?* (mol/m?3)
surface concentration of H* (mol/m?3)
C,n, surface concentration of Hz (mol/m°)

Cs n,co, Surface concentration of H,COs (mol/m?)

i - 3
C,pico; SUrface concentration of HCO; (mol/m?)

C surface concentration of COZ™ (mol/m?3)

5,CO%

C,u,s surface concentration of H,S (mol/m°)

C., surface concentration of HS (mol/m?)

C,s  surface concentration of S (mol/m?)
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H*

HCO;

E
E o,
E

surface concentration of OH™ (mol/md)

corrosion rate (mm/y)
bulk aqueous concentration of CO,, mol/m?

bulk aqueous concentration of H*, mol/m?

bulk aqueous concentration of H.S, mol/m3

bulk aqueous concentration of CO, in mol/m?

bulk aqueous concentration of H* ions, mol/m?
bulk aqueous concentration of H,CO3, mol/m?3
bulk aqueous concentration of H*, mol/m?

bulk aqueous concentration of bicarbonate, mol/m?

bulk aqueous concentration of carbonate ion, mol/m?

bulk aqueous concentration of H,S, mol/m?
bulk aqueous concentration of H,S, mol/m?

“near-zero” concentration of H,S on the steel surface set to 1.00 x 107, mol/m®
“near-zero” concentration of H* on the steel surface set to 1.00 x 10~7, mol/m?

concentration of CO; on the steel surface, mol/m?

total corrosion rate, mm/y
corrosion rate due to H.S, mm/y

corrosion rate due to proton, mm/y

corrosion rate due to CO,, mm/y

diffusion coefficient for dissolved CO; in water
diffusion coefficient for dissolved H,COs in water
diffusion coefficient for dissolved H* in the water
diffusion coefficient for dissolved H.S in water
corrosion potential (V)

potential for the iron ions oxidation (V)

potential for the hydrogen ion reduction (V)

potential for the carbonic acid reduction (V)

potential for the bicarbonate reduction (V)
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EHZS potential for the aqueous hydrogen sulfide reduction (V)

E,. potential for the aqueous HS reduction (V)

E0+ and EF 2+
EW s the equivalent weight (g)

the standard potentials of hydrogen and iron ions, respectively

F Faraday’s constant (=96500 C/mol)
Flux,, < flux of HS expressed in mol/(m?s)

Flux,,. flux of protons expressed in mol/(m?s)

Flux,, flux of CO2 expressed, mol/(m?s)

ia anodic current density (A/m?)
I, cathodic current density (A/m?)
i_.. current density for iron ions (A/m?)

[ current density for hydrogen ions (A/m?)

iHZCOs current density for carbonic acid (A/m?)

current density for bicarbonate (A/m?)

iHZS current density for hydrogen sulfide (A/m?)
I currentdensity for HS (A/m?)

lor  corrosion current density (A/m?)

,. electrochemical reaction rate constant for the iron ions (m/s)

eFe

K electrochemical reaction rate constant for the hydrogen ions (m/s)
K

on,co, €lectrochemical reaction rate constant for the carbonic acid (m/s)

oHCO: electrochemical reaction rate constant for the bicarbonate (m/s)

o electrochemical reaction rate constant for the carbonate ions (m/s)

3

K
Kec
Ke n,s electrochemical reaction rate constant for the hydrogen sulfide (m/s)
K

o HS- electrochemical reaction rate constant for the HS™ (m/s)

wrer MASS transfer coefficient of iron ions (m/s)

wye MAsS transfer coefficient of hydrogen ions (m/s)

mass transfer coefficient of carbonic acid (m/s)

mHco; MasS transfer coefficient of bicarbonate ions (m/s)

K
K
KthCO
K
K_

o Mass transfer coefficient of carbonate ions(m/s)

3
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o)

mt,H,S

A

mt, HS”

2
@

s0lCO,

solH,S

X AXAXAARARXARARA
g = € 2. % 1 8§ &
h ey, 99

I
>
[%2)

overall

m,H,S

3
I
L

X????KIXXXXX

m,CO,

mass transfer coefficient of hydrogen sulfide(m/s)
mass transfer coefficient of HS (m/s)

mass transfer coefficient of S~ (m/s)

Henry’s constant for CO- dissolution (mol/md.bar)

Henry’s constant for H,S dissolution (mol/m?3.bar)

first dissociation constant of carbonic acid

second dissociation constant of carbonic acid

first dissociation constant of H,S

second dissociation constant of H,S

water dissociation constant

forward reaction rate for the CO, hydration reaction, 1/s
equilibrium hydration/dehydration constant CO, K, ;= 2.58x1073
equilibrium solubility constant of CO,, mol/L

first dissociation constant of CO», mol/L

second dissociation constant of CO,, mol/L

equilibrium solubility constant of H.S, mol/L

first dissociation constant of H.S, mol/L

second dissociation constant of H,S, mol/L

overall dissociation constants of dissolved CO,, mol/L
mass-transfer coefficient for H.S in the hydrodynamic boundary
mass-transfer coefficient for H* in the hydrodynamic boundary

mass-transfer coefficient for CO; in the hydrodynamic boundary

iron molecular weight (=55.85 kg/kmol)

molality of component i or salts in the liquid phase
molar mass of iron sulfide, kg/mol
number of moles of electrons involved in the electrochemical reaction

saturation water pressure, bar

total pressure, bar
CO partial pressure (bar)

CO partial pressure (bar)

universal gas constant (=8.314 J/mol.K)
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T temperature (K)

pH  solution pH

R universal gas constant,
SRR sulfide retention rate

SFR  sulfide formation rate

SDR sulfide damage rate
T temperature, K
Xh,0 Mole fraction of water in the liquid phase, dimensionless

Yn,o Mmole fraction of water in the gas phase, dimensionless

Subscripts
a anion
C cation

i refers to acidic components of the gas phase (CO2 and H.S)

Greek letters

Am,, mass of the mackinawite layer, kg

At time interval, second

®y.0 fugacity coefficient of water in the gas phase

?; fugacity coefficient of component i in the gas phase
14©  chemical potential of component i

Vu,o Molar volume of water in liquid phase

Vi activity coefficient of component i

A ion interaction parameter

& cationanion _INteraction parameter

Ops thickness of the mackinawite layer, m

€ outer mackinawite layer porosity
/4 outer mackinawite layer tortuosity factor
p

transfer coefficient (mV/decade)
Pre  iron mass density (=7800 kg/m?)

Pt Density of steel
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AT Average specimen thickness loss due to corrosion

Symbols

A Exposed area

t Exposure time

w Specimen width

W, Initial weight of specimen

W, Final weight of specimen

Acronyms

CHR  COu/HS ratio

HPHT High-pressure high temperature
LCC Load carrying capacity

LCC,,corr LOad carrying capacity of un-corroded specimen

LCC,,,, Load carrying capacity of corroded specimen
UTS Ultimate tensile strength

ALCC; Total reduction in carrying capacity

ALCC ,,Reduction in load carrying capacity due to uniform corrosion
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APPENDIX B

TENSILE STRENGTH TEST MEASUREMENTS

B.1. Effect of CO2 partial pressure on the mechanical properties of carbon steels
B.1.1. Q125 Carbon Steel
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»
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Fig. B.1 Applied instantaneous load versus elongation for Q125 carbon steel exposed to pure CO»-
saturated brine at various CO2 partial pressure
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Fig. B.2 ALCCT and ALCCuc of Q125 carbon steel as a function of COz2 partial pressure ratio
(PPR) at 40.37 MPa and 38°C

B.1.1. T95Carbon Steel
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Fig. B.3 Applied instantaneous load versus elongation for T95 carbon steel exposed to pure CO»-
saturated brine at various CO: partial pressure
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Fig. B.4 ALCCT and ALCCuc of T95 carbon steel as a function of CO2 partial pressure ratio (PPR)
at 40.37 MPa and 38°C

B.2. Effect of total pressure on the mechanical properties of carbon steels

B.2.1. C110 carbon steel
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Fig. B.5 Applied instantaneous load versus elongation for C110 carbon steel exposed to 50% CO-
saturated brine at various total pressures
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Fig. B.6 ALCCT and ALCCuc of C110 carbon steel exposed to 50% CO.-saturated brine at various
total pressures, and 38°C

B.2.2. T95 carbon steel
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Fig. B.7 Applied instantaneous load versus elongation for T95 carbon steel exposed to 50% CO--
saturated brine at various total pressures
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Fig. B.8 ALCCT and ALCCuc of T95 carbon steel exposed to 50% COz-saturated brine at various
total pressures, and 38°C

B.2.2. Q125 carbon steel
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Fig. B.9 Applied instantaneous load versus elongation for Q125 carbon steel exposed to 50% CO2-
saturated brine at various total pressures
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Fig. B.10 ALCCT and ALCCuc of Q125 carbon steel exposed to 50% CO:-saturated brine at
various total pressures, and 38°C
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