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Chapter 1 — INTRODUCTION

1.0 INTRODUCTION AND OUTLINE OF THESIS

Within the petroleum industry, various production inhibitors are available for specific
applications to help control corrosion. Inhibitors often function in an adsorption
manner, forming a thin protective film on the material surface hence preventing any

subsequent material deterioration due to interaction with its environment.

This thesis investigates the influence of hydrodynamics on the efficiency of a
corrosion inhibitor in simulated oil field environments. The main themes presented
are corrosion assessments by mass loss techniques, corrosion assessments by
electrochemical techniques and galvanic activity between various hydrodynamic

Zones.

Chapter 2 presents the basic corrosion principles related to this project. Chapter 3
presents the literature review of the main issues examined in this thesis. The issues
addressed focus on internal CO, corrosion of offshore oil and gas pipelines and its

mitigation by use of chemical inhibition.

Chapter 4 presents the experimental techniques and methods of analysing and

assessing corrosion behaviour.
Chapters 5 presents results of corrosion monitoring by mass loss (Gravimetric
analysis) and Chapter 6 presents results in similar conditions but monitored by

electrochemistry.

Chapter 7 presents results of the galvanic assessments and Chapter 8 is the

discussion.

Chapter 9 is the conclusions and recommendations.

Finally, an appendix containing graphs is presented.
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Chapter 2 — BASIC CORROSION PRINCIPLES

2.0 BASIC CORROSION PRINCIPLES

Corrosion is the natural surface deterioration of a metals, by interaction with its

environment.

Metallic corrosion occurs because virtually all metals are unstable (high energy) and
have a tendency to revert to their more stable (lower energy) states by combination
with elements present in their environment. The possibility of this combination or
reaction occurring can be linked thermodynamically to the free energy change for the
reaction. The Gibbs free energy change, G, can therefore be used as a measure of
the possibility of corrosion occurring. Values of free energy change can be obtained

from the relationship given in Equation 2-1.

DG =- nFDE Equation 2-1

Equation 2-1 indicates that the thermodynamic tendencies for corrosion can be

discussed in terms of an electrochemical parameter, E, called the electrode potential.

The basic electrochemical mechanism of aqueous corrosion involves the occurrence
of an anodic reaction and simultaneous cathodic reaction. These two reactions are
always coupled to form a complete electrode process. The full electrode process is

completed by electron release and consequently metal dissolution (oxidation) and
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electron reception (reduction). For any metal (M) the anodic reaction or oxidation

process is given by Equation 2-2

M® M™ +ne Equation 2-2

The ensuing cathodic reaction in acidic environments is usually the reduction of
hydrogen ions given by Equation 2-3.

2H" +2e ® H, Equation 2-3

Or in aerated acidic environments the reaction is given by Equation 2-4.

4H" +0, +4e ® 2H,0 Equation 2-4

Should the environment be neutral and aerated, then the reaction is usually that of

oxygen reduction given by Equation 2-5.

O, +4e +2H,0® 40H" Equation 2-5

The corrosion process on a metallic component therefore involves current flow
between anodic and cathodic sites. This current is usually referred to as the
corrosion current, l.or, and is a measure of the corrosion rate of the steel component.
The relationship between I, and the corrosion rate, expressed in engineering units

(e.g. mm/year) is obtained from Faraday's law and is discussed later.

In general, agueous corrosion can occur in two forms, general surface corrosion and
localised corrosion. Several factors including environment and material property can

govern forms of aqueous corrosion.
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I+, - &

General surface corrosion is corrosion occurring uniformly over the entire exposed
surface of a metal or structure. Oil and gas pipelines normally suffer severe levels of
general corrosion due to the aggressive chemical and physical nature of the
environment. In particular, hydrocarbon systems using carbon steels or low alloy
steels often include corrosion enhancing features such as high temperatures, high
pressure, CO,-content, H,S-content, oxygen content, acidity, electrolyte conductivity

and biological activity.

It is of intent to focus this study on the corrosion mechanisms of some of the above

conditions in relation to carbon steel corrosion and corrosion inhibition efficiency.

I+

Localised corrosion involves intense corrosion attack at localised parts of a material
or equipment. This type of corrosion often causes higher corrosion rates within these
localised sites and it is typical to have the rest of the material corroding at a lower
rate. The main types of localised corrosion are galvanic corrosion, pitting, erosion,
crevice corrosion and intergranular corrosion. Factors which could influence this type

of attack are given below:

Breakdown of corrosion protection;

Inconsistent material surface properties;

Local accumulation of corrosive species.

Erosion-corrosion is a complex process involving corrosion and mechanical wear.
The total mass loss in erosion-corrosion occurring in agueous environments is often
described by Equation 2-6.

T=E+C+S Equation 2-6

Where

T is the total mass loss
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E is the mass loss attributed to pure erosion
C is the mass loss attributed to pure corrosion
S is the mass loss attributed to a complex interaction between erosion and

corrosion. This loss is often termed “synergy”

Although it is often considered that mechanical mechanisms (contributing to “E”) are
only prevalent when solid particles are present in flowing agueous environments, a
number of studies (see later) have demonstrated that mechanical erosion/cavitation
damage can also contribute to the total mass loss in solid-free flowing liquids. As
Equation 2-6 indicates, the rate of corrosion in erosion-corrosion processes can be
more significant than might be considered from simple electrochemical dissolution
processes (“C”) because there are instances where the contribution of “S” to the total
material loss are substantial. Detailed erosion-corrosion mechanisms that are

relevant to this project are considered in Chapter 3.

# $ %

Corrosion monitoring is the use of any method or methods which can deduce or
predict the amount of corrosion actively occurring on any elements of a structure or
entire equipment. Recording data and analysing historical corrosion trends is also a

key part of corrosion monitoring and can be effectively used to manage corrosion.

Aqueous corrosion is the most common form of corrosion. As corrosion mainly
involves electron transfer, most modern methods of corrosion monitoring are based
on analysing the rate of electron transfer. Such methods employ direct and indirect

techniques of measuring the rate of electron transfer.

', 0 %

The main aim of corrosion monitoring is to directly or indirectly measure the corrosion
current density. Current methods that use this form of assessment include Linear
Polarisation Resistance (LPR), Tafel Approach (Full Polarisation), AC Impedance

and Electrochemical Current Noise.

Other methods such as weight loss measurements are more direct and tend to yield

additional information about the corrosion process and mechanisms.
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!/11

Corrosion coupons are made from the same material grade as the equipment to
ensure the measured corrosion rate is simulating that of the actual structure. These
coupons are of known weight and area. The coupons are then exposed to the service
conditions for a known period and removed. The coupons are then inspected,
cleaned and stripped to their bare metal for reweighing. The total material loss can
then be used to calculate the corrosion rate in mm/year. Corrosion coupons possess

various advantages.

Corrosion coupons are inexpensive in comparison to other monitoring methods. The
end result can also give a good indication of the life expectancy of the equipment. In
addition, coupons can also be configured to simulate other metallurgical variations
such as welding, surface microstructure and effect of heat treatment. Finally,
coupons can also give physical evidence on the corrosion mechanism i.e. pitting and

any presence of microbial organisms.

! * 1 0 2*103

This method can be widely used to monitor most forms of corrosion. ENM involves
measuring the noise resulting from fluctuations in current or potential. No
perturbations are applied to the test system. The variation in noise during the test is

proportional to the corrosion rate.

/1,4 56 2. 6 % 3

The linear polarisation technique avoids any problems of possible specimen surface
moadification or even destruction by imposing small perturbations in potential of about
20 mV more negative or 20 mV more positive than E., (the potential of a freely
corroding material). These small perturbations are achieved by supplying a small
current using an external DC electrical source (potentiostat) and then analysing the
potential/current density data using polarisation theory. For values of potential
restricted to 20mv, a plot of potential/current density would yield a straight line of
gradient R, (Polarisation Resistance). For these small shifts of E from Ecor i.€.
20mv, the value of R, is given by Equation 2-7.

& () Equation 2-7
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Corrosion theory shows that the corrosion current, ico iS inversely proportional to the

polarisation resistance as shown by Equation 2-8

() Equation 2-8

#Ho$% & ") x4

Therefore, for the above moderate shifts in potential, the gradient of the
polarisation/current density plot will yield a value of R, From Equations 2-7 and 2-8,
we can therefore deduce that 1/R, is proportional to icor. Icor Can then be used as a

measure of corrosion rate.

A % 2 = 6 3

The Tafel extrapolation method evaluates the corrosion rate of a corroding specimen
by extrapolating a polarisation curve to the relevant current density and Econ.
Polarisation curves are plotted as log (current density) as a function of potential and
the linear parts of such plots are normally extrapolated back to E.,. This region, from

which the extrapolation can be carried out is called the Tafel region.

For a reasonable Tafel region to be established on a polarisation curve, the range of
polarisation is typically in values in excess of 150 mV away from Eg,. As these
polarisation perturbations tend to be excessive, they normally alter the surface
condition of the specimen. Consequently, polarisation curves of this nature can only
be carried out once per specimen and tend to be left till the end of the testing period.
For a repeat test the specimen needs to be ground past the damaged surface or a

new specimen of similar material and condition needs to be used as a replacement.

Once the corrosion current density of the specimen is established through Tafel

extrapolation, the equivalent corrosion rate, say in g/s can be determined through

Faraday’s law given in Equation 2-9.
dm _iAM

— Equation 2-9
dt nF
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dm
dt

i = Extrapolated corrosion current density
A = Area of specimen in cm?

M = Molecular Mass of material, g/mole
n = Valency of metal ion reaction

F = Faraday’s constant, 96500 coulombs/equivalent

From Equation 2-9, the weight loss in g/s can then be converted to a loss in g/year,
assuming uniform loss. This loss in gl/year can then be converted into mm/year

through Equation 2-10.

* o+ ) T+ — Equation 2-10

Where
L = Corrosion rate in g/year
= density of material in g/lcm®

A = Area of specimen in cm?

1! 7 0

The presence of corrosion on any equipment can bring about undesirable problems
in equipment reliability, equipment availability and operational safety. Some

significant benefits of corrosion monitoring include:

Improvements in operational reliability of equipment;

Provision of information relating corrosion rates and service conditions;
Helps predict any failures;

Increases the service life of any equipment;

Financial benefits related to equipment procurement and maintenance;
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Maximises operational safety;
Maximises profitability;

Provides data essential for any corrosion solutions.

Within the oil and gas industry, any supply disruptions can easily affect market prices
and consumer confidence. Corrosion management and monitoring is therefore vital in

preventing any environmental and financial impacts of corrosion related leakages.

$ %

Corrosion cannot be entirely eliminated but can be managed effectively. Current

corrosion management techniques are:

Anodic Protection;
Cathodic Protection;
Coatings;

Corrosion Inhibition;
Design Considerations;

Material selection.

'8, O &

The nature of the offshore oil and gas industry is such that operational demands for
materials selected require properties such as strength, toughness, weldability, and
corrosion resistance. Materials selected for pipelines have to be able to contain
corrosive fluids at high pressures. High strength materials capable of fabrication to
large wall thicknesses are therefore preferred. The fundamental criteria considered
when selecting materials for pipeline construction include but are not limited to the

following:

Availability;

Corrosion Resistance;
Cost;

Mechanical Properties;

Weldability and ease of fabrication.
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Low alloy steels such as carbon steel are often used as they have low cost, good
availability, good mechanical properties and ease of fabrication. One lacking property
of such materials is their corrosion resistance. Low alloy steels therefore need to be
deployed with additional corrosion preventative measures such as corrosion
allowances, protective coatings, cathodic protection and use of chemical inhibitors for

internal corrosion mitigation.

In some cases, extremely aggressive corrosion conditions such as high levels of
gases like CO, and H,S, presence of seawater and presence of corrosion causing
microbial organisms such as SRB’s (Sulphate Reducing Bacteria) can often mean
the selection of low alloy steels supplemented by corrosion mitigation techniques
such as coatings and inhibitors becomes ineffective. In such cases, high alloy steels
commonly known as corrosion resistant alloys (CRA’s) may be selected instead.

Metallic CRA’'s commonly used in the offshore oil and gas industry include:

Austenitic stainless steels such as 316L (UNS S31603);

Duplex stainless steels containing typically 22 % Cr (UNS S31803);

Duplex stainless steels containing typically 25 % Cr (UNS S32750 or UNS
S32760);

High nickel alloys;

Martensitic stainless steels.

18! #

Corrosion inhibitors are often injected with production fluids to help reduce internal
corrosion by adsorbing themselves onto the metal surface and forming a protective
barrier. The nature of inhibition is reliant on the formation of protective films:
mechanisms such as high velocities and shear stresses at the wall can be
responsible for low inhibitor efficiency. Such mechanisms can affect inhibitor
efficiency by either preventing film formation or stripping already formed protective

films.

Inhibitors contain molecules that act by attracting themselves to metal surfaces and
the presence of these molecules in larger numbers often increases their efficiency.
Inhibitor effectiveness is therefore affected by concentration, with different inhibitors

often requiring optimum concentration for peak efficiency. The fundamental
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contribution of any inhibitor is in essence blocking one or both electrode reactions

involved in corrosion.

The effectiveness of inhibitors is often described by their efficiency which is defined

in Equation 2-11.

IE (%) = U”'”h'z't‘a_diift 'gg's'tedm X100 Equation 2-11
ninnNIpIte

Where CR is the corrosion rate and IE is the inhibitor efficiency.
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3.0 LITERATURE REVIEW

This section reviews previous studies and work relating to the main issues examined
within this thesis. This project mainly focuses on current issues involving corrosion of
offshore oil and gas pipelines and focuses on CO, corrosion and its mitigation by use

of corrosion inhibitors.

Corrosion inhibitors are widely used in the oil and gas industry to tackle internal CO,
corrosion of pipelines. One issue with corrosion inhibitors is their film efficiency in
conditions of high velocity and shear stresses. Inhibitor efficiency may be affected
through lack of film formation due to high shear forces or destruction of pre-formed

protective films by such forces and velocities.

Shear stresses and velocities are therefore common in the evaluation of inhibitor
efficiency in flowing conditions. Experimental techniqgues commonly used to simulate
such involve mass transport. Methods of introducing variable mass transport effects
include the rotating cylinder or disk, jet impingement and flow loops. Conditions
involving flowing corrosive solutions have repeatedly been reported to cause
mechanical damage especially in situations where the flow contains solid particles.
As discussed earlier in Chapter 2, solid-free corrosive flow may also involve
mechanical damage through interactive processes between corrosion and erosion
(“synergy”). This being the case, non-Faraday material loss may be expected in such

conditions.

A bibliographic assessment of currently recognised concepts involving mass
transport, CO, corrosion, erosion-corrosion and inhibition is presented within this
chapter. The literature discussion focuses on areas considered central to the
approach taken within this thesis and forms a basis to investigate the “effect of
hydrodynamics and erosion-corrosion on the efficiency of corrosion inhibitors in

simulated oilfield CO, environments”.

$ &

The oil and gas industry has very few methods of handling and transporting produced

fluids. The most common and economically viable method is use of metallic
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pipelines. Produced fluids are however very corrosive and for carbon steel pipelines,
corrosion control and corrosion monitoring are essential activities to ensure integrity
and optimisation. An essential part of managing corrosion is acquisition of
gquantitative information on corrosion mechanisms. Parameters useful in managing
and reducing corrosion include temperature, pressure, pH, concentration of CO, and
H,S, ionic content and flow hydrodynamics. The effects of most of these parameters
are evaluated in laboratories and the results have to be correlated to actual field
conditions. Since the purpose of pipelines is mass transportation, the most important
parameter that is commonly simulated in most laboratory systems is flow. Various
laboratory systems are currently used to simulate mass transportation and have
reasonably reported correlation to actual field systems. This section assesses the
characteristics of current mass transfer systems and looks at some of the parameters

used to best correlate laboratory results to actual field conditions.

N * &

For most cases of corrosion, relative motion between the corroding metal and its
environment can enhance or inhibit corrosion processes occurring in static conditions
and may also introduce various types of attack such as erosion-corrosion (Poulson,
1993). Heitz, (1996) identified four main mechanisms to the combined action of

corrosion and flow as:

Cavitation;

Erosion-corrosion  (combined action of flow mechanical forces and
chemical/electrochemical forces);

Mass transport controlled corrosion;

Phase transport controlled corrosion.

Cavitation damage is reported as occurring when variations in pressure resulting
from velocity changes or sudden changes in flow geometry in areas such as pipe
bends and tees causes formation of bubbles in regions of the liquid where the
pressure is lower. Postlethwaite, et al. (1994). Cavitation damage is also reported to
cause deep, sharp-edged craters on the metal surface Heitz, (1996) whilst others
Heeg, et al. (1998) have suggested cavitation causes increases in mass transfer and

shear stress.
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Mass transport controlled corrosion is corrosion controlled by the supply of reactive
species to the metal of the surface. Poulson, (1990) reported correlation of mass
transfer with surface roughness of metals. Mass transportation can also play an
important role when inhibiting a system. For example, the rate of delivery of inhibitor
molecules may be controlled by mass transportation effects and can result in
inadequate delivery of inhibitor molecules due to mass transport related limitations.
Such limitations would result in weaker inhibitor films and consequently affect
efficiency. Laboratory testing systems simulating effects such as flow influenced
corrosion therefore need to be carefully considered in order to ensure that results

realistically simulate actual field flow mechanisms.

A publication by NACE T-5A-31 (1995) identifies two key issues to consider when
one has to select an appropriate laboratory system for assessing flow enhanced

corrosion. These issues are:

a. lIdentification of a suitable manner of correlating bench-top results to full scale
systems — current methods include mass transfer coefficients and hydrodynamic
shear stress at the wall;

b. Identification of experimental systems for which these quantities are well defined.

For all laboratory flow systems, hydrodynamic parameters play an important role in
facilitating correlation of laboratory results to actual field conditions. Such parameters

and their effects are considered below:

Wall shear stress
Wall shear stress is defined as the isothermal pressure loss in impingementfluid flow
with incremental length due to fluid friction resulting from contact with a stationery

wall Efird, et al. (1993). For pipe flow, the shear stress is defined by Equation 3-1

l‘W:D_
DL

T
Ny ol

Equation 3-1

Velocity — Higher velocities may result in erosion damage and may also play an
important role in the rate of delivery of reactive species. Higher velocities can also
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influence protective film persistency by inducing high shear stresses. Commonly,
localised CO, corrosion has been linked to partial breakdown of protective corrosion
product films such as iron carbonate due to fluid flow for example by Han, et al.
(2007). The authors continue that these localised film breakdowns can cause severe
galvanic corrosion due to presence of small anodic sites (film breakdown site) and
large cathodes (remainder of surface with protective film). Such galvanic activity is

discussed later.

Mass Transfer Coefficients — Often expressed as the non dimensional Sherwood
number (Sh=kd/D), where k is the mass transfer coefficient (ms™), d is the length (m)
and D is the mass diffusivity (m?s™). Mass transfer as discussed earlier can have a
significant influence on corrosion rates and may depend on solution chemistry and
flow conditions Wang, et al. (1998).

Systems that currently simulate the above hydrodynamic parameters and are used

for assessing flow induced corrosion are detailed as follows:

Flow Loop Systems;
Jet Impingement;
Rotating cylinder;
Rotating Disk.

Whilst there are attributes and disadvantages with all these approaches, the method
adopted in this present work has been jet impingement technique. This has been a
commonly used method of studying erosion-corrosion in laboratories and has been
used significantly by researchers such as Neville, et al., (1999), Andrews, et al.,
(1999), Neuville, et al., (2000) Neville, et al., (2001), Hu, et al., (2002), Hu, et al.,
(2003), Neuville, et al., (2004), Wang, et al., (2004), Hussain, et al., (2005), Schmitt,
et al., (2005), Hussain, et al., (2007), Neville, et al., (2007), Tang, et al., (2008).

Characteristics of this method including definitions of shear stress for a submerged

impinging jet are presented below.

41, 9 #

The jet impingement system normally comprises of a submerged jet impinging at 90°

to a flat specimen. Corrosion rates obtained using the jet impingement method have
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been shown to have good correlation to pipe flow Efird, et al. (1993) and operating
systems Efird, (2000) based on wall shear stress. Efird, et al. (1993) obtained a
general equation for correlating jet impingement corrosion of carbon steel to pipe flow

as shown in Equation 3-2.

R,, =at,’ Equation 3-2

Where R, is the carbon steel corrosion rate (mm/yr);

a is the coefficient for the test method, in this case 6.8 for jet impingement
and 7.7 for pipe flow;

b is 0.10 + 0.02 for jet impingement and pipe flow.

The nature of the flow in a submerged impinging jet (Figure 3-1) depends on the flow
Reynolds number. For an impinging jet, the Reynolds number, Re is given by
Equation 3-3 Menendez, et al. (2005), Demoz, et al. (2004), Yapici, et al. (1999)
whilst the shear stress value peaks at a position of r/d=1 Yapici, et al. (1999). The
critical Reynolds number for transition from laminar to impingement flow for an
impinging jet is 2000 Efird, et al. (1993)

Re=d / Equation 3-3

Where
d = nozzle diameter (m)
= solution velocity (m/s)

= Kinematic viscosity of fluid (m?/s)
From Figure 3-1, the nozzle geometry of an impinging jet has been described as
having significant influence on the flow hydrodynamics especially at small stand-off
distances, H, Jambunathan, et al. (1992). This variation in velocity also produces a

variation in shear stress as shown in the following section.
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Figure 3-1
Hydrodynamic characteristics of jet impingement on a flat plate showing four

characteristic regions taken from (Efird, 2000)

D = HYDRODYNAMC BOUNDARY LAYER
U = JET VELOCITY

u ro = JET RADIUS
H=JET NOZZLE TO PLATE INSTANCE

] A = STAGNATION REGION
I B = TRANSITION REGION
- Yo C = WALL JET REGION

RADIAL DIETAMCE, 1,

41,,, - *% & 9 #

The original equation for the wall shear stress variation with radial distance (Equation
3-4) was proposed by Giralt, et al., (1976). Efird, (2000) recalculated this equation to
include the jet radius (Equation 3-5) instead of the jet diameter as the normalising

factor.
r -2
t, =0.047rU?Re *** 4 Equation 3-4
t,=0179V?’Re 0'182(L)' 20 Equation 3-5
r'0
Where
2r v
Re=—2
g

Efird, (2000) again defined the friction on a smooth surface in the wall jet region
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-0.182
f= 2[“’2 = 0.0315Um—dn Equation 3-6
r u

m

Where
The velocity at the edge of the boundary layer Uy, is given by

u, = 0.048%

m

and the boundary layer thickness ., is given by: @, = 002r

The above friction parameter is shown to be related to the shear stress.

For the jet impingement method, a jet to specimen stand off distance, H of 2 mm - 7
mm must be applied in order for the flow equations to apply and give good
reproducibility Efird, (2000). One main advantage of the method which has been
identified by the author is the wide range of wall shear stress and a continuously
variable wall shear stress. For this project, the jet to specimen stand off distance has

been set as 5 mm.

411 & # "

Iron carbonate protective films have been shown to break down or be partially
removed due to hydrodynamic shearing forces Han, et al., (2007). Wen, et al. (2007)
also reported a failure of SRB biofilms to adhere onto metal surfaces in low fluid flow.
This was due to preventative shear effects on the metal surface at velocities

equivalent to 3 m/s.

/
44, #

Carbon dioxide corrosion of carbon steel results from the practice of pumping CO,
saturated water into wells to enhance oil recovery and reduce the viscosity of the
pumped fluid Heuer and Stubbins (1999), Hesjevick and Olsen (2003), Seal, et al.
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(2000). Carbon dioxide dissolves in the presence of a water phase, forming carbonic
acid, which is corrosive to carbon steel Lopez, et al. (2003). CO, corrosion in
hydrocarbon production and transportation pipelines is difficult to understand, predict

and control Villarreal, et al. (2006)

The enhanced corrosion rate of pipeline steels under conditions where CO, is
present has been a problem in the oil and gas industry for years Linter and Burstein
(1999). CO, corrosion has caused wide spread failures to equipment and remains
one of the most common corrosive environments for the oil and gas industry
Hesjevick and Olsen (2003), Fang, et al.(2006). CO, corrosion leads to failure of
pipelines and equipment and results in great economic loss and calamitous accidents
Zhang, et al. (2006).

Moiseeva, (2005) reports oilfield conditions favouring CO, corrosion as a pH of 2-8
and temperatures ranging from 15-200°C. The author also reports carbon dioxide
corrosion as temperature dependent and when temperatures are below 20°C,

corrosion rates become independent of flow rates.

441 0 |

When CO, dissolves in water at a high temperature and high pressure, carbonic acid
is formed (Sun and Nesic (2008), Lopez, et al. (2003)). Carbonic acid has been
suggested by Zhang, et al. (2006) as being more corrosive to carbon steel than a

strong acid (such as HCI) at the same pH value.

Nordsveen, et al. (2003) observe the presence of CO, as increasing carbon steel
corrosion by increasing the rate of the hydrogen evolution reaction (Equation 3-7). In
CO, solutions with pH values greater than 4, the presence of H,CO; enables
hydrogen evolution at faster rates thus, leading to higher corrosion rates than would
be found in a solution of a strong acid at the same pH. Another publication Nesic, et
al. (2003) recognises and confirms formation of protective iron carbonate films which
account for reductions in corrosion rate. Situations favourable to formation of this film
are high bulk pH, high temperature, high partial pressure of CO,, high Fe?

concentration and low velocities.
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Effects of pH on corrosion in CO, containing environments have also been reported
with corrosion rates decreasing with increasing pH Hesjevick, et al., (2003) whilst

others Fajardo, et al., (2008) found no effects on corrosion due to increased pH.

Song, et al. (2004) suggests the corrosion mechanisms for carbon dioxide corrosion
are not well understood because the corrosion process is complex. In a solution
boundary layer on the steel surface, the corrosion process involves CO, dissolution,
hydration and diffusion, carbonic acid (H.CO3) dissociation, ionic interactions
between carbonic and iron species, ferrous carbonate (FeCOj) precipitation and

electrochemical (anodic and cathodic) reactions.

The anodic and cathodic reactions of CO, corrosion of carbon steel are summarised
by Equations 3-7 to 3-11. Zhang, et al., (2006) suggest that at low pH, H" reduction
(Equation 3-7) is the dominant cathodic process because of the high concentration of
H*. When pH increases to between 4 and 6, the direct reductions of HCO; and
H,CO; become important (Equations 3-8 and 3-9). Nesic, et al., (1996) also confirm
H,CO; reduction as the dominant cathodic reaction at a pH of 5. At high
overpotential, Zhang, et al., (2006) suggest the dominant cathodic reaction changes
to direct water reduction (Equation 3-10). The anodic reaction is mainly the

dissolution of iron (Equation 3-11).

2H"+2e ® H, Equation 3-7
2H,CO, +2¢ ® 2HCO, +H, Equation 3-8
2HCQ, +2e ® 2CO,” +H, Equation 3-9
2H,0+2e ® 20H" +H, Equation 3-10
Fe® Fe** +2¢e Equation 3-11
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Han, et al.,, (2007) reported that during these processes of CO, corrosion, a
protective corrosion scale (FeCOg) is formed on the surface of the steel with the
potential, E.or, Of the film covered surface increasing (less negative) and leaving the
surface acting as a cathode in relation to a bare surface. Dugstad, (1998) reported
the corrosion rates of carbon steel in CO, environments as depending on the
formation of protective FeCO; films. The presence of mill scale or rust from tube
manufacturing was suggested to also increase the protectiveness of films.
Experiments were carried out at temperatures of 40, 60, 80 and 120°C. Film
formation was best achieved at 80°C. Figures 3-2 and 3-3 taken from Dugstad,

(1998) show the temperature-dependent contrast in film structure at 60 and 80°C.

Figure 3-2, Iron Carbonate embedded in carbide film , 60°C, 10-100 times
supersaturation. (Dugstad, 1998)

Figure 3-3, Iron Carbonate embedded in carbide film , 80°C, 10-100 times
supersaturation. (Dugstad, 1998)

In a later publication, Han, et al., (2008), spontaneous passivation of mild steel in
CO; solutions is reported. The passivation was temperature dependent with the time
taken to reach self-passivation taking longer at lower temperatures due to slower

process kinetics. This passivation effect was also found to be affected by pH and
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CO, concentration. Nesic, et al., (1995) indicated formed films in CO, corrosion as
reducing corrosion rates by acting as a barrier to mass transportation. This
observation was at temperatures of 50°C and 80°C whilst Guo, et al., (1999)

additionally reported protective film formation at a higher temperature of 100°C.

Dugstad, et al., (2001) reported a correlation between steel microstructure and
formation of protective carbonate films. Steels with higher amounts of chromium and
in the quenched and tempered condition showed better abilities to form protective

films.

Mora-Mendoza, et al., (2002) reported formation of Fe;C at pH 5.5. The iron carbide
had no protective characteristics with corrosion rates increasing with time. Iron
carbide formation in CO, environments has also been acknowledged by Chokshi, et
al., (2005).

Dayalan, et al., (1998) modelled a critical flow velocity of about 15 m/s to which
carbonate films would fail to form in solid-free flow. At such velocities, modelled
corrosion rates increased to over 25 mm/year from corrosion rates of less than 5

mm/year at velocities of 10 m/s or below.

444 5 | 6

The most significant method of predicting CO, corrosion is the de Waard and
Milliams approach (Nesic, et al., (2005)). Originally presented in 1975 and utilising
the combined effect of CO, partial pressure and temperature Olsen, (2005), the
method has been revised with the most significant revision being in 1993 de Waard,
(1993). The revised 1993 version is commonly used as a basis of CO, prediction
models Marsh, et al., (2007) Hedges, (2005). The most significant CO, corrosion
models developed from this empirical approach include models such as
CASSANDRA (BP) and Hydrocor (SHELL) Marsh, et al., (2007). The 1993 de Waard

revision is given by Equation 3-12.

1710

log(V,, ) =58- >7ee1 + 067log(pCG,) Equation 3-12

Where
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Vor iS the corrosion rate in mm/yr

tis the temperature (K)

%CO.
pCO; is the partial pressure of CO,, given by pCO, = (;_OCZ P

Where P is the system total pressure.

The NORSOK M-506 (M-506, 2005) model is based on experimental research and

testing.

44+ &

For a given chemical process (e.g. formation of iron carbonate), supersaturation is
defined as the species concentration in excess of the solubility limit Poulson, (1993)
Sun, et al., (2006) Sun, et al., (2008) or the degree of departure from thermodynamic
equilibrium Han, et al., (2007). As the degree of supersaturation increases, iron
carbonate films form more easily Dugstad, (1998), Nafday, et al., (2005), Sun, et al.,
(2008), Fajardo, et al., (2008).

Iron carbonate films slow down the corrosion process by formation of a diffusion
barrier for species involved in corrosion Wang, et al., (2003), Sun, et al., (2006),
Fajardo, et al., (2008). Iron carbonate scale growth then depends on precipitation
Sun, et al., (2006).

The equation for supersaturation as defined by van Hunnik, et al., (1996), Pots, et al.,
(2000) and Chokshi, et al., (2005), is given by Equation 3-13.

CFe2+ Ccof’

SS= Equation 3-13

sp

&&

FeZ+
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Provided the supersaturation remains high, films will remain protective once formed
Dugstad, (1998)

The species involved in iron carbonate formation and defined in iron carbonate
supersaturation (Equation 3-13) are ferrous Fe®* and carbonate COz* ions. The
source of ferrous ions for iron carbonate formation has been identified as both that
released from the steel surface and those supplied through the bulk solution Sun, et
al., (2008). Concentrations of dissolved iron Fe?* typically have to be in the order of
>1 ppm in order to make iron carbonate film formation likely Nordsveen, et al.,
(2003). Ramachandran, et al., (2000) identify the lack of iron Fe?* concentration

below saturation conditions as responsible for lack of corrosion product films.

Chokshi, et al., (2005) evaluated the effect of supersaturation on corrosion rates in
stagnant CO, environments without inhibitor. Tests were carried out at 80°C. Higher
degrees of supersaturation produced lower corrosion rates with their effect in
reducing corrosion rates being more prompt. A supersaturation level of 150
produced the lowest final corrosion rate of 0.1 mm/year after 19 hours exposure as

demonstrated in Table 3-1.

Table 3-1
Corrosion Rates with degree of Supersaturation, com piled from Chokshi, et al.,
(2005)
Supersaturation Experimental Time (hrs) Final Corro  sion Rate
(mm/year)
7 45 0.650
9 19 1.800
30 85 0.027
37 87 0.130
150 19 0.100

Tests at 80°c and in stagnant conditions

The authors also established a link between the concentration of iron (Fe?*) and the
degree of supersaturation achieved. Higher degrees of supersaturation were also

observed at higher pH values as shown in Table 3-2.
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Table 3-2
Effect of Bulk Fe 2" Concentration on Degree of Supersaturation Achieve d,
compiled from Chokshi, et al., (2005)

pH Fe?* Concentration (ppm) Supersaturation
6.30 10 7
6.30 50 37
6.60 10 30
6.60 50 150

44< &

The scaling tendency (ST) as defined by Sun, et al., (2006) is shown in Equation
3-14.

ST= PR Equation 3-14
CFk

Where PR is the precipitation rate and CR is the corrosion rate.

From the above equation, the scaling tendency (ST) increases with increasing
precipitation rate (PR) and decreases with increasing corrosion rate (CR). Nesic, et

al., (2002) observed film conditions linked to scaling tendency as shown in Table 3-3.

Table 3-3

Scaling Tendency likelihood compiled from Nesic, et al., (2002)

Scaling Tendency Observation (Condition)
ST<<1 Porous and unprotective carbonate films likely to form
ST>>1 Dense protective carbonate films likely to form
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The observation of porous and unprotective carbonate films at scaling tendencies of
less than 1 was also confirmed by Nesic, et al., (2003) with the explanation that at
scaling tendencies of less than 1, the precipitation rate is less than the corrosion rate.
Therefore, the rapidly corroding metal creates voids faster than precipitation can fill
them leading to porous unprotective films. van Hunnik, et al., (1996) identified a
minimum temperature of 80°C required to enable repair of damaged or porous films.
At lower temperatures, scale repair would only be possible if the value of pH exceeds
6. The researchers also recognise the need to have the scaling tendency exceed a
critical value before FeCO; films start to form. The critical value of scaling tendency

was shown to decrease with increasing carbon content of the metal.

44/ 6

The precipitation rate of iron carbonate has been identified as the controlling factor to
protective film formation (Dugstad, 1998) .The precipitation rate as defined by van

Hunnik, et al., (1996) is given in Equation 3-15.

A .
PR=k vksp(SS- 1)(@1- SSY Equation 3-15

Where
PR is precipitation rate
SS is Iron carbonate supersaturation
ksp is solubility product of FeCO;
k; is Kinetic constant which obeys Arrhenius law

B

A
Arrhenius Law: K, =e RT taken from (van Hunnik, et al., 1996)

Where R is the gas constant (J/K.mol)
T is the temperature (K)

A and B are constants

Iron carbonate precipitation is described as a function of iron carbonate
supersaturation, the solubility limit, temperature (via the constant Kr which obeys
Arrhenius law) and the electrode surface area to solution volume ratio is (A/V) Sun, et
al.,, (2004) Sun, et al., (2006). The above equation for precipitation rate, PR has
been shown to have a correlation to testing done by the authors in 2004 (Sun, et al.,
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2004) although the authors identify an over prediction of precipitation by the equation,

particularly at high surface area-to-solution volume.

Chokshi, et al.,, (2005) demonstrated an increase in precipitation rate with
supersaturation during experiments. Calculated precipitation rates using the van
Hunnik (van Hunnik, et al., 1996) equation were however significantly higher than

experimental levels of precipitation.

A method of measuring precipitation rates in CO, corrosion, suggested by Sun and
Nesic (Sun, et al., 2006) would be use of the mass loss technique. This would involve
determining the mass of carbonate films by weighing the sample prior to using a
product removal technique such as Clarke’s solution. Reweighing the sample
afterwards would help estimate the amount of carbonate film formation on the sample

surface.

448 : !

It is well known that homogenous chemical reactions are those occurring
everywhere in the solution and heterogeneous chemical reactions are those
occurring only at the metal surface Nesic, et al., Aberdeen (2004) Nesic, et al.,
(2004)

Table 3-4

Classification of Chemical Reactions in CO  , Corrosion compiled from (Nesic,
et al., Aberdeen 2004), (Nesic, et al., 2004)

Homogenous Heterogeneous
Hydration Precipitation
Dissociation
44= - * |

Given that CO, environments cause formation of protective carbonate films, localised
corrosion in environments dominated by CO, can be caused by local defects in the
protective film surface Han, et al., (2007) Han, et al., (2008).

Page 27 of 252




Chapter 3 — LITERATURE REVIEW

These localised corrosion effects may also form where a differential effectiveness of
product films may occur on any material surface. In particular, regions or zones on
any material surface where local parameters such as hydrodynamics, temperature,
surface finish, shear stresses and species concentration may play an important role
in variable film formation. The galvanic couple in such a setup is likely to be as

follows:
Anode — zone where the carbonate protective film is less effective;
Cathode — zone where the protective film is more effective.

The open circuit potential difference between the bare steel anode and film covered
cathode is identified as the driving force for propagation of localised CO, corrosion
Han, et al., (2007). Experiments by the authors have also noted that the coupled
potential of the two zones is determined by the larger surface area cathode. The
authors also identify two main steps involved in localised corrosion process as

initiation and propagation.

Shadley, et al., (1998) particularly identified environments in which protective
corrosion product films are able to form as containing high potential for pitting and

mesa-type corrosion (a local corrosion attack).

44=, 5 - 1

Han, et al., (2008) recognise a difference in E.q, Or Open circuit potential may act as
a driving force for local galvanic corrosion. This difference in surface potential may be
caused by damage in film layers and variable film formation. The surface acting as
the anode is usually of a much smaller surface area compared to the cathode. In a
previous publication (Han, et al., 2007) the researchers identify the region lacking in
protective films as corroding at much higher rates or in orders of magnitude larger
than film covered areas. This form of localised CO, corrosion was observed as to

only propagate at a range of 0.5 - 2 iron carbonate supersaturation

The following sequence to galvanic corrosion has been summarised by the above
authors Han, et al., (2008):

1. Steelis exposed to a corrosive environment;
2. When the solubility limit is exceeded, a ferrous carbonate film can form;

3. Local pH (beneath the carbonate film) increases;
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4. As aconsequence, a ferrous hydroxide film may form increasing potential;
Ferrous carbonate film is mechanically or chemically damaged resulting in
localised corrosion;

6. Ferrous hydroxide layer is exposed to bulk solution where pH is lower;

Due to exposure to lower pH, Fe(OH), film dissolves and locally depassivates
steel surface;

8. Potential difference is established between surrounding passive surfaces with
protective carbonate films and the exposed bare area;

9. Bare steel patch corrodes at much higher rate due to galvanic effect.

10. Corrosion and passive film dissolution occurs in lateral direction and causes pit
growth.

4+, &

The overall material loss in erosion-corrosion (the combined interactive effect of
erosion and corrosion) Wang, et al., (2004) Neuville, et al., (2003) results in material
losses larger than the sum of their individual components. This combined effect is
termed synergy Neville, et al., (2001). Guidelines for numerically assessing this
increased material loss are given in (G119-09, ASTM). In this standard, synergy is
defined as: The change in material wastage resulting from interaction between wear
and corrosion. Numerically, (G119-09, ASTM) this is defined by Equation 3-21.

T=W,+C,+S Equation 3-16
# )
+ ;!
!
% % , )
+II
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Erosion-corrosion has also been identified as a tribo-corrosion mechanism Neville, et
al., (2003), Wood, (2006) and has been identified as causing humerous failures in the
oil and gas industry Guo, et al., (2006) with failures amounting to up to 15 % Feyerl,
et al., (2008). Wang, et al., (2004) reported consequences of such failures as

resulting in economic loss, increased downtime and maintenance costs.

With most piping systems operating in impingementflow, in addition to localized
corrosion, erosion-corrosion can also occur, often attributed to multiphase flow
Neville, et al., (2009).

Hu, et al., (2008) recognised erosion-corrosion in solid free flowing media as a little
understood or recognised mechanism of material loss. The nature of erosion-
corrosion is such that there are mechanical, electrochemical and interactive
processes contributing to the overall material loss The material loss can therefore be
caused by several mechanisms including electrochemical dissolution (pure
corrosion), mechanical erosion caused by fluid flow and/or impingement of particles
or fluid. While erosion is mechanical and corrosion electrochemical, these two
processes acting together termed “synergy” can contribute significantly higher
material losses than sum of the individual processes acting separately. The authors
identify this synergistic effect as erosion enhancing corrosion or corrosion enhancing

erosion.

It is therefore reasonable to classify any flowing system under either individual
corrosion or erosion mechanisms as having a likely possibility of synergy. Systems
undergoing corrosion in the absence of solids can therefore have synergy and

individual components of erosion.

The equation representing the total weight loss due to components of pure corrosion,
pure erosion and synergy is given by Equation 3-17 taken from (Hodgkiess, et al.,
2005).

TWL=C+E+S Equation 3-17
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% !,

T=E+C+E. +C,

Where E is the pure erosion component, C is the corrosion rate in the absence of
erosion-corrosion such as in static conditions, Ec¢ is the extra erosion enhanced by
corrosion processes and Cg is the extra corrosion enhanced by erosion effects. The

combined components (Ec+Cg) is S in equation 3-17.

4+ *  $ $

Significantly, Guo, et al., (2006) identified non-Faraday related material loss in solid-
free flow. The non-Faraday component was not related to mechanical damage since
this component was absent under cathodic protection and hence zero corrosion. The
non-Faraday loss is therefore related to corrosion and is indicative of synergistic
effects where corrosion (electrochemical loss) enhances mechanical damage.
Critically, a disparity between electrochemical and mass loss monitoring techniques
was established with mass loss techniques always containing higher material loss
rates than Faraday or electrochemical techniques. The amount of non-Faraday

material loss was also found to decrease with increasing material hardness.

Neville, et al., (1999) assessed values of erosion, corrosion and synergy in both
solid- free and solid loaded flow. Tests were carried out on cast iron and the results

are given in Table 3-5.
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Table 3-5
Components of weight loss during flow in 3.5% NacCl at 17 m/s Neville, et al.,
(1999)
Mechanism Erosion % (E) Corrosion % (C)  Synergy %  (S)
Solid Free 16.4 241 59.5
Liquid - Solid 18°C 55.2 94 354
Liquid - Solid 50°C 37.9 6.7 554

As shown above, the amount of synergy plays an important role in the total amount
of material loss, even in situations with solid-free flow. Through other publications Hu,
et al., (2003), material loss due to mechanical effects is also recognised in solid-free

flow.

Andrews, et al., (1999) found no significant erosion-corrosion damage on 13 Cr steel
samples under impinging 30 g/L NacCl flow at 150 m/s, CO, and 100°C. Similar tests
on carbon steel demonstrated severe erosion-corrosion with weight loss determined
corrosion rates of over 35 mm/year

4+4 & *

Despite the lack of a wide understanding of erosion and synergy in solid free flow,
studies sometimes focusing on erosion involving solid particles have recognised or
presented results where erosion and synergy are observed in zero particle loading.
Such observations have been noted in publications as early as 1995, Neuville, et al.,
(1995).

Hu, et al., (2008) carried out an extensive attempt to predict erosion-corrosion and
show synergy as having a significant effect on the overall material loss. An impinging
jet mechanism was used by the researchers. Tests were carried out in a CO, solution
containing 100 000 mg/L CI' . The test coupons were APl 5L grade X65 pipeline
material. The tests were conducted using a recirculating jet impingement method with
the nozzle to specimen distance kept at 5 mm. The results from the study are

summarised as follows:
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Results at 7 and 14 m/s flow-induced corrosion show no difference between solid-
free flow and flow containing 30 mg/L sand. When higher solid loadings of 100 mg/L
and 200 mg/L are applied, there is a small increase in total thickness loss but the
difference at the three sand loadings and the solid-free flow remains very small. In
addition, the result at 30 mg/L which best matches the total thickness loss in zero
solids has a thickness loss due to pure erosion of 0.33 mm/yr and a total thickness
loss (all mechanisms) of 4.9 mm/yr. The small erosion contribution in comparison to
the total material loss (all mechanisms) is noted. No pure corrosion results are
presented at this velocity. The authors then increase the velocity to 20 m/s with 200
mg/L sand and measure values of pure erosion (material loss under cathodic
protection) and pure corrosion (material loss via electrochemistry). Summarised
results of the synergistic components towards the total material loss by all

mechanisms are shown in Table 3-6 and are compiled from the publication.

Table 3-6

Erosion + Corrosion and Synerqgy contributions at 20 m/s and 200 mg/L,

compiled from Hu, et al., (2008)

Temperature E+C T (mm/yr) | S (mmlyr) | S/(E+C) % Synergy
(mm/yr)
20°C <5 ~12 >7 ~1.4 ~58.3
40°C <5 ~20 >15 ~3.0 ~75.0
50°C <5 ~24 >19 ~3.8 ~79.2
60°C <5 ~29 >24 ~4.8 ~82.8

More recently, Neville, et al., (2009) evaluated mitigation of carbon steel erosion-
corrosion by the use of corrosion inhibitors. The authors assessed two unidentified
inhibitors (only referred to as inhibitor A and inhibitor B) and their effectiveness at
reducing erosion-corrosion. Results were also compared to type 316L Stainless
Steel. Tables 3-7 and 3-8 summarise their findings of tests carried out in simulated
produced water with 0.1% sand loading. Tests were carried out at 20 m/s and 50°C.
Both inhibitors showed an ability to reduce erosion-corrosion. Inhibitor A had peak
efficiency at 50 ppm concentration and inhibitor B had peak efficiency at 100 ppm. At
concentrations higher than peak values, both inhibitors show a reduction in
efficiency. Inhibitor B showed the best effect at reducing Erosion-Corrosion. 316
Stainless steel results showed an erosion corrosion rate of about 14 mm/yr. The

result may support ideas that carbon steel corrosion can be controlled to levels
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comparable to the use of corrosion resistant alloys such as 316L Stainless Steel.

Inhibitor B achieved a corrosion rate of 14 mm/yr at 100 ppm. It is however noted that

a corrosion rate of 14 mm/year is by no means a remarkable result.

Table 3-7

Erosion-corrosion rates for tests with Inhibitor A,

compiled from Neville, et al.,

Erosion-corrosion rates for tests with inhibitor B,

(2009)
. Carbon Steel Erosion- Inhibitor Erosion-
Inhibitor ) ) o
) Corrosion Rate (mm/yr) Corrosion Efficiency
Concentration (ppm)
(%)

0 33 0

25 22 3.8
50 17 50.0
100 24 26.9
150 27 19.2

Table 3-8

compiled from Neville, et al.,

(2009)
. ] Inhibitor Erosion-
Inhibitor Carbon Steel Erosion- ) o
) ) Corrosion Efficiency
Concentration (ppm) Corrosion Rate (mm/yr) %)
0
0 33 0
25 27 19.2
50 24 26.9
100 14 57.7
150 17 50.0

In contrast, Dave, et al., (2008) carried out inhibitor assessments in flowing 2 % NaCl
with CO, and 1% sand at a test temperature of 135°F (57°C). The inhibitor tested
was an oil dispersible amidoamine fatty acid type inhibitor. Inhibitor concentrations
considered were 50 ppm, 100 ppm and 150 ppm. A submerged jet with an average
velocity of 13 m/s was used by the authors with the test specimen being 1018 carbon

steel (AISI 1018). Results from this publication are shown in Figure 3-4. Tests at the
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lower inhibitor concentration of 50 ppm showed the least efficiency through both LPR
and weight loss. Higher inhibitor concentrations of 100 and 150 ppm showed better
performance unlike experiments done by Neville, et al., (2009) as shown in Table 3-7
where 50 ppm of inhibitor A showed best efficiency. This mechanism where the
inhibitor shows a peak value of efficiency and develops lower efficiencies at
concentrations above the peak is termed by Neville, et al., (2009) as the “peak value

phenomenon”.

Figure 3-4
Comparison of LPR and Weight Loss results in imping ing 2 % NaCl with 1
% sand taken from (Dave, et al., 2008)
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Although the results in Figure 3-4 are in flowing fluid containing 1% sand, a
surprisingly large variation between LPR and weight loss results is also observed.
Such a difference between weight loss and LPR is indicative of large synergistic
material loss. A conversion of worst case results at 50 ppm would yield a weight loss
corrosion rate of about 12.1 mm/year compared to an approximate LPR corrosion
rate of 1.3 mm/year. Such a variation in material loss emphasises the extent of
erosion and synergy or may be due to inaccuracy in constants used to convert

polarisation resistance results to corrosion currents (icor).

In static conditions, some agreement between gravimetric and Faraday monitoring
techniques have been reported by Tebbji, et al., (2007). Field data by Place Jr,

(1998) also shows a discrepancy between corrosion coupon data and ER probes in
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actual field locations. Coupons had corrosion rates of 0.22 MPY compared to ER

probe corrosion rates of 0.04 MPY. Tests were in inhibitor conditions.

Testing by George, et al., (2004) also showed a discrepency between results
obtained by linear polarisation resistance (LPR) and weight loss (WL). Results from
WL were consistently higher than LPR with an example being a LPR value of about
4.5 mm/year compared to a WL value of about 6.5 mm/year at 60°C, pH 4 CO,
solution at velocity of 1000 rpm by rotating cylinder. Such a discrepency would

amount to about 30% synergistic loss in solid free flow.

From the above observations, it appears that such discrepencies are more common
than expected and lessens the probability of inaccuracy with calculations and
conversions of electrochemical data to equivalent corrosion rates. Such observations

support concepts of non electrochemical losses in erosion-corrosion.

Hu, et al., (2002) demonstrated synergistic effects in corrosion resistant alloys such
as 25 Cr duplex (Tables 3-9 and 3-10). The values of synergy noted through these
experiments are significantly less than those obtained with carbon steel. Tests are
carried out in 3.5 % NaCl at a temperature of 18°C. From the results, it is noted that
the percentage levels of synergy and corrosion are lower compared to levels for
carbon steel presented earlier in this project as corrosion resistant alloys (CRA) will

have a lower component of pure corrosion and hence result in a lower level of

synergy.

Table 3-9
CRA material loss and TWL components at 150-200 mg/
m/s taken from Hu, et al., (2002)

L Solid loading at 17

Material TWL (mg) | Erosion (%) |Corrosion (%) Synergy (%)
UNS S31254 6.7 83.6 3.7 12.7
UNS S32750 6.2 95.2 2.6 2.2
UNS S32654 5.3 92.4 2.3 5.3
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Table 3-10
CRA material loss and TWL components at 600-640 mg/ L Solid loading at 17
m/s taken from Hu, et al., (2002)

Material TWL (mg) | Erosion (%) |Corrosion (%) Synergy (%)
UNS S31254 14.6 82.2 11 6.8
UNS S32750 14.1 86.5 6.8 6.7
UNS S32654 135 92.6 6 1.4

In another publication by the authors Hu, et al., (2004), UNS S32654 was also

established as having better resistance to erosion-corrosion than UNS S31654.

Ramakrishma, et al., (2006) carried out flow loop experiments on erosion-corrosion
of carbon steel in 1% NacCl solution purged with CO,. Results at a flow velocity of 2
m/s and 2 wt % slurry concluded that interactions between corrosion and erosion
enhanced individual metal loss rates. The dominant mechanism in synergy was the

enhancement of erosion by corrosion.

Meng, et al., (2007) identified the contributors to synergy as velocity, solid loading

and the interactive effect of solid loading and velocity.

Work by Hodgkiess, et al., (2005) also reported significant synergy losses in copper
nickel alloys with maximum values of synergy in Cu-10Ni being 69 % and max values

for high strength Cu/Ni being 77 % Tests were in sold-free NaCl.

! / 0

Internal corrosion prevention using chemical treatment is one of the most cost
effective solutions for using mild steel as the preferred material for construction of
pipelines and well tubing in oilfield operations Ramachandran, et al., (1998).
Corrosion inhibitors have also been the favoured mechanism for corrosion control in

downhole applications Rincon, (2008)

The flow parameters currently favored for assessing the effect of flow on corrosion
rates, inhibitor films formation and film stability is shear stress at the wall. Most

inhibitors are however, only evaluated in stagnant conditions or low flow of < 1m/s
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Neville, et al., (2003). Multiphase flow as commonly found in pipelines induces high
shear stresses at the wall and may interfere with inhibitor performance Pritchard, et
al., (1998)

The corrosion inhibition of a metal may involve physisorption or chemisorption of the
inhibitors to the metal surface and subsequent interference with cathodic, anodic or
both reactions Ali, et al., (2005). The authors comment on pipeline corrosion inhibitor
molecules as typically consisting of polar head groups that interact with a metal
surface (accomplished through electrostatic attraction between the hydrophilic
inhibitor head, and metal surfaces) and hydrocarbon tails that repel water
(hydrophobic).

Duda, et al., (2005) presented results showing inhibitor surface coverage dependent
on inhibitor tail length and concentration. Higher surface coverages were achieved
with higher inhibitor molecule concentrations. However, inhibitors with the most
solvophobic tails showed weaker coverage and hence weaker inhibition
characteristics if concentration exceeded critical values. This mechanism where
inhibitor efficiency weakens at concentrations above optimum has already been

earlier discussed and has been recognised as the “peak value phenomenon”.

Henry, et al., (2005) identify molecules such as quaternary salts as typically having
polar head groups that interact with the metal polar surface and long hydrocarbon
tails that repel water. These long chain hydrophobic tails have also been implied by
Lopez, et al., (2005) to form protective porous films with a bilayer model being the

film structure.

Petersen, et al., (2004) establish Inhibitor effectiveness at reducing ultrasonic
cavitation damage. The inhibitor tested achieved a reduction in corrosion rates to

under 0.4 mm/yr compared to uninhibited rates above 12 mm/year

Hedges, (1996) presented environmental issues with inhibitors including imidazoline
based inhibitors. Concern with inhibitors was indicated to their toxicity,
biodegradability and bioaccumulation. Inhibitor chemistries such as amines and
imidazolines were identified as being toxic to marine crustacean Tisbe battagliai at

low concentrations of less than 5ppm. The author emphasised development of
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environmentally friendly corrosion inhibitors and identified patented chemistries with
high effectiveness and lower toxicity levels. However, Kolts, et al., (1998) reported a
lack of effectiveness in green inhibitor testing. Inhibitor performance was highly
dependent on temperature especially at temperatures above 90°C. These inhibitors
also performed better in static conditions with inhibitor performance weakened

significantly in flow velocities of 4 m/s.

Work by Heeg, et al., (1998) discussed two important factors in inhibitor
mechanisms:
i Persistency — the lifetime of the film;

i. Efficiency — ratio of inhibited to uninhibited corrosion rate.

These two mechanisms have been found to depend on four major factors for
multiphase flow:
i.  Chemical composition of the multiphase flow;
ii. Erosive nature of the flow;
iii. Type of adsorption on metal surface (physisorption, chemisorption, packing
order and roughness of the substrate);

iv. Wall shear stress.

3.5.1 Imidazoline Inhibitors

Tan, et al., (1996) and Ramachandran, et al., (1998) identified imidazolines, amides
and amido-amines and their salts as having been successfully and commonly used
to inhibit corrosion in CO , environments. Ramachandran, et al., (1998) identify the
most important parameters in determining corrosion inhibition of mild steel in brine-
containing systems as their bulk solution properties such as hydrophobicity and

transportation of active species from the solution to the metal phase.

Chen, et al., (2000) suggest imidazoline based inhibitors as having high inhibition
ability in acidic media, hence their popular use. Others for example Nesic, et al.,
(1995) have found poor inhibition by imidazolines in conditions where there was a
presence of surface films.
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A major issue with corrosion inhibitors is the largely variable concentrations required
to achieve peak efficiency. Various studies have shown that inhibitors can be
effective from optimum concentrations as low as 5 ppm to concentrations well over
1000 ppm Jeyaprabha, et al., (1998). As already discussed earlier, researchers such
as Neville, et al.,, (2009) have recognised this concentration effect and the
phenomenon termed “peak value phenomenon” where inhibitors develop lower
effeciencies if concentrations are increased above optimum levels. This issue is

crucial and is considered within this project.

Hesjevick, et al.,, (2003) reported concentrations of 20 ppm as being typical for
application in oil and gas systems with the tested inhibitor achieving corrosion rates
of less than 0.1 mm/year. Increasing pH did however adversely affect the inhibitor
efficiency. It is however noted that higher pH values have tended to offer better
protective film formation as discussed earlier in work by Chokshi, et al., (2005).
Higher pH values are shown to achieve better degrees of iron carbonate
supersaturation hence achieving more protective films. Work by Chokshi, et al.,
(2005) in stagnant conditions also identified a varied concentration effect between
two unspecified inhibitors. Both inhibitors reduced corrosion rates by slowing anodic

and cathodic reactions.

Although optimum concentrations are often evaluated in labs, field conditions may
however require a different concentration to that established as effective during the
qualification. Results from (Neville, et al., 2009) show that increasing concentration
above the peak value actually worsens the inhibitor efficiency and hence the

corrosion rate. Proper qualification of the inhibitor is therefore extremely important.

Jiang, et al., (2005) established a concentration effect linked to the velocity. Best
efficiency concentrations depended on the flow velocity with velocities of 0-5 m/s
requiring 150 mg/L and velocities of 7 m/s and 9 m/s requiring concentrations of
300mg/L in order to achieve best efficiency. In another publication (Jiang, et al.,
2005), similar observations are noted with the optimum concentration for an
imidazoline based inhibitor in flowing conditions of 5 m/s established as 200 mg/L.

Static conditions required 100 mg/L for optimum efficiency.
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Altoe, et al., (1996) identified the stability of inhibitor films as flow dependant and
strongly affected by the residual concentration of the inhibitor in the solution. Higher
concentrations of inhibitor were deemed necessary at high velocities. In contrast,

Bommersbach, et al., (2006) found better inhibitor film formation in faster flow.

(Foss, et al., 2009) reported enhanced inhibitor performance in environments with oil.
The structure of the inhibitor film was strongly influenced by the presence of oil and
gave better protectiveness. The enhanced protectiveness of the inhibitor film in the
presence of oil was attributed to coadsorption effects rather than formation of stable
inhibitor films. Nesic, et al., (1995) found no major improvement in imidazoline based
inhibitor performance in the presence of oil. (Gulbrandsen, et al., 1998) carried out
tests using an imidazoline-based inhibitor in CO, environments. Best inhibitor
efficiency was achieved at 20 ppm concentration. Increasing inhibitor concentration

to 200 ppm initiated pitting corrosion.

4<4 *  $ #

Neville, et al., (2009) focused on the inhibition properties of two commercial
(unspecified) inhibitors in erosion-corrosion environments. The work involved
establishing inhibitor effectiveness at reducing both mechanical and electrochemical
processes of carbon steel material loss. A jet impingement was used with a flow
velocity of 20 m/s. The nozzle stand of distance was 5 mm with the jet normal to the
specimen surface. The results of this work are summarised in the previous section
(section 3.4.3) on synergy. Sand loading was 0.1%. Tests of 316 (UNS S 31603)
samples without inhibitor showed a yearly corrosion rate of nearly 14 mm/year which
as discussed earlier is by no means a good result for a corrosion resistant alloy
(CRA).

A previous study by the above researchers Neville, et al., (2003) assessed three
unspecified inhibitors (only identified as CGO, CRO and CRW) in erosion-corrosion
flow at concentrations of 100 ppm Inhibitors CGO and CRO are identified as oil
soluble inhibitors and inhibitor CRW as an inhibitor for high shear systems. Tests
were carried out in CO, environments with 1 % silica loading and performed by
rotating cylinder electrode (RCE). All three inhibitors had an effect of shifting the
potential of the steel in the positive direction with the most effective inhibitor having

the largest shift in potential as detailed in Table 3-11.
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Table 3-11
E..r and R, values for inhibitors in static and flow (6000 rpm ) taken from
(Neville, et al., 2003)

nhibit Time | Econr (V, SCE) | Ecor (V, SCE) | Ry ( .cm?) | R, ( .cm?) at
nhibitor
(mins) Static at 6000 rpm Static 6000 rpm
No Inhibitor 0 -0.704 -0.439 556 483
No Inhibitor 30 -0.704 -0.458 429 348
No Inhibitor 60 -0.703 -0.449 668 466
Inhibitor
0 -0.626 -0.444 891 615
CGO
Inhibitor
30 -0.691 -0.444 1690 810
CGO
Inhibitor
60 -0.689 -0.437 1537 545
CGO
Inhibitor
0] -0.690 -0.471 524 469
CRO
Inhibitor
30 -0.695 -0.423 667 500
CRO
Inhibitor
60 -0.695 -0.415 740 666
CRO
Inhibitor
0 -0.598 - 883 -
CRW
Inhibitor
30 -0.597 -0.140 2083 84985
CRW
Inhibitor
60 -0.598 -0.171 2052 80000
CRW
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It is also noticed that in flowing conditions, the value of R, increased above static
values for the most effective inhibitor CRW indicating lower corrosion rates at 6000
rpm compared to static conditions. This effect was reported as a result of a reduction
in charge transfer by the inhibitor film. As expected, Rp values decreased, showing
an increase in corrosion rates from static to flow without inhibitor. The effective
inhibitor CRW also reduced erosion-corrosion to efficiencies of nearly 90 % when
combined with cathodic protection. Efficiency values without cathodic protection were
just below 40 %. The work by the authors obviously progresses information related to
erosion-corrosion and inhibition but may be limited by the short test durations of 1
hour or less which, in opinion do not reflect real field situations where continuous

inhibition normally occurs for much longer periods such as years.

In 2005, Ramachandran, et al., (2005) acknowledged the use of oilfied inhibitors in
prevention of erosion-corrosion. Advances in development of such inhibitors were
also reported with various inihbitors showing varying abilities and effects when
inhibiting erosion-corrosion. Earlier work, Ramachandran, et al., (2002) focused on
inhibitor performance in prevention of erosion-corrosion caused by impingement of
particles. A numerical estimation of wear due to particle impingement was presented

with modifications to account for inhibitor effects.

Work by (Wang, et al., 2005) demonstrated inhibitor reductions of erosion-corrosion
by both mass loss and electrochemical analysis. The results did however show littlle

correlation between both techniques again suggesting mechanical metarial losses.

4<+ #

Hedges, et al., (2000) comment on the failings involved with the corrosion efficiency
model (Equation 2-11 of Chapter 2) especially with respect to the design of new
pipelines. Marsh, et al.,( 2007) point out that using efficiency essentially examines
the ratio of the inhibited and uninhibited corrosion rate and expresses this as a
percentage. The problem with this approach is that efficiencies of 98% can be
achieved in laboratory testing but in actual field situations, the limiting factors are not
the ability of an inhibitor to reduce the corrosion rate but lack of inhibitor injection due

to limitations such as the following:

1. Pump Failures;
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2. Logistics;

3. Other Issues.

Rippon, (2001) identified a long list of reasons limiting availability some of which are

identified below

Incorrect inhibitor arrives at site;

Inhibitor runs out on platform due to inadequate stock levels;
Wrong inhibitor loaded into tank by operators;

Inhibitor tank allowed to run empty;

Inhibitor incorrectly diluted;

Inhibitor pump breakdowns;

Power failures affecting inhibitor pump while production continues;

© N o g~ w NP

Power failure which stops all production.

To account for such limitations, McMahon, et al., (2007) adopt the inhibitor availability
model (see Equation 3-18) and identify the approach as assuming the inhibited
corrosion rate as unrelated to the uninhibited corrosivity of the system and that all
systems can be inhibited to 0.1 mm/year. Rippon, (2001) proposes other values for
target inhibition rates depending on the temperature profile of the system as given in
Table 3-12. In the inhibitor availability concept presented by Marsh, et al., (2007),
field performance of an inhibitor is determined based on the summation of total metal
loss over field life, assuming inhibited corrosion and uninhibited corrosion. The actual

metal loss in mm/ yr can then be worked out from Equation 3-18.

oo A
Avallablllty(A))*_I_ICR L1 Availability(%)
100 100

CR= *UCR Equation 3-18

Where CR is metal loss in mm/yr
TICR is the target inhibited corrosion rate (0.05mm/yr, 0.1mm/yr etc)

UCR is the uninhibited corrosion rate in mm/yr

An inhibitor availability of 100% would then give the target corrosion rate in mm/yr.
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Table 3-12
Recommended Inhibited Corrosion Rates compiled from (Rippon, 2001)
Temperature Range, °C Inhibited Corrosion Rate, mm/yr
Up to 70°C 0.05
>70°C and 120°C 0.1
>120°C and 150°C 0.2
Above 150°C Inhibition not recommended without specific testing

4<< 6

Although inhibitors have been shown to have beneficial effects with regard to general
CO, corrosion, inhibitors are also associated with unwanted effects with regard to
preferential corrosion of welds within pipelines. This form of corrosion transpires
through galvanic mechanisms between the parent metal and the weld and is often
associated with varied inhibition of the two regions. The severity of preferential weld
corrosion occurs when the parent metal (often a large surface) is the cathode in
relation to the weld metal which acts as the anode. The smaller surface area of the
weld metal compared to the parent metal means galvanic current densities can lead
to sacrificial corrosion of the weld metal at significantly faster rates in comparison to

the rest of the structure.

Turgoose, et al., (2005) identified conditions which best suit this form of corrosion as
having weld consumables typically depositing 1% Ni weld metal and low conductivity
conditions. The researchers also concluded this mechanism to arise due to the
inability of the inhibitor tested to protect the weld metal whilst protecting the parent
metal. This observation has also been observed by others such as Alawadhi, et al.,
(2008) as detailed below.

Studies involving inhibitors have focused on preferential corrosion as inhibitors have
been found to inhibit parent metals well and act in a less effective manner on the
weld metal. Such an effect has been clearly demonstrated in recent work by
Alawadhi, et al., (2008) where tests in uninhibited conditions showed the weld metal

and heat affected zone of welded X65 pipeline steel acting as the cathode in relation
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to the parent material. In inhibited conditions involving 30 ppm of a “green” inhibitor
and flowing conditions, a switch in the setup was observed with the weld metal and
heat affected zone becoming anodic and the parent metal acting as a cathode. This
effect is also linked to the combination of flow and inhibition as in similar inhibited
environments but in static conditions, no reversal was observed. The situation was
also observed to be worse in inhibited flow at higher temperatures such as 70°C
which presents a dilemma as most pipelines operate in such environments. The
authors concluded the behaviour as attributed to variable corrosion product film
formation with less protective films forming on the weld metal than on the other

regions of the weld. Table 3-13 is a review of some findings by the authors.
Table 3-13

Galvanic activity between weld and parent metal of X65 pipeline steel,
compiled from Alawadhi, et al., (2008)

Test Conditions Weld Metal Parent Metal HAZ
Uninhibited + Flow Cathode Anode Anode
Inhibited + Static Cathode Anode -
Inhibited + Flow Anode Cathode Anode

To add to the emphasis of the problem, recent testing by Vera, et al., (2009)
evaluated inhibitor performance at reducing galvanic corrosion and preferential
corrosion of X65 carbon steel coupled to Alloy 625 in CO, saturated brines at 66°C.
Three inhibitors at 150 concentration are assessed with only one inhibitor able to
reduce the galvanic currents whilst showing no evidence of preferential weld
corrosion. All three inhibitors did however show effectiveness at reducing uniform

corrosion.

#

The literature review has demonstrated the extreme complexity of corrosion behavior
of steels in CO, — containing brines. This complexity is obvious partly due to the wide
range of prevailing environmental conditions such as temperature, CO, concentration

and flow conditions.

One important factor in CO, corrosion of carbon steel, which has been clearly

demonstrated, is iron carbonate film formation. Films containing iron carbonate
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(often referred to as scale) have been well discussed as having corrosion protective
characteristics. However, conditions where this scale fails to form are remarked by
Garber, et al., (1998) as producing reported failures in as little as six months into
service. lron carbonate formation has also been shown to vary with supersaturation,
temperature and precipitaiton. The degree of iron carbonate supersaturation
achieved has been shown to directly affect film formation with higher degrees of
supersaturation resulting in better film formation. Scaling tendency which is linked to
the supersaturation through precipitation has also been shown to affect the structure
of the film with scaling tendencies of less than 1 resulting in porous unprotective
films. Scaling tendencies greater than 1 have been linked to dense protective

carbonate films.

Turning to hydrodynamic influences with relation to flowing corrosive fluids, it is very
clear from literature that mechanical damage mechanisms are involved during
erosion-corrosion in liquid/solid flowing environments. In addition, complex
interactions between erosion and corrosion porcesses (often termed synergy) can
contribute largely to the total material losses. These synergistic effects have been
shown to make up the majority of the material loss by all mechanisms with the pure
corrosion and erosion components being in most cases, relatively small.

Numerous tests involving solid containing fluids have been carried out and most
seem to agree on the observation that synergistic effects make up the majority of
material losses. On the other hand, It has become apparent in some fairly recent
studies such as Neville and Hodgkiess in 1999 that similar phenomenon, involving
synergy can be present during aqueous solid-free erosion-corrosion. This
mechanism seems to have attracted little attention although research by the above
authors indicated synergistic effects amounting to 59.5 % of the total material loss in
solid-free flow conditions. Since then, the issue has been little attended to as the bulk
of work addressing synergy related material loss has concentrated on flowing fluids
containing solid particles. This issue requires added research to confirm levels of
synergy in solid-free flow. Should high levels of synergy, as reported by some
previous workers exist in solid-free flow, then an experimental strategy that does not
rely on electrochemical techniques only, becomes very desirable as this avoids the
issue of corrosion rates being underestimated and provides additional information on

the mechanisms contributing to the total material losses.
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Corrosion monitoring using electrochemical techniques is inadequate as it can only
assess material losses due to electrochemical mechanisms. This would consequently
mean that corrosion rates assessed by such techniques in conditions involving
flowing fluids underestimte the actual material losses involved. It is therefore of
question whether Faraday related corrosion monitoring techniques are appropriate in

conditions of flow especially solid-free flow.

Inhibitors have been found to be effective at inhibiting corrosion including erosion-
corrosion. Although this is no doubt a very beneficial effect, major areas of concern
arise in relation to the influence of hydrodynamic conditions on the efficiency of
inhibitors. This does not simply relate to issues such as inhibitor film formation and
persistency but is also likely to involve galvanic interactions between different
hydrodynamic zones on a uniform steel surface. An additional feature to which
inhibitor performance has been linked, involves galvanic interactions between
different zones of welded components. This mechanism is an undesirable feature of
inhibition and as discussed earlier can also be linked to hydrodynamics. This study
will address such mechanisms considering such galvanic activity between various

hydrodynamic zones and inhibitor action under such conditions.

This project aims to address the issue of inhibition in conditions of variable shear. As
identified in this Chapter, one current issue with flowing corrosive fluids is the
probability of material losses from mechanisms other than pure electrochemical
dissolution. This project aims to address the existence of such mechanisms in solid-

free flow simulating oilfield conditions.

The impingement jet method has been illustrated as one of the main and common
methods of monitoring erosion-corrosion in laboratories. The jet impingement is well
characterised and equations for evaluating shear stress are well defined. The method
has also been extensively favored in studies involving erosion-corrosion. The (Efird,
et al., 1993) and (Efird, 2000) specimen setup provides a good means of monitoring

in-situ variable shear stresses.
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4.0 EXPERIMENTAL TECHNIQUES AND RESULTS ANALYSIS

This section details the experimental techniques, apparatus, chemicals and methods
used to investigate the influence of hydrodynamics and shear on the efficiency of a
commercial CO, corrosion inhibitor. A jet impingement setup is used as the mass
transport system. As defined earlier in Chapter 3, the shear stress for a submerged
jet impinging on a flat surface is well defined. The hydrodynamic variables used to
assess the results are shear stresses that are varied by velocity and radial position

along the test specimens.

The inhibitor used in the experiments was a commercial inhibitor provided by Clariant
Services. The inhibitor trade name was CORRTREAT 727. All tests are carried out in
3.5% NaCl solutions at a temperature of 50°C. Results are analysed by mass loss,
Linear Polarisation Resistance (LPR), Tafel Extrapolation and galvanic current

measurements by means of a zero resistance ammeter.

Post test analysis of corroded specimens included TalySurf surface profiling and
microscopy. The tests rigs used are two identical recirculating jet impingement rigs
with variable velocities. Results obtained from these experiments are presented in
Chapters 5, 6, 7 and a discussion in Chapter 8. Table 4-1 summarises the test
equipment used, tests procedures, test conditions and corrosion monitoring

techniques.
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Table 4-1

Summary of testing procedures and equipment

Gravimetric (Mass Loss)

Electrochemical

Test electrode

Carbon steel

Carbon steel

Test Solution

3.5 wt % NacCl

3.5 wt % NaCl

Test temperature 50°C 50°C
Test velocities (m/s) 8 m/s 2mls 8 m/s 2m/s
Average shear stress Im | 0 Im ! 0 Im | 0o Im ! 0o
in zone (Pascal’s) 183 5.9 2.2 15 05 | 0.17 | 183 5.9 2.2 15 05 | 0.17
Test conditions 1-7 1-5

OHAUS AS120s electronic scales with Electrodes

Test Apparatus

balance accuracy 0.0001g.
Test coupons located in T, I, O zones.

Taylor Hobson Pneumo form TalySurf
series 2 surface profiling machine.

Olympus BH2-UMA light optical
microscope.

Reference — Calomel Reference

Counter - Platinum counter electrode
Working — Carbon steel specimens in T, I,
O zones

Precision 16 Bit Ramp Generator
Ministat Potentiostat

Zero resistance ammeter (ZRA) for
measurement of galvanic currents
between specimens in T, |, O zones.

Corrosion monitoring
technique(s)

Mass losses converted to equivalent
corrosion rates

LPR

Tafel Extrapolation

Zero Resistance ammeter (Galvanic)

Test conditions:

1) Aerated
2) CO; saturated

3) CO; saturated with 100ppm inhibitor
4) CO2 saturated with 150ppm inhibitor
5) CO2 saturated with 200ppm inhibitor
6) CO2 saturated with 1000ppm inhibitor
7) CO2 saturated with 1500ppm inhibitor

Im — Impingement (Impingement zone specimen)
| — Intermediate zone specimen
O — Outer zone specimen

LPR is performed by small anodic and cathodic polarisation perturbations of 20 mV from Ecor. Scan rate is set at
12 mV/min. Current response is noted and potential/current density plot is generated. Best fit gradient of plot
corresponds to polarisation resistance Rp. icorris proportional to Rp through Equation 2-8

Tafel Extrapolation

is performed by 200 mV full anodic polarisations from Ecor. Scan rate is set at 12 mV/min.

Potential/current response is recorded then plotted on E/log i plot. Tafel region (straight line next to Ecor) is
identified and extrapolated back to Ecor Where corresponding current density is icorr. Current density, icorr, is then
converted to equivalent mass loss using Faraday’s Law (Equation 2-9).

Galvanic Interactions are measured by a zero resistance ammeter connection between electrodes in T, I, O

zones.
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1 &% %

Two identical recirculating jet impingement rigs are used to deliver impinging flow at
velocities of 8 m/s and 2 m/s. A variation in velocity is achieved by use of a smaller
pump for the 2 m/s rig. The rigs will be referred to as rig 1 and rig 2. The
corresponding velocities for the rigs are 8 m/s for rig 1 and 2 m/s for rig 2. Figure 4-1
shows a schematic representing the impingement rigs. The rigs recirculate 3.5 %
NaCl solution dissolved at least overnight in distilled water. The standoff distance
between the nozzle and the specimen surface is always kept at 5 mm. The jet nozzle
is always normal to the specimen surface and is always fully submerged at its exit
point. The nozzle diameters are 1 mm for both rigs. The velocities of both rigs are
checked prior to every test. For the CO, saturated tests, the CO, is supplied to both
rigs through rubber tubing then dispersed in the recirculating fluids by means of an
aquatic fine filter. This ensures the CO, bubbles are of fine nature and dissolve

easily.

Figure 4-1

Schematic of recirculating jet impingement rig and apparatus

Impinging Jet

Specimen
Holder

CO2 supply
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0

The inhibitor used in this project is a commercially available CO, corrosion inhibitor.
The inhibitor is supplied by Clariant Production UK Ltd and has a trade name of
CORRTREAT 727. The compositional information and ingredients is given in Table
4-2
Table 4-2
CORRTREAT 727 Compositional Ingredients

Ingredient Minimum (%) | Maximum (%)
2-Butoxy Ethanol 30.0 60.0
Acetic Acid 1.0 5.0
Thioglycolic Acid 0.2 2.0
Imidazoline 5.0 10.0
Imidazoline Ethoxylate 5.0 10.0

&

The material used for the test specimens is carbon steel. The material chemical

composition and expected properties are given in Table 4-3

Table 4-3

Material Grade Properties

C% Si % Mn % P % S % N % Cu %

max max max max max max max
Chemical 0.24 0.55 1.60 0.035 |0.035 |0.012 |0.55
Composition
Min Yield Strength

355
(MPa)
Tensile Strength
510 to 680

(MPa)
++ * &

Figure 4-2 shows a picture of the prepared electrochemistry specimen. The specimen
is prepared by moulding machined specimens in epoxy resin to form a solid

specimen with an even surface. All three coupons are machined from one solid bar of

Page 52 of 252



Chapter 4 — EXPERIMENTAL TECHNIQUES AND RESULTS ANALYSIS

starting material to ensure no difference in metallurgy or specimen chemistry. An
electrochemical connection is made on each specimen by welding an electrical
connection to each specimen prior to moulding in resin. The electrical connection has
a colour code system in order to distinguish the specimens. The specimen is ground
down to 600 grit before every test.

Figure 4-2

Electrochemistry Coupons embedded in epoxy resin

The shear stresses of the zones are calculated from the Efird, (2000) (Page 17)
equation for shear stress of a submerged impinging jet. The values of shear are
calculated at each radial position and an average is taken for each zone. For both
rigs, the impingement zones are located in the impingement zone with the
intermediate and outer zones located in the wall jet region. Figures 4-3 to 4-8 show

the values of shear stress in each zone and at both velocities.
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=—Rig 1, velocity 8m/s, RE 8000

600

Shear Stress (Pa)

0.0000 0.0005 0.0010 0.0015 0.0020 0.0025

Radial Distance (m)

0.0030

Figure 4-3. Shear stress distribution for the impin gement specimen at 8 m/s. Calculated

from Efird (2000) equation.

=+Rig 1, velocity 8m/s, RE 8000

10

Shear Stress (Pa)

0.0080 0.0085 0.0090 0.0095 0.0100 0.0105 0.0110 0.0115
Radial Distance (m)

Figure 4-4. Shear stress distribution for the inter ~ mediate zone specimen at 8 m/s.

Calculated from Efird (2000) equation.

0.0120
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=+—Rig 1, velocity 8m/s, RE 8000

Shear Stress (Pa)

0.0135 0.0150 0.0165 0.0180 0.0195

Radial Distance (m)

Figure 4-5. Shear stress distribution for the outer zone specimen at 8 m/s. Calculated
from the Efird (2000) equation.

== Rig 2, velocity 2m/s, RE 2000

50

Shear Stress (Pa)

0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030
Radial Distance (m)

Figure 4-6. Shear stress distribution for the impin gement zone specimen at 2 m/s.
Calculated from Efird (2000) equation.
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=—Rig 2, velocity 2m/s, RE 2000

0.8

0.6

I
IS

Shear Stress (Pa)

o2+— — — — —

0.0080 0.0085 0.0090 0.0095 0.0100 0.0105 0.0110 0.0115 0.0120
Radial Distance (m)

Figure 4-7. Shear stress distribution for the inter mediate zone specimen at 2 m/s.
Calculated from Efird (2000) equation.

= Rig 2, velocity 2m/s, RE 2000

0.3

Shear Stress (Pa)
o
N

©
o

0.0135 0.0150 0.0165 0.0180 0.0195

Radial Distance (m)

Figure 4-8. Shear stress distribution for the outer zone specimen at 2 m/s. Calculated
from Efird (2000) equation.
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++1 -

Figure 4-9 shows the gravimetric coupons for the weight loss tests. The specimens
are identical to the specimens used in the electrochemistry specimen and are
machined from the same bar of material as the electrochemistry specimens. Similar
to the electrochemistry specimen, the impingement zone is located in the

impingement zone with the intermediate and outer zones located in the wall jet region

of the flow.
Figure 4-9
Gravimetric test coupons
! 23

Corrosion rates are analysed by coupon mass loss using OHAUS AS120s electronic
scales with a balance accuracy of 0.0001 g. Before each test, each coupon is
polished down to 600 grit, degreased with methanol and dried using a METASERV
specimen dryer. Post testing, the coupons are dipped in Clarke’s solution for up to 5
minutes, rinsed with tap water and dried before reweighing. To ensure accurate mass
loss determination, all coupons are weighed at least three times and an average
value is taken as final. All tests are carried out for a duration of 24 hours and

recorded by stopwatch. For the tests involving CO,, the test solution is purged with
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CO, for at least 1 hour before coupon insertion. For the inhibitor tests, the coupons lie

in static conditions for an hour.

+<, 6 6 6

Post testing, the coupons are prepared for reweighing in accordance with ASTM G1-
03. The coupons are cleaned and corrosion products are removed using the Clarke’s
solution method as detailed in the standard. The coupons are dipped in the solution
for at least 1 min in order to remove all corrosion products on the surface. If required,
the coupons are dipped for longer periods. The Clarke’s solution is prepared as

follows:

To 1000 mL of hydrochloric acid (HCI) with a specific gravity of 1.19, 20 g of
antimony trioxide (Sb,0s) is added then 50 g of stannous chloride (SnCly) is finally
added. Once the solution is made, it is always kept at room temperature. Corrosion
product removal is achieved by dipping the coupons in a beaker filled with the

Clarke’s solution.

Clarke’s solution is highly acidic and Personal Protective Equipment (PPE) such as

eye protection and gloves is worn when handling the solution.

+<! b *%

Equivalent corrosion rates in mm/year are determined by means of the mass losses

in each test. The procedure for achieving such values is set out below:

1) Initial mass in grams of each specimen is recorded. To ensure accuracy, each
specimen is weighed three times and an average value is calculated;

2) Specimens are then placed in the test rigs and experiment is carried out for
duration of 24 hours;

3) Post testing, the samples are removed and quickly rinsed under tap water.
Samples are then dipped in Clarke’s solution in order to remove any residual
corrosion product;

4) Samples are then re-rinsed under tap water, and dried using a Metaserv

specimen dryer;
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5) Samples are then re-weighed to determine test mass loss. Each sample is again

reweighed three times and an average value is taken.

The total mass loss during each test is then calculated by Equation 4-1.

M=M,-M, Equation 4-1

Where
M; is the average specimen mass before the test.
M, is the average specimen mass after the test.

The equivalent corrosion rate in mm/year is then determined using Equation 4-2.

_ 3650M
rA

CR

Equation 4-2

Where

CR is the equivalent corrosion rate (mm/year

M is the total mass loss after 24 hours (g/day)
is the material density (7.8 g/cm®)

A is the specimen or coupon exposed surface area (cm?)

+<4 0 &

The specimen surfaces are also analysed using a TalySurf surface profiling machine

and light optical microscopy.

# %

Electrochemical tests are carried out for a duration of 24 hours. The samples are
analysed by means of the LPR method at interim exposures of 4 hours,15 hours and
a full anodic polarisation after 24 hours exposure. The 24 hour full polarisation data is
also used to plot R, values after 24 hours. The corrosion current density after 24
hours exposure is determined by Tafel extrapolation of full anodic E/Log i curves.

The electrodes used for the corrosion monitoring are a calomel reference electrode, a
platinum counter electrode and the working electrodes being the carbon steel
samples in the various hydrodynamic (shear conditions). Figure 4-10 is a schematic

of the electrochemical corrosion monitoring system. The potentiostat / sweep
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generator varies the potential of the specimen under study in either the positive or

negative direction from Ecq.

Throughout all these tests the same specimen surface preparation is carried out. The

specimens are polished down to 600 grit, rinsed with tap water then degreased with

methanol.
Figure 4-10
Electrochemical corrosion rate monitoring system
Potentiostat | Sweep Generator
Ammeter
Voltmeter—__|
@ A C02 Supply
Calomel
Reference
Electrode
Platinum Counter
Electrode
Working Electrode (Carbon steel specimens)
+/, . b : 2.6:30

For the LPR method, the specimen potential is shifted by small perturbations, E, of
20 mV from E.,. The resultant currents in response to the potential shift are
measured by means of the ammeter. These measurements are then used to

generate E/I plots. The | part of the curve is the current density. The current
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density is obtained by dividing the current with the specimen exposed surface area. A
line of best fit of the E/I plot is then used to ascertain the polarisation resistance, Ry,
which is equivalent to the gradient of the plot. A detailed description of this method

has already been presented in Chapter 2, section 2.6.1.3

+/1 *

The Tafel extrapolation techniqgue numerically estimates the corrosion current
density. The specimen is shifted by larger perturbations of 200 mV away from E.q
and the current response is recorded. As the method imposes such large
perturbations in potential, the method can only be used once as these shifts in
potential may damage the surface of the specimen thus restricting any repetition of
the scan within the same test. The Tafel method is only therefore applied once after
the 24 hour exposure period. A detailed description of the method is already

presented in Chapter 2, section 2.6.1.4

This project will only establish corrosion current densities by means of anodic
polarisation curves. This is due to the large amount of time taken to scan 200 mV at a
scan rate of 12 mV / min. At this scan rate, a total time of at least 30 mins per
specimen would be required to carry out both anodic and cathodic polarisation scans.
During each test, 6 scans would be required for each test rig as each test has 3
specimens. The time taken to complete such scans has been considered as too long
and may introduce inconsistency through specimens developing time related
variations in surface characteristics due in between scans. These variations would

also be crucial in tests containing inhibitor.

Figure 4-3 shows an example of such an extrapolation. The extrapolation has been
done in the Tafel region (linear region next to E¢,) and extrapolated back to Eco.
The corresponding current on the E/log | curve can then be converted to equivalent
corrosion rates using Faraday’s Law. A calculation for the sample extrapolation is

performed below.

From Equation 2-9,

dm _ 90x10°® * 1* 5585

— =26x10%g/s
dt 2*9650(
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The value in g/s is then converted to g/year by multiplication with 31536000 which
represents a conversion from seconds to years (60*60*24*365). In this case, this
conversion would yield a loss of 0.8 g/year. This loss in g/year is L in Equation 2-10.
Using Equation 2-10, the equivalent penetration rate (mm/year) is calculated as

follows:

(7.8*1)

mm/ year=10 =1.0mnV/ year

The density for carbon steel is 7.8 g/lcm®.

Figure 4-11

Tafel extrapolation from anodic polarisation curve
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The galvanic interactions between hydrodynamic zones in each test are measured by
a zero resistance ammeter connection (series) establishing a couple between the two
specimens. The ammeter then reads the amount of negative current flowing from the
more electro-negative specimen (higher Ecorr in the negative direction) to the lesser

negative specimen. A connection system has also been established in order to identify

Page 62 of 252



Chapter 4 — EXPERIMENTAL TECHNIQUES AND RESULTS ANALYSIS

the direction in which the current flows. This connection sequence involves polarity
and is shown in Figure 4-4. If the recorded current is negative then the specimen
connected to the negative terminal of the ammeter is identified as the anode. If the
current is positive then the specimen connected to the positive terminal of the ammeter
is identified as the anode. The last schematic shows the arrangement where the outer
and intermediate specimens are coupled to establish a mutual potential between the
zones. This coupling is then connected to the ammeter as one connection with the

galvanic current measured against the impingement specimen.

Figure 4-12

Schematics of polarity connection between hydrodyna mic zones

Zero Resistance Ammeter

Zero Resistance Ammeter
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Zero Resistance Ammeter

Zero Resistance Ammeter
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5.0 GRAVIMETRIC INVESTIGATIONS

5.1 Introduction

Gravimetric assessments are carried out to investigate the influence of variable shear
on erosion-corrosion of carbon steel in simulated oilfield environments. The
conditions investigated are aerated 3.5% NaCl, CO, saturated NaCl, CO, saturated
NaCl with 100 ppm, 150 ppm, 200 ppm, 1000 ppm and 1500 ppm Corr Treat 727
corrosion inhibitor. All tests are carried out in glass cells at 50°C and the fluid
impingement velocities are 8 m/s and 2 m/s. Corrosion rates are analysed by
coupon mass loss using OHAUS AS120s electronic scales with a balance accuracy
of 0.0001 g. Before each test, each coupon is polished down to 600 grit, degreased
with methanol and dried using a METASERV specimen dryer. Post testing, the
coupons are dipped in Clarke’s solution for up to 5 minutes, rinsed with tap water and
dried before reweighing. To ensure accurate mass loss determination, all coupons
are weighed at least three times and an average value is taken as final. All tests are
carried out for a duration of 24 hours and recording is by stopwatch. For the tests
involving CO,, the test solution is purged with CO, for at least 1 hour before coupon

insertion. For the inhibitor tests, the coupons lie in static conditions for an hour.

The results obtained are presented in the following manner:
Tests in aerated brines;
Tests in CO, saturated brines;
Tests in CO, saturated brines with 100 ppm inhibitor;
Tests in CO, saturated brines with 150 ppm inhibitor;

Tests in CO, saturated brines with 200 ppm inhibitor.

The equivalent mass loss is converted to a corrosion rate in mm/year through

Equation 5-1

_ 36650W
rA

CR Equation 5-1
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Where

CR = Corrosion rate in mm/year

W = Mass loss in grams after 24 hours exposure (g/day)
= Density of carbon steel (7.8 g/cm?®)

A = Coupon surface area in cm?

Impingement Coupon (0.6249cm?)
Intermediate Coupon (1.971cm?)
Outer Coupon (3.4262cm?)

5.2 Tests in Aerated 3.5% NaCl

In total, 6 tests were carried out for both rigs running at 8 m/s and 2 m/s. The mass
loss is converted to a corrosion rate in mm/year through Equation 5-1. Tests in
aerated conditions showed characteristically high corrosion rates with the
impingement (higher shear) zones having the highest corrosion rate at both

velocities.

5.2.1 Testsat8 m/s

Table 5-1 represents the mass loss results for aerated tests done at 8 m/s flow. The

results are converted to equivalent yearly loss and displayed in Figure 5-1.

Table 5-1

Results for 8 m/s flow in aerated conditions. Resul ts show hydrodynamic zone mass

losses in grams for tests at 50 °C and 24 hrs.

Impingement Intermediate Outer
Test 1 0.0355 0.0245 0.0448
Test 2 0.0346 0.0380 0.0507
Test 3 0.0307 0.0299 0.0413
Test 4 0.0281 0.0412 0.0494
Test5 0.0312 0.0353 0.0498
Test 6 0.0327 0.0318 0.0454
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From Figure 5-1, the impingement (higher shear) zone has the highest value of
corrosion rate compared to the intermediate and outer zones respectively. The
equivalent corrosion rate in the impingement zone is at least twice the value of the
other two shear zones and this result indicates the influence of impinging flow in

aerated conditions.

Figure 5-1
Hydrodynamic zone equivalent corrosion rates (mm/yea r) at 8 m/s flow in aerated 3.5

wit% brine. Test duration 24 hrs at 50 _°C. Zone regions indicate average shear stress

values in Pascal’s.
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Photography, microscopy and surface profiling provided additional information on
corrosion damage in all three hydrodynamic zones. Figure 5-2 is a photograph of
the three corroded coupons after 24 hrs at 8 m/s flow. The impingement zone
specimen seems the worst affected with large pits clearly visible over the entire
surface of the specimen. The intermediate and outer specimens appear to have no
pitting present. Further investigation through microscopy and surface profiling
indicated the severity and nature of the pits. Figure 5-3 is a microscopic image of a

pit located in the impingement zone at position r 2d. Pit depth, measured by
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microscopy is 105 um. Figure 5-4 is a microscopic image of another pit located at
r 2.5d and of depth 163 um.

The intermediate specimens had significantly less pitting and both microscopy and
surface profiling established these pits to be of less than 20 pum in depth. Figure 5-5
is a microscopic image of a pit in the intermediate specimen whose depth is 14 pm.
Figure 5-6 is a similar image for the outer specimen. The recorded depth of all pits

in the outer specimen is less than 10 microns.

Figures 5-7, 5-8 and 5-9 are surface profile images of the three hydrodynamic
zones. The impingement specimen profile, Figure 5-7 clearly shows pitting activity
of depths over 100 pum. Figures 5-8 and 5-9 for the intermediate and outer
specimen show significantly less pitting activity. From Figure 5-9, it is clear the outer

specimen experiences the least pitting activity with pits less than 10 um in depth.

This result is consistent with the weight loss results and clearly signifies the amount

of corrosion damage occurring mainly on the impingement specimen.
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Figure 5-2. Photograph showing hydrodynamic zone sp ecimens after 24 hrs in aerated
3.5 wt% brine at 8 m/s. Photograph shows visible pi  ts in impingement zone (centre)

specimen.

1 mm
-

Figure 5-3. Microscopic image of pit located in imp  ingement zone at positionr  2d. Pit
depth measured as 105 ym after 24 hrsin flow at8  m/s.
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Figure 5-4. Microscopic image of pit located in imp  ingement zone at positionr  2.5d. Pit

depth measured as 163 um after 24 hrsin flow at8  m/s.

A 0.1 mm

Figure 5-5. Microscopic image of pit located in int  ermediate zone. Pit depth measured
as 14 um after 24 hrs in flow at 8 m/s.

Page 70 of 252



Chapter 5—- GRAVIMETRIC INVESTIGATIONS

Figure 5-6. Microscopic image of small pits located in outer zone. Pit depths are

measured as less than 10 ym after 24 hrsin flow at 8 m/s.
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Figure 5-7. Surface profile image of impingement sp  ecimen after 24 hrs in aerated flow

impinging at 8 m/s. Image shows deep Pitting along the surface. X-axis in mm and Y-

axis in pm.
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Figure 5-8. Surface profile image of intermediate s  pecimen after 24 hrs in aerated flow

at 8 m/s. X-axis in mm and Y-axis in um.
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Figure 5-9. Surface profile image of outer specimen after 24 hrs in aerated flow at 8
m/s. X-axis in mm and Y-axis in pm.
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Table 5-2

Results for 2 m/s flow in aerated conditions. Resul ts show hydrodynamic

zone mass losses in grams for tests at 50 °C and 24 hrs.

# #
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Figure 5-10. Hydrodynamic zone equivalent corrosion rates (mm/year) at 2 m/s flow in
aerated 3.5 wt% brine. Test duration 24 hrs at 50 °C. Zone regions indicate average

shear stress values in Pascals.
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Figure 5-12. Microscopic image of pit located ini  mpingement zone at positionr  2d. Pit
depth measured as 17 ym after 24 hrs in flow at2m  /s.

Figures 5-13 and 5-14 are microscopic images for the intermediate and outer
specimens for the 2 m/s experiments. The diameter of the pits is smaller and they
are of shallower depths compared to those observed in the same regions at 8 m/s.
The surface profiles of all three specimens at 2 m/s are shown by Figures 5-15, 5-
16 and 5-17. The surface profiles of these specimens indicate shallower and

narrower pits in comparison to the experiments done at 8 m/s.
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Figure 5-13. Microscopic image of pits located ini  ntermediate zone. Average pit depths
measured as 7 um after 24 hrs in flow at 2 m/s.
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Figure 5-14. Microscopic image of pits located in outer zone. Pit depths measured as
below 9 um after 24 hrs in flow at 2 m/s.
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Figure 5-15. Surface profile image of impingement s pecimen after 24 hrs in aerated
flow at 2 m/s. X-axis in mm and Y-axis in pm.
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Figure 5-17. Surface profile image of outer specime  n after 24 hrs in aerated flow at 2

m/s. X-axis in mm and Y-axis in pm.
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Figure 5-18. Average corrosion rates for experiment s at 8m/s and 2m/s. Figure shows

the corresponding average corrosion rates obtained in the three hydrodynamic

conditions.
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Table 5-3

Results for 8 m/s flow in CO_, saturated conditions. Results show hydrodynamic zon

weight losses in grams and pH for tests at 50 °C and 24 hrs.
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Figure 5-19. Hydrodynamic zone equivalent corrosion rates (mm/year) at 8 m/s flow in
CO, saturated 3.5 wt% brine. Test duration 24 hrs at5  0°C. Zone regions indicate

average shear stress values in Pascal’s.
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Figure 5-20. Photograph showing hydrodynamic zone sp ecimens after 24 hrs in CO ,

saturated 3.5 wt% brine at 8 m/s. Photograph shows film formation in all three zones.
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Figure 5-21. Microscopic image of impingement zone heavy film located just outside
the stagnation zone. Film extended throughout the r emainder of the specimen. Test

conditions are 8m/s CO , saturated brine.

Figure 5-22. Microscopic image of heavy film and pi  t located further outside the
stagnation zone of the impingement specimen. Testc  onditions are 8m/s CO , saturated

brine.
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Figure 5-23. Surface profile image of impingements  pecimen after 24 hrsin CO ,

saturated flow impinging at 8 m/s. X-axis in mm and Y-axis in pm.
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Figure 5-24. Microscopic image of patchy film inth e intermediate zone. Test
conditions are 8m/s CO , saturated brine.
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Figure 5-25. Microscopic image of dense thick film in the intermediate zone. Test
conditions are 8m/s CO , saturated brine. Film thickened with radial distan ce away from

specimen internal diameter (left of picture)
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Figure 5-26. Microscopic image of dense thick film in the outer zone. Test conditions
are 8m/s CO , saturated brine. Film thickness was mainly consist ent with radial

distance from internal diameter
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Figure5-27. $ & % & 8 0 &
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Figure 5-28. Surface profile image of intermediate ~ specimen after 24 hrsin CO ,
saturated flow at 8 m/s. X-axis in mm and Y-axis in pm.
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Figure 5-29. Surface profile image of outer specime  n after 24 hrs in CO , saturated flow

at 8 m/s. X-axis in mm and Y-axis in pm.
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The scatter between experiments at the lower velocity was such as to make
distinctions between the three hydrodynamic zones not clear cut. The CO,
experiments carried out at 2m/s show reproducibility with a large scatter. In total, 8
tests were carried out and in the majority of experiments, the intermediate specimen
showed the highest corrosion rate as shown in Figure 5-30. The last two experiments
however show the impingement specimen as having higher corrosion rates than the
intermediate and outer. In all tests except test 4, the outer zone has the lowest
corrosion rate.
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Results for 2 m/s flow in CO

Table 5-4

, saturated conditions. Results show hydrodynamic zon

mass losses in grams for tests at 50

°C and 24 hrs.

Impingement Intermediate Outer pH
Test1 0.0070 0.0310 0.0387 5.8
Test 2 0.0082 0.0326 0.0345 5.1
Test 3 0.0092 0.0380 0.0362 5.3
Test 4 0.0086 0.0415 0.0474 5.4
Test5 0.0087 0.0315 0.0430 5.2
Test 6 0.0075 0.0255 0.0327 5.6
Test7 0.0096 0.0190 0.0360 55
Test 8 0.0104 0.0230 0.0266 5.3
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Figure 5-30. Hydrodynamic zone equivalent corrosion

CO, saturated 3.5 wt% brine. Test duration 24 hrs at 5

rates (mm/year) at 2 m/s flow in

average shear stress values in Pascal’s.

0°C. Zone regions indicate
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Figure 5-31 is a photograph of all three specimens after 24 hours in CO, saturated
flow at 2 m/s. The photograph is taken before the specimens are dipped in Clarke’s
solution and reweighed. From the picture, it is clear that heavy films have formed
on the surfaces of all three specimens and there is no indication of any pit
formation. The film in the impingement (centre) specimen seems to have two
distinct regions, one surrounding the stagnation zone and forming a figure eight-like

figure and another region surrounding the figure eight-like figure.

The intermediate and outer specimens seem to have thicker films but closer
inspection reveals a patchy nature. The outer specimen especially has large

amounts of material surface that seems to have patchy films.

Figure 5-31. Photograph of impingement (centre), i  ntermediate and outer specimens
after 24 hours impingement with CO  , saturated brine at 2m/s. Photograph also shows

patchy film in intermediate and outer specimens.

The microscopic investigation of the impingement specimen shows a thick
consistent film formed outside the stagnation zone. Although small pits are regularly

visible, the film generally has no patches. Figure 5-32 shows the thick film just
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outside the stagnation zone and Figure 5-33 shows the continued thickness and

consistency of the film with distance increasing away from the stagnation zone.

Figure 5-32. Microscopic image of thick film outsid e the stagnation zone of the
impingement specimen. Test conditions are 2m/s CO  , saturated brine.

Figure 5-33. Microscopic image of continued thick f ilm outside the stagnation zone of

the impingement specimen. Test conditions are 2m/s CO, saturated brine .
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The surface profile of the impingement specimen is shown by Figure 5-34. There
appears to be lots of small pits on the specimen surface but the depth seems to be

no more than 10 pum.

Figure 5-34. Surface profile image of impingement  specimen after 24 hrsin CO ,
saturated flow at 2 m/s. X-axis in mm and Y-axis in pm.

The intermediate and outer specimen microscopy, Figure 5-35 and Figure 5-36
show a film with a streaky patch (Figure 5-35) and a very thin film with patches of

exposed metal (Figure 5-36).
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Figure 5-35. Microscopic image of film with large streaky patch away from the internal

edge of the intermediate specimen. Test conditions are 2m/s CO , saturated brine .

Figure 5-36. Microscopic image of thin film with p atches of bare metal away from the

internal edge of the outer specimen. Test condition s are 2m/s CO , saturated brine.
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The surface profiles of the intermediate and outer specimens show a significant
reduction in pitting. The intermediate surface profile (Figure 5-37), appears to

indicate a film on the surface and the only possible pit is of depth less than 10 pm.

Figure 5-37. Surface profile image of intermediate specimen after 24 hrsin CO ,

saturated flow at 2 m/s. X-axis in mm and Y-axis in pm.

Figure 5-38. Surface profile image of outer specime  n after 24 hrs in CO , saturated flow

at 2 m/s. X-axis in mm and Y-axis in ym.

Figure 5-38 represents the surface profile for the outer specimen. From the image it

is clear that the surface has no significant pitting.
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To summarise, the hydrodynamic zones studied are impingement zone,
intermediate (wall jet zone) and outer (wall jet zone). The average mass loss results
for the two velocities in CO, saturated water, expressed as equivalent corrosion

rates are presented in Figure 5-39.

From Figure 5-39, the intermediate zone experiences the highest average corrosion
rate at both velocities. Again, the outer specimen experiences the lowest average
corrosion rates although the average result for the 2 m/s outer zone is higher than
the 8 m/s outer zone. This is an unexpected result and could be linked to the
formation of protective corrosion product films. The presence of films in CO, has

also been confirmed by microscopy.
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Impimgement Intermediate Outer
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Hydrodynamic Zones

Figure 5-39 Average corrosion rates for 8m/s and 2m /s tests in CO , saturated brine at
50°C.
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Table 5.5
Results for 8 m/s flow in CO , saturated conditions with 100ppm inhibitor. Results show
hydrodynamic zone weight losses in grams for tests a t 50°C and 24 hrs.
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Figure 5-40. Hydrodynamic zone equivalent yearly cor  rosion rates at 8 m/s flow in CO
saturated 3.5 wt% brine with 100 ppm inhibitor. Tes  t duration 24 hrs at 50 °C. Zone

regions indicate average shear values in Pascal’s
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Figure5-41 $ & % &% &
=& 8 -&& 0 @) 8

Figure 5-42. Microscopic image of intermediate spec  imen after 24 hours in experiments

with 100 ppm inhibitor.
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Figure 5-43. Microscopic image of outer specimen af  ter 24 hours in experiments with
100 ppm inhibitor.
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Results for 2 m/s flow in CO

Table 5-5

, saturated conditions with 100 ppm. Results show

hydrodynamic zone weight losses in grams at 50

°C and 24 hrs
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Figure 5-44. Hydrodynamic zone equivalent yearly c

saturated 3.5 wt% brine with 100 ppm inhibitor. Tes

orrosion rates at 2 m/s flow in CO
t duration 24 hrs at 50 °C. Zone

regions indicate average shear values in Pascal’s.
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Table 5-6

Results for 8 m/s flow in CO , saturated conditions with 100ppm inhibitor. Results

show hydrodynamic zone weight losses in grams for te sts at 50 °C and 24 hrs.

Impingement Intermediate Outer pH
Test1 0.0028 0.0155 0.0181 5.6
Test 2 0.0018 0.0033 0.0042 5.9
Test 3 0.0014 0.0068 0.0091 6.1
Test 4 0.0012 0.0084 0.0071 54
Test5 0.0012 0.0104 0.0034 5.8
" <$+8 % '
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Figure 5-47. Hydrodynamic zone equivalent yearly c

saturated 3.5 wt% brine with 150 ppm inhibitor. Tes

orrosion rates at 8 m/s flow in CO
t duration 24 hrs at 50 °C. Zone

regions indicate average shear values in Pascal’s.
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Figure 5-50. Hydrodynamic zone equivalent yearly cor
saturated 3.5 wt% brine with 150 ppm inhibitor. Tes

rosion rates at 2 m/s flow in CO
t duration 24 hrs at 50 °C. Zone

regions indicate average shear values in Pascal’s.
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Figure 5-52. Microscopic image of intermediate spec  imen after 24 hours in experiments
with 150 ppm inhibitor and 2 m/s flow

V# 8 -—-&& O

Tests at a higher inhibitor concentration of 200 ppm indicated an adverse inhibitor
effect with the corrosion rates in all three hydrodynamic zones showing an increase
compared to lower concentrations of 100 ppm and 150 ppm. The results do however
contribute the need to evaluate optimum inhibitor concentrations and are evidence
that increasing inhibitor concentration above optimum levels may actually increase

corrosion rates. The results presented indicate the increase in corrosion rates.

</, =@

As shown in Figure 5-53, increasing the inhibitor concentration to 200 ppm did not
yield any reduction in corrosion rate for all three hydrodynamic zones. In fact,
increasing the concentration actually increases the corrosion rates of all three

hydrodynamic zones.
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Figure 5-53. Hydrodynamic zone equivalent yearly cor  rosion rates at 8 m/s flow in CO
saturated 3.5 wt% brine with 200 ppm inhibitor. Tes  t duration 24 hrs at 50 °C. Zone

2

regions indicate average shear values in Pascal’s.
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Figure 5-54. Hydrodynamic zone equivalent yearly cor  rosion rates at 2 m/s flow in CO
saturated 3.5 wt% brine with 200 ppm inhibitor. Tes  t duration 24 hrs at 50 °C. Zone

regions indicate average shear values in Pascal’s.
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Tests at 1000 ppm and 1500 ppm were considered in order to try and establish
whether a significant increase in concentration would have any effect in reducing
corrosion rates. The test at these concentrations showed higher corrosion rates
compared to tests done at lower concentration and yielded no benefits with regard to
corrosion rates. The results are therefore only presented in the summary of this

chapter as emphasis on possible inhibitor adverse effects at concentrations higher

than optimum.
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Figure 5-55. Average equivalent corrosion rates for

the impingement zone at 8m/s flow.

Average shear stress value in region is

183 Pa.
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Figure 5-57. Average equivalent corrosion rates for the outer zone at 8m/s flow.

Average shear stress value in region is 2.2 Pa
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Figure 6-1. Full anodic polarisation curves forexp  eriments in aerated 3.5 wt% NacCl at
50°C. Fluid impingement velocity is 8 m/s.
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Figure 6-2. Extrapolated corrosion rate for 8 m/s f  ull anodic polarisation for the

impingement zone at 50 °C in aerated flow.
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Figure 6-3. Extrapolated corrosion rate for 8 m/sf  ull anodic polarisation for the

intermediate zone at 50 °C in aerated flow.
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Figure 6-4. Extrapolated corrosion rate for 8 m/s f  ull anodic polarisation for the outer

zone at 50°C in aerated flow.
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Figure 6-5. Anodic linear polarisation results for

tests in 8 m/s aerated flow at 50 °C.
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Figure 6-6. Cathodic linear polarisation results fo

r tests in 8 m/s aerated flow at 50 °C.
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Figure 6-8. Extrapolated corrosion rate for 2 m/s f  ull anodic polarisation for the

impingement zone in 50 °C aerated flow.

Page 121 of 252



Chapter 6—- ELECTROCHEMICAL STUDIES

S420D
D

20, 2,2 , 77 22? 2272 277222 27722

$+<?

$<??2+

$<<?24

+7,

$/??

$/<? 4

$877 | _ ot

LF =

—{F Intermediate

@
@

*0 +4) 5,

Figure 6-9. Extrapolated corrosion rate for 2 m/s f  ull anodic polarisation for the
intermediate zone in 50 °C aerated flow.
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Figure 6-11. Anodic linear polarisation results for

tests in 2 m/s aerated flow at 50 °C.
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Figure 6-12. Cathodic linear polarisation results f

or tests in 2 m/s aerated flow at 50
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Table 6-1

E.orr_Values for tests at 8 m/s and 2m/s. Table shows va ___lues of E .. in each

hydrodynamic zone. Values are in mV

# #
=@ $/,< $/<8 $/88
I @ $87?, $8,! $844
Table 6-2
Corrosion rates extrapolated from full polarisation curves after 24 hours aerated flow.

Extrapolated values are in mm/year.

# #

=@ [ ++ ,,8 ??

'@ +/= 1A <

Table 6-3

Linear polarisation resistance data (1/Rp) after 2 4 hours for tests in aerated flow at

8 m/s. Values are in kohm “‘cm™

# #

Table 6-4

Linear polarisation resistance values after 24 hour s for tests in aerated flow at 2 m/s.

Values are in kohm “cm™

# #

1?4 /< +4

18 14 4/
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Figure 6-14. Extrapolated corrosion rate for 8 m/s  full anodic polarisation for the

impingement zone at 50 °C in CO,, saturated brine, pH 5.2
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Figure 6-15. Extrapolated corrosion rate for 8 m/s  full anodic polarisation for the

intermediate zone at 50 °C in CO, saturated brine, pH 5.2.

T $+’.”.’ T T T

2P ?.? ?7 ??7? 1? ?? 2?2?22 22?2?27

$+<?

$<274

$<<?

$/??

$/<?

$827

w =O—Outer

©%
@®
O

*0h +4) 5,

Figure 6-16. = & @) &
9 I- / 0 ;&D!

Page 128 of 252



Chapter 6—- ELECTROCHEMICAL STUDIES

!+7
1
'?
0
9 = J—
@
& 1
+
1
2
# 2,=4 3 # 2<A 3 2113
B+D += 8! ol
B <D 8/ 1< +8
W'+D A4 [ 48

Figure 6-17. Anodic linear polarisation results for

tests at 8m/s in CO , saturated flow at

50°C.
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Figure 6-18 Cathodic linear polarisation results fo
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r tests at 8 m/s in CO , saturated flow
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Figure 6-20. Extrapolated corrosion rate for 2 m/s  full anodic polarisation for the

impingement zone at 50 °C in CO, saturated brine, pH 5.5.
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Figure 6-23. Anodic linear polarisation results for

tests at 2 m/s in CO , saturated flow at

50°C.
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Figure 6-24. Cathodic linear polarisation results f
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Table 6-5

Ecorr values for tests at 8 m/s and 2 m/s. Table sh _ows values of Ecorr in each

hydrodynamic zone. Values are in mV.

# #
=@ $84, $8IA $818
'@ $8<= $8/! $8/,
Table 6-6
Corrosion rates extrapolated from full polarisation curves after 24 hours in CO

saturated flow. Extrapolated values are in mm/year.

# #
=@ = 7] 2
I @ 4< +, +8
Table 6-7
& 3 +)&, /
8 @) 7 B ]
# #
A4 !, 48
<< , < 18
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Table 6-8

Linear polarisation resistance values (1/Rp) after 24 hours for tests in CO_, saturated

flow at 2 m/s. Values are in kohm “‘cm™.

# #
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Figure 6-25. Full anodic polarisation curves forex  periments in CO , saturated brine
containing 100 ppm corrosion inhibitor. Fluid impin gement velocity is 8

m/s.
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Figure 6-26. Extrapolated corrosion rate for 8 m/s  full anodic polarisation curve for the
impingement zone in CO , saturated brine with 100ppm inhibitor, pH 5.7.
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Figure 6-28. Extrapolated corrosion rate for 8 m/s

full anodic polarisation curve for the

intermediate zone in CO , saturated brine with 100ppm inhibitor, pH 5.7.
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Figure 6-29. Anodic linear polarisation results for

100 ppm inhibitor.
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Figure 6-30. Cathodic linear polarisation results f  or tests in 8 m/s CO , saturated flow

with 100 ppm inhibitor.
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Figure 6-32. Extrapolated corrosion rate for 2 m/s  full anodic polarisation curve for the

impingement zone in CO , saturated brine with 200ppm inhibitor, pH 5.5
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Figure 6-33. Extrapolated corrosion rate for 2 m/s  full anodic polarisation curve for the

intermediate zone in CO , saturated brine with 100ppm inhibitor, pH 5.5
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Figure 6-34. Extrapolated corrosion rate for 2 m/s full anodic polarisation curve for the

outer zone in CO , saturated brine with 100ppm inhibitor, pH 5.5
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Figure 6-35. Anodic linear polarisation results for tests in 2 m/s CO , saturated flow with

100 ppm inhibitor.
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%, 1%

Table 6-9

Ec.or Values for tests at 8 m/s and 2 m/s. Table shows v alues of E ., in each

hydrodynamic zone. Values are in mV

# #
=@ $/1=A $/=/ $/=+
'@ $8,A $81? $81?
Table 6-10
Corrosion rates extrapolated from full polarisation curves after 24 hours in CO ,

saturated brine with 100 ppm inhibitor. Extrapolate d values are in mm/year

# #
=@ ?8 ?, ?4
I @ L ? ?, 28
Table 6-11
Linear polarisation resistance values (1/Rp) after 24 hours in CO , saturated flow at 8
m/s with 100 ppm inhibitor. Values are in kohm __ "‘cm™
# #
, 2 .8
14 ?A .
Table 6-12
Linear polarisation resistance values after 24 hou rs in CO , saturated flow at 2 m/s with
100 ppm inhibitor. Values are in kohm __*cm™
# #
4, A 41
= . i
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Figure 6-37. Anodic full polarisation curves for 8 m/s flow saturated with CO , and

containing 150 ppm inhibitor.
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Figure 6-38. Extrapolated corrosion rate for the im  pingement zone at 8 m/s flow
saturated with CO ,and containing 150 ppm inhibitor, pH 6
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Figure 6-40. Extrapolated corrosion rate for the ou  ter zone at 8 m/s flow saturated with
CO, and containing 150 ppm inhibitor, pH 6
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Figure 6-41. Anodic linear polarisation results for

150 ppm inhibitor.
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Figure 6-42. Cathodic linear polarisation results f

with 150 ppm inhibitor.

or tests in 8 m/s CO , saturated flow
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Figure 6-43. Anodic full polarisation curves for te sts at 2 m/s flow saturated with CO

and containing 150 ppm inhibitor.
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Figure 6-44. Extrapolated corrosion rate for 2 m/s full anodic polarisation curve for the

impingement zone in CO , saturated brine with 150ppm inhibitor, pH 5.4
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Figure 6-45 Extrapolated corrosion rate for 2 m/s f  ull anodic polarisation curve for the

intermediate zone in CO , saturated brine with 150ppm inhibitor, pH 5.4
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Figure 6-46. Extrapolated corrosion rate for 2 m/s

full anodic polarisation curve for the

outer zone in CO , saturated brine with 150ppm inhibitor pH 5.4
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Figure 6-48. Cathodic linear polarisation resistanc  es for 2 m/s flow saturated with CO ,

and containing 150 ppm inhibitor
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Table 6-13

E.orr_Values for tests at 8 m/s and 2 m/s. Table shows v

@3

alues of E .o in each

hydrodynamic zone. Values are in mV

# #
=@ $/,? $/?, $/,4
! @ $/A? $/A! $/=!
Table 6-14
= & & 3 /
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Table 6-15
Linear polarisation resistance values (1/Rp) after 24 hours in CO , saturated flow at 8
m/s with 150 ppm inhibitor. Values are in kohm __‘cm™
# #
4 ,? , =
+1 )| Il
Table 6-16
Linear polarisation resistance values(1/Rp) after 24 hours in CO , saturated flow at 2
m/s with 150 ppm inhibitor. Values are in kohm __‘cm™
# #
47 , < TA
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Figure 6-49. Anodic full polarisation curves for 8 m/s flow with 200 ppm inhibitor.
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Figure 6-50. Extrapolated corrosion rate for the im  pingement zone at 8 m/s flow with
200 ppm inhibitor, pH 5.5
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Figure 6-51. Extrapolated corrosion rate for the in ~ termediate zone at 8 m/s flow with
200 ppm inhibitor, pH 5.5
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Figure 6-52. Extrapolated corrosion rate for the ou  ter zone at 8 m/s with 200 ppm
inhibitor.
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Figure 6-53. Anodic polarisation resistances for 8

inhibitor. Values of average zone shear are indicate

m/s flow with 200 ppm corrosion

d in Pascal’s.
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Figure 6-54. Cathodic polarisation resistances for

inhibitor. Values of average zone shear are indicate

8 m/s flow with 200 ppm corrosion

d in Pascal’s.
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Figure 6-55. Anodic full polarisation curves after 24 hours for 2 m/s flow with 200 ppm
corrosion inhibitor.

Page 158 of 252



Chapter 6—- ELECTROCHEMICAL STUDIES

24< @

4427
SR T T T T

??, ?.? ,?7? ? ?? 2?2?22 ??7??? ??7??? 22?9?72

9<?% A

§<<7 A

4¥2?

$<? A

—O— Impingement

*% +4) 5,

Figure 6-56. Extrapolated corrosion rate for the im  pingement zone at 2 m/s flow with
200 ppm inhibitor, pH 5.7
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Figure 6-57. Extrapolated corrosion rate for the in  termediate zone at 2 m/s flow with
200 ppm inhibitor, pH 5.7
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Figure 6-59. Anodic polarisation resistances for 2 m/s flow with 200 ppm corrosion

inhibitor. Values of average zone shear are indicate

d in Pascal’s.
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Figure 6-60. Anodic polarisation resistances for 8 m/s flow with 200 ppm corrosion

inhibitor. Values of average zone shear are indicate

d in Pascal’s.
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Figure 6-61. E., values after 24 hours flow for both 8 m/s (green)

and 2 m/s (blue)
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Figure 6-62. Extrapolated corrosion rates after 24

m/s (blue).

hours flow for 8 m/s (green) and 2
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Figure 6-63. Anodic polarisation resistances for 8 m/s (green) and 2 m/s (blue) after 24
hours flow.
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Figure 6-64. Cathodic polarisation resistances for 8 m/s (green) and 2 m/s (blue) after

24 hours flow.
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7.0 GALVANIC INTERACTIONS
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Figure 7-1. E .o values for 8m/s aerated flow. Figure shows time rel  ated E ., variation
in each hydrodynamic zone and all the zones coupled.
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Figure 7-2. Galvanic currents for 8m/s aerated flow . Figure shows time related galvanic

currents for connections between hydrodynamic zones
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Figure 7-3. E .o Values for 2 m/s aerated flow. Figure shows time re  lated E ., variation

in each hydrodynamic zone and all the zones coupled
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Figure 7-4. Galvanic currents for 2 m/s aerated flo  w. Figure shows time related galvanic

currents for connections between hydrodynamic zones
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Figure 7-5. E ., values for 8m/s CO , saturated flow. Figure shows time related E o

variation in each hydrodynamic zone and all the zone s coupled.
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Figure 7-6. Galvanic currents for 8 m/s CO , saturated flow. Figure shows time related

galvanic currents for connections between hydrodyna mic zones.
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Figure 7-7. E ., values for 2 m/s CO , saturated flow. Figure shows time related E

corr

variation in each hydrodynamic zone and all the zone s coupled.
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Figure 7-8. Galvanic currents for 2 m/s CO , saturated flow. Figure shows time
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Figure 7-9. E . Values for 8 m/s CO ,saturated flow with 100ppm inhibitor. Figure
shows time related E ., variation in each hydrodynamic zone and the interme diate and

outer coupled.
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Figure 7-10. Galvanic currents for 8 m/s CO , saturated flow with 100 ppm inhibitor.
Figure shows time related galvanic currents for con nections between hydrodynamic

zones.
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Figure 7-11. E ., values for 2 m/s CO , saturated flow with 100ppm inhibitor. Figure
shows time related E ., variation in each hydrodynamic zone and the interme diate and

outer coupled.
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Figure 7-12. Galvanic currents for 2 m/s CO , saturated flow with 100 ppm inhibitor.
Figure shows time related galvanic currents for con nections between hydrodynamic
9
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Figure 7-13. E ., values for 8 m/s CO ,saturated flow with 150 ppm inhibitor. Figure
shows time related E o, variation in each hydrodynamic zone and all the zone S

coupled.
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Figure 7-14. Galvanic currents for 8 m/s CO , saturated flow with 150 ppm inhibitor.
Figure shows time related galvanic currents for con nections between hydrodynamic

Zones.
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Figure 7-15. E . values for 2 m/s CO ,saturated flow with 150 ppm inhibitor. Figure

shows time related E o, variation in each hydrodynamic zone and all the zon es
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Figure 7-16. Galvanic currents for 2 m/s CO , saturated flow with 150 ppm inhibitor.

Figure shows time related galvanic currents for con nections between hydrodynamic

zones.
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Figure 7-17. E . values for 8 m/s CO ,saturated flow with 200 ppm inhibitor. Figure
shows time related E ., variation in each hydrodynamic zone and the interme diate and

outer coupled.
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Figure 7-18. Galvanic currents for 8 m/s CO , saturated flow with 200 ppm inhibitor.
Figure shows time related galvanic currents for con nections between hydrodynamic

Zones.
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Figure 7-19. E ., values for 2 m/s CO ,saturated flow with 200 ppm inhibitor. Figure
shows time related E ., Vvariation in each hydrodynamic zone and the interme diate and

outer coupled.
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Figure 7-20. Galvanic currents for 2 m/s CO , saturated flow with 200 ppm inhibitor.
Figure shows time related galvanic currents for con nections between hydrodynamic

zones.
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Figure 7-21. Galvanic activities for all three zone

s at 8 m/s and 2 m/s. Figure shows

galvanic currents in YA for tests in various condit

ions.
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Figure 7-22. Galvanic activities between impingemen  t and outer zones at 8 m/s and 2

m/s. Figure shows galvanic currents in pA for tests in various conditions.
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Figure 7-23. Galvanic activities between impingemen  t and intermediate zones at 8 m/s

and 2 m/s. Figure shows galvanic currents in pA for tests in various conditions.
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Figure 7-24. Galvanic activities between intermedia

m/s. Figure shows galvanic currents in pA for tests

in various conditions
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Figure 7-25. Galvanic activities between intermedia

zone at 8 m/s and 2 m/s. Figure shows galvanic curre

te and outer coupled and impingement

nts in YA for tests in various conditions
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8.0 DISCUSSION

@

This thesis examines the influence of hydrodynamics on the efficiency of a corrosion
inhibitor in simulated oil field environments. The main themes presented are
corrosion assessments by mass loss techniques, corrosion assessments by
electrochemical techniques and galvanic activity between various hydrodynamic

Zones.

Chapters 5 presented results of corrosion monitoring by mass loss (Gravimetric
analysis) and Chapter 6 presented results in similar conditions but monitored by
electrochemistry. Results by both monitoring techniques have shown likely
similarities in corrosion behaviour which is expected as the exact test environments

are replicated.

In light of current literature reviewed in Chapter 3, one issue identified was large
synergistic components observed in studies involving flowing corrosive fluids.
Although this may be an expected observation in conditions containing solids,
attention is drawn to the possibility of synergy in solid-free flow. Work by Neville, et
al., (2003) and Wang, et al., (2004) has shown that the combined effect of erosion
and corrosion (often referred to as synergy) may possibly result in material losses
larger than the sum of their individual components. Guidelines for assessing this
amount of increased material loss due to synergy have been given in ASTM
standard G119-09.

In agreement with the above observations, Hodgkiess, et al., (2005), amongst others,
identified an indirect method of establishing the amount of synergy by the following

egaution, as defined earlier in Chapter 3:

T=E+C+S

This Equation may be used or rearranged in any order to determine “E”, the pure
erosion component, “C” the pure corrosion component or “S”, the synergy component
of the total material loss “T”. Chapter 5 presents results by mass loss and these

results can therefore be substituted in for “T”, Chapter 6 presents results by
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electrochemistry and those results can therefore be substituted in for “C”, the pure
corrosion component. From the two chapters and using the following rearranged
expression, the component of non-Faraday related material loss can be established

as follows:

T-C=E+S

The above numerical calculation will be used as a basis for this discussion.

@

Tests in aerated conditions have shown a significant hydrodynamic influence on both
the total metal loss “T” and the electrochemical-corrosion metal loss “C”. Both the
mass loss and electrochemical methods of assessment have shown the impingement
zone as having significantly higher metal loss rates than the intermediate and outer
zones respectively, and at both velocities of 8 m/s and 2 m/s. Figure B 1
(appendices) shows the metal loss rates determined by mass loss “T” and
electrochemistry “C” and also indicates a large difference between the two

assessment methods.

The impingement zone higher metal losses by both “T” and “C” may indicate a
cathodic driven corrosion process influenced by the supply or availability of oxygen

molecules at the metal surface. An analysis of this concept is given below.

Given that the cathodic reaction in aerated environments is the reduction of oxygen,
the impingement zone is likely to be receiving a continuous supply of oxygen
molecules from the bulk solution as the jet impinges on this specimen. If we assume
the amount of oxygen available for the cathodic reactions of the intermediate and
outer zone is delivered by the impinging solution only and not directly from the bulk
then the intermediate and outer zones would have retarded oxygen levels at their
surfaces as oxygen is initially consumed in the impingement zone. Should this be the
case, this mechanism would have a concentration polarisation effect where the
impingement zone would undergo activation polarisation due to sufficient levels of
oxygen available at the metal surface with the intermediate and outer zones

presumably undergoing concentration polarisation.
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The behaviour in both potential and the equivalent corrosion rates determined by
both electrochemistry and mass loss supports the idea that the cathodic reactions in
aerated environments may be driven by activation or concentration polarisation with
the later situation applying to the intermediate and outer zones. This would fit with
the impingement zones at both velocities having higher corrosion rates and more
positive values of electrode potential, E.., compared to the intermediate and outer
zones. With the impingement zone having an E, value of -615 mV as observed in
chapter 5 at 8 m/s, the intermediate zone would follow with an E, of -657 mV and a
corrosion rate lower than the impingement but higher than the outer. Finally, the

outer zone would follow with an E.,, of -677 mV and the lowest corrosion rate.

However, to substantiate this argument, a calculation of the amount of oxygen
consumed in the impingement zone exposes a situation where the metal loss rates in
the impingement zone do not correlate to large consumptions of oxygen sufficient to
create an oxygen molecule deficiency in the ensuing cathodic reactions of the

intermediate and outer zones.

This calculation is carried out as below:

From balanced anodic and cathodic reactions in aerated water,

2Fe® 2Fe** +4e and
O, +H,0+4e” ® 4(OH)"

2Fe+2H,0+0, ® 4(OH) +2Fe*

2 moles of iron react with 1 mole of oxygen, therefore we can say
2 x 55.85¢ of iron reacts with 32g of oxygen
Therefore, 111.7g of iron react with 32g of oxygen.

Taking for example the mass loss rate for the aerated impingement zone at 8 m/s
which is a mass loss of 0.035g after 24 hours, this amount of iron would equate to an

oxygen consumption given as follows:

0.035
1117

x32=0.010g of O; in 24 hours.
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This equates to a rate of 1.16x10” g/sec or 1.16 x 10™ mg/sec of O,. Then from

Water supply in jet = velocity x Area of nozzle
800xp (005%) = 6.284cm’ /s = 628g/s. Density of water is taken as 1g/cm® and the

nozzle diameter is 1 mm.
Taking an average oxygen content of water as 1 litre water contains 5 mg of O,.

Therefore, 6.28 g/s of water contains:

> X628 =0.03Img of O,
100C

Finally, from the above assessment, we have deduced that the oxygen supply from
the nozzle of the jet is 0.031 mg/sec of O,. The consumption rate from the corrosion
process in the impingement zone is 1.16x10™ mg/sec of O,. The amount of oxygen
consumed in the impingement zone is a very small fraction (1/267) of the amount
available from the impinging jet. Since enough oxygen is readily available to the
intermediate and outer zone specimens, the difference in corrosion rate cannot be
attributed to polarisation effects. This leaves hydrodynamic mechanisms as the

predominant source of the varying corrosion rate between the zones.

Turning to the numerical discrepancy but similar behaviour in the results obtained by
“T" and “C”, metal loss rates analysed by mass loss “T” are on all occasions larger
than electrochemical rates “C”. This observation is further indication of metal losses

due to non-electrochemical mechanisms such as wear and synergy as follows:

Metal loss rates “T” obtained by mass loss assessments represent the total material
loss by all mechanisms - in this case pure corrosion “C”, pure erosion “E” and
synergy “S”. Rates calculated from electrochemical monitoring or Faraday related
techniques represent the pure electrochemical corrosion component only and as
already shown are denoted “C”. From the summary in Figure B 1 (appendices) and
utilising the relationship for synergy employed by many workers such as Hodgkiess,
et al., (2005), the component “E+S” which represents the erosive and synergistic

material loss can therefore be calculated and is presented in Figure 8-1.
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From Figure 8-1, the combined amount of erosion and synergistic loss “E+S” is
shown to be greater at 8 m/s compared to 2 m/s in all three regions. In all three
regions and at both velocities, “E+S” is observed to be over 73 %. This result is
somewhat a revelation on the amount of non-pure-electrochemical material loss
occurring even in solid-free flow. As discussed by Heitz, (1996), the combined action
of corrosion and flow may introduce additional mechanisms such as cavitation and
erosion-corrosion. Reports by Postlethwaite, et al., (1994), suggest that cavitation
damage occurs when variations in pressure resulting from sudden changes in
velocity or flow geometry cause formation of bubbles in regions where the pressure is
lower. It is therefore very much possible that given the flow changes direction from
normal impingement to a radial velocity direction, bubble formation due to cavitation

is occuring within the system.

Aerated environments have also shown deep pit formation (chapter 5 microscopy
and surface profiling) which could be in line with suggestions again by Heitz, (1996)
that cavitation damage causes deep sharp edged craters on the metal surface.
Cavitation in aerated flow is also likely to originate from collapse of oxygen bubbles
on the metal surface. Although simulation of such mechanisms was not intended in
this project, the reality is that actual field conditions or pipelines are likely to contain
cavitation due to the existance of flow variations in sections such as bends, tees,

elbows and valves.

Impingement of fluid is also another mechanism present in field pipelines and may
also be correlated to the impingement zone. This observation is therefore rather
meaningfull as a picture representing large material losses originating from
mechanisms other than pure electrochemical corrosion “C” is demonstrated in solid-
free flow. Corrosion monitoring using methods reliant on electrochemical techniques
need to be considered with care as such an approach may significantly

underestimate the actual material losses involved in solid-free-flow corrosion.

From Figure 8-1, an interesting feature is that the value of “E+S” in the intermediate
and outer zones is almost similar at both velocities. The “E+S” component at 8 m/s is
however higher than the component at 2 m/s. This feature could be explained by the
two regions existing in the wall jet region of the flow where the only variable is a

difference in shear stress..
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Figure 8-1

Components of erosion and synergy “E+S” in aerated tests

100.00%—

75.00%—

50.00%—

Erosion + Synergy (E+S)

25.00%—

0.00%,M

Impingement Intermediate Outer

[mE+s) 8 mis 73.24% 85.20% 84.39%
[mE+s)2mis 63.38% 74.98% 74.26%

Tests in CO, environments have shown a change in corrosion behaviour within the
hydrodynamic zones compared to aerated environments (Figure B 1 and Figure B 2).
In part, this may be due to a different cathodic reaction(s) compared to the oxygen
reduction reaction in aerated environments. Tests in CO, environments within this
project have shown pH values of about 5 and would point to reduction of either
HCO; or H,CO; as remarked by Zhang, et al., (2006). Nesic, et al., (1996) also
confirmed reduction of H,CO3; as the dominant cathodic reaction at pH values of

around 5. These proposed cathodic reactions are discussed earlier in Chapter 3.

For the gravimetric testing at 8 m/s and 2 m/s, the intermediate zone has shown the
highest material loss by all mechanisms “T”. As shown in Figure B 2 (appendices) the
“T" metal loss rates for the intermediate zone are 12.92 mm/year and 7.16 mm/year
at 8 m/s and 2 m/s respectively. The impingement “T” metal loss rates are 8.88
mm/year and 6.48 mm/year with the outer metal loss rates being 3.69 mm/year and

5.04 mmlyear.
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Again, from Figure B 2, the electrochemistry or “C” tests show a different
arrangement with the impingement zone having the highest metal loss rate at 8 m/s.
The respective “C” metal losses are 1.76 mm/year, 0.59 mm/year and 1.05 mm/year
for the impingement, intermediate and outer zones respectively. At 2 m/s, the outer
zone surprisingly has the highest “C” metal loss rate of 4.68 mm/year. The
impingement and intermediate zones have loss rates of 3.50 mm/year and 4.10
mm/year respectively. Although the above results indicate a complex mechanism
occurring in CO, environments, the following statements can be clearly drawn from

the observations:

1. The electrochemistry “C” results have shown higher CO, metal losses in all
three zones at 2 m/s compared to “C” metal losses at 8 m/s (Figure B 2);

2. At both velocities of 8 m /s and 2 m /s, the impingement zone is the only zone
that shows lower “T” and “C” metal losses in CO, compared to aerated

environments (see Figure B 1 and Figure B 2).

These statements support a conclusion that in CO, environments, protective films
may be forming better in more aggressive conditions. This is supported by the lower
“C” metal losses which are observed at the higher velocity (8m/s) and also supported
by the impingement zone at both velocities also showing lower “T” and “C” losses in
CO, environments compared to aerated. A detailed justification is given in Section
8.3.1.

=4, 6 * GH

The results from electrochemical monitoring show a lower electrochemical corrosion
component “C” at a velocity of 8 m/s compared to 2 m/s. This observation is noted in
all three zones and suggests that films, which best act as a barrier to corrosive
species may form better in conditions that are more aggresive.

Current literature reviewed in Chapter 3 recognises the formation of protective films
in environments containing CO,. Results presented in Chapter 5 and 6 largely show
a reduction in corrosion rate in CO, environments compared to aerated
environments. Post-test microscopic examination of specimens exposed to CO,
containing tests have shown formation of a thick dark film formed on the surface of

specimens (Chapter 5, Section 5.3). Given the species involved in CO, corrosion of
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carbon steel are likely to be iron Fe?" and carbonate CO,* ions, it is conceivable that
such films are in most cases films consisting of iron carbonate. Wang, et al., (2003),
Sun, et al., (2006) and Fajardo, et al., (2008) define iron carbonate films as slowing
down the corrosion process by formation of a diffusion barrier for species involved in
corrosion. Results obtained from electrochemistry “C” may facilitate a good
investigation of this idea as they only represent metal losses from pure
electrochemical mechanisms to which such a barrier or film would have a greater

effect.

Considering the electrochemical “C” results at 2 m/s and 8 m/s in all three
hydrodynamic zones, this discussion focuses on mechanisms of protective film
formation in CO, environments. The main issue to address is a possible explanation
as to why such films seem to form better in more aggresive flow conditions. As
recognised in a publication by Nesic, et al., (2002), porous and unprotective
carbonate films can form in CO, environments particularly if the scaling tendency
(ST) is less than 1. The scaling tendency depends on the precipitation and corrosion
rates as shown previouosly by Equation 3-14. However, the precipitation rate

depends on the supersaturation.

To aid an analysis of the film formation mechanisms in the various hydrodynamic
zones, a consideration of a situation where porous unprotective films have formed is
assumed and related to a scaling tendency (ST) of less than 1. From the equation of
scaling tendency, Equation 3-14, the precipitation rate (PR) must be less than the
corrosion rate (CR). The precipitation rate must therefore be the restraining factor.
Going back to the definition of precipitation rate, Equation 3-15, it is observed that the

values of K; and K, are constants.

The area to volume ratio, A/V must also be negligible as the area of all the
specimens is very small in comparison the the volume of the recirculating fluid.
Therefore, the main variable factor from the precipitation rate must be the degree of
supersaturation (SS) achieved locally in each hydrodynamic zone. The equations
discussed are already presented in Chapter 3 but are included in this section as an

aid to this discussion.
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Finally from the equation of supersaturation, Equation 3-13, the constant kg, is the
same for all three specimens. The amount of carbonate available in the bulk is also
the same for all three zones and for the two test rigs. This has been assumed
because the same amount of fluid is available in both rigs and both rigs are assumed
to be fully saturated with CO,. For that reason, the only variable factor in each
hydrodynamic zone must be the concentration of Fe?" The bulk solution contains no

iron and the only source of Fe?" is from the specimen surfaces prior to film formation.

Zones such as the outer zone, where the corrosion rates are lowest in non CO,
environments can inevitably end up having higher corrosion rates in CO, compared
to the impingement and intermediate zone as already demonstrated by the
electrochemistry “C” results at 2 m/s. This effect may be due to the degree of
supersaturation achieved within the zone, driven by the rate at which the surface
releases Fe?" ions. The degree of supersaturation has already been shown to affect
the corrosion rate. Chapter 3 presented experimental results by Chokshi, et al.,
(2005) showing that lower corrosion rates in CO, evironments are achieved if the
degree of supersaturation is high. The effect of supersaturation is proposed in this
project as a probable explanantion as to why the CO, electrochemistry “C” results at
2 m/s are higher than those at 8 m/s. As initial corrosion rates at 8 m/s are presumed
to be higher than those at 2 m/s due to more aggresive flowing conditions, the
concentration of Fe?* in the 8 m/s zones must be higher than concentrations in
similar zones at 2 m/s. Higher degrees of supersaturation are therefore assumed in
zones at 8 m/s as the higher initial corrosion rates provide higher Fe?* concentrations
through higher dissolution rates. Again the work by Chokshi, et al., (2005)

significantly supports this argument as the researchers also demonstrate that higher
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degrees of supersaturation are achieved at higher Fe** concentrations (see Tables 3-
1 and 3-2).

Further support on this argument is augmented by the linear polarisation activity
presented independently in Chapter 6. The anodic and cathodic polarisation values
(1/Rp) for tests at 8 m/s (Figure 6-17 and Figure 6-18) show a time related reduction
in 1/Rp. A good example of this is the outer zone cathodic 1/Rp values which are 6.3
kohm™cm?, 3.1 kohm?cm™ and 2.7 kohm™cm™ at respective time intervals of 4
hours, 15 hours and 24 hours into the tests. Turning to the results of tests at 2 m/s
(Figure 6-23 and Figure 6-24), it is first of all observed that the values of 1/Rp are
higher than those at 8 m/s. Again a comparison is the outer zone cathodic 1/Rp
values which are 12.9 kohm™cm?, 10.3 kohm™cm™ and 18.5 kohm™cm™. Importantly,
no time related reduction in 1/Rp is clearly noticed which is indication that no
significant protective film formation is occuring in these conditions. It is also noted
that in some cases as the above, an increase in 1/Rp is actually observed after the
24 hour period. The exception to this is the impingement zone where a marginal
reduction in 1/Rp is observed at completion of the tests. Again this exception is
noticed in the more impingement conditions further emphasising that film formation in
CO, environments is largely dependent on hydrodynamics with more aggresive
flowing conditions favouring film formation. Taking note of this and the aerated
results, it can also be concluded that hydrodynamics seem to have different effects in
different systems with impingement zones experiencing higher metal losses in
aerated flow and a reverse mechanism noticed in CO, envronments where the

impingement zones experience lower metal losses.

=4! & *  G*l&H

From Figure B 2 (appendices), the results from tests by the mass loss technique
show significantly larger yearly penetration rates compared to results by
electrochemistry. In both the 8 m/s and 2 m/s tests, the intermediate zone has the
highest equivalent penetration rate as measured by gravimetric analysis “T".
Comparing the mass loss results in the impingement and intermediate zones with
those obtained by electrochemistry indicates the majority of the total mass loss in this
zone is due to synergistic and erosive mechanisms. Figure 8-2 shows the calculated

percentages of “E+S” at both velocities. From Figure 8-2, the percentages of “E+S”
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are observed to make up the majority of the material loss at 8 m/s. The magnitude of
these losses “E+S” as a percentage of the total “T” is much smaller at 2 m/s. The
outer zone at 2 m/s shows a dissimilar result to the behaviour of the other zones. At 2
m/s, the majority of the material loss (92.89 %) is attributed to electrochemical
mechanisms. This result is possibly due to the fact that the films in this zone are not
as protective to pure corrosion “C” and thus allow higher corrosion rates attributed to
“C". As a ratio, the percentage might then give the impression that there is lower
“E+S” as the component “C” has increased significantly. Again from earlier remarks,
the idea of less protective films can also be brought forward to this discussion as the
absence of such films would leave the outer zone possibly exposed to the bulk
solutions and may consequently drive the electrochemical corrosion process as the
cathodic reaction could ultimately be dominated by the hydrogen evolution reaction

due to the acidic environment signified by a pH of around 5.

Figure 8-2

Components of erosion and synergy in CO _ , tests
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Impingement Intermediate Outer
W(E+S) 8 m/s 80.18% 95.43% 71.51%
W(E+S) 2 m/s 45.97% 42.70% 7.11%
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Tests involving the presence of the inhibitor in the CO, saturated brines have shown
universal reductions in CO, corrosion rates at all concentrations considered. Tests at

8 m/s monitored by mass loss “T” show variable concentration effects with 150 ppm
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being the optimum concentration for the impingement zone. The intermediate and
outer zones showed optimum values at a lower concentration of 100 ppm. This
observation was also noticed in the tests at 2 m/s. Increasing the inhibitor
concentration above these optimum values has shown adverse effects, reducing the

inhibitor efficiency and consequently increasing the corrosion rates.

Tests by electrochemistry show variable effects with peak efficiencies achieved at
either 150 ppm or 200 ppm. In contrast to the mass loss “T” tests, the results by
electrochemistry require significantly more inhibitor and in any case end up with
higher amounts of “T”, the total mass loss through all mechanisms. The peak
efficiencies are therefore taken as those giving the lower value of “T” as the
differences in electrochemistry are very small. This observation might however
suggest that higher concentrations of inhibitor may act as a better barrier to
electrochemical dissolution but in no way act better at preventing the total material
loss through all mechanisms. This result calls attention to the importance of
establishing optimum efficiencies especially targeting conditions closely simulating
the actual field conditions. As already observed, increasing inhibitor concentration in
order to reduce corrosion rates may in fact have detrimental effects with regard to
corrosion rates. Other disadvantageous consequences are increased costs,

environmental issues and possible separation/processing issues.

Again results by both techniques indicate presence of non-Faraday related material
losses. The results at 8 m/s (Figure B 4) and at optimum efficiency of 150 ppm for the
impingement zone reduce the “E+S” rate from 7.12 mm/year in CO, to 0.79 mm/year

with the inhibitor. This amounts to a reduction in “E+S” of 80.9 %.

The 2 m/s impingement zone (Figure B 6) again requires 150 ppm for optimum
efficiency and reduces the component “E+S” from 2.98 mm/year in CO, down to 0.69

mm/year at 150 ppm. This amounts to a reduction in “E+C” of 76.8 %.

The 8 m/s intermediate zone (Figure B 8) requires a lower concentration of inhibitor
compared to the impingement zone. The intermediate zone at this velocity shows
peak efficiency at 100 ppm and reduces “E+S” from 12.34 mm/year down to 1.15

mm/year. This indicates a reduction in “E+S” of 90.6 %. The lower velocity of 2 m/s
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(Figure B 10) again requires 100 ppm for peak efficiency and reduces “E+S” from

3.06 mm/year down to 1.29 mm/year. This represents a reduction in “E+S” of 57.8 %.

Both outer zones require 100 ppm for optimum efficiency. The 8 m/s zone (Figure B
12) reduces the CO, “E+S” from 2.63 mm/year down to 0.78 mm/year. This indicates
a reduction of 70.4 %. The 2m/s outer zone (Figure B 14) shows a reduction in CO,
“E+S” from 0.36 mm/year down to about 0.01 mm/year. This represents a reduction
in “E+S” of 97.2 %.

The inhibitor considered in this project has also demonstrated the capability to work
well over a range of shear stresses if the optimum concentration is made available.
The inhibitor has been more effective in the impingement zone at both velocities with
final metal loss rates by mass loss “T” being 1.28 mm/year and 1.25 mml/year for the
2 m/s and 8 m/s velocities respectively at the optimum concentration of 150 ppm.
The intermediate zone requires 100 ppm with final corrosion rates being 1.4 mm/year
and 1.26 mm/year for the 2 m/s and 8 m/s respectively. The outer zone requires a
similar concentration of 100 ppm for optimum efficiency with final corrosion rates
being 0.7 mm/year and 1.1 mm/year for the 2 m/s and 8 m/s velocities respectively.

The following tables summarise the overall findings of the inhibitor exercises.

Table 8-1 Summary of inhibitor effects at 8 m/s

Impingement | Intermediate Outer

Optimum Concentration (ppm) 150 100 100
Reduction in “T” (%) 85.7 90.3 70.7
Reduction in “E+S” (%) 80.9 90.7 70.5
Reduction in “C” (%) 73.3 81.34 71.4
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Table 8-2 Summary of inhibitor effects at 2 m/s

Impingement | Intermediate Outer

Optimum Concentration (ppm) 150 100 100
Reduction in “T” (%) 80.3 80.4 85.9
Reduction in “E+S” (%) 76.9 57.8 97.2
Reduction in “C” (%) 83.1 97.3 90.0

Table 8-3 Summary of inhibitor effects at both velo  cities

Impingement | Intermediate Outer
Optimum Concentration (ppm) 150 100 100
Average corrosion rate at 8 m/s 1.25 1.26 11
(mm/year)
Average corrosion rate at 2 m/s 1.28 1.4 0.7
(mml/year)

From the summary tables, there is evidence that higher shear stresses require higher
inhibitor concentrations in order to achieve peak efficiency. This result is supported
by the two impingement zones requiring 150 ppm while the outer zones require 100
ppm. The two impingement zones have average shear stress values of 183 Pascal
and 15 Pascal for the 8 m/s and 2 m/s flow respectively. The intermediate and outer
zones at both velocities all have average shear stress values of less than 6 Pascal.
In terms of corrosion rates in this project, it has been difficult to distinguish any shear
related trends within the outer zones. However, a clear trend between the two
impingement zones and outer zones (intermediate and outer) is shown as higher
concentrations of inhibitor have been required in the impingement zones. This
probably concludes that shear stresses below 6 Pa have no variable effect on
inhibitor efficiency. Shear stress above 15 Pacals have been shown to require more
inhibitor concentration suggesting that at higher shear stresses, higher
concentrations are required. Electrochemistry in Chapter 6 has also shown the
inhibitor to shift the electrode potential, E..\, positive (Figure 6-61) whilst reducing the

corrosion rates. This indicates this inhibitor principally works as an anodic inhibitor.

Page 204 of 252



Chapter 8 — DISCUSSION

@! & % 9

Analysis of the average metal loss rates “T” by the mass loss technique shows a
large difference between the 2 m/s and 8 m/s metal losses in aerated conditions. The
2 m/s impingement zone has a “T” metal loss rate of 12.78 mm/year compared to the
8 m/s impingement zone, which has a rate of 24.06 mm/year. Introducing CO, lowers
the variation arising from the effect of velocity with the corresponding rates being
6.48 mm/year and 8.88 mm/year respectively. This is again indicative of probable film
formation with the 8 m/s impingement zone seeming to benefit best from protective

film formation in CO, environments.

When the inhibitor is introduced in the impingement zone, the optimum concentration
at both velocities is 150 ppm. At this concentration, the 2 m/s impingement zone has
a metal loss rate of 1.28 mm/year with the 8 m/s impingement zone having a metal
loss rate of 1.25 mm/year. From this, there seems to be no shear related effect on
inhibitor concentration as the inhibitor seems to be more effective in the 8 m/s shear
conditions of about 183 Pa compared to the 2 m/s shear conditions of about 15 Pa.
The inhibitor seems to be working best where it is needed most and this is evident
with lower metal loss rates at the higher velocity compared to the lower velocity. It is
however brought to attention that this effect is only at the optimum concentration and
that other inhibitor concentrations such as 100 ppm and 200 ppm show different

effects.

Figure 8-3 shows the difference between the two velocities in the conditions
considered with the results monitored by mass loss “T” and Figure 8-4 shows the
same comparison but with results monitored by electrochemistry “C”. From Figure 8-
4, it is noted that the electrochemistry “C” results at 8 m/s actually have lower
electrochemical corrosion rates than the 2 m/s result in all conditions except aerated
and 200 ppm inhibitor. The aerated behaviour shows good agreement in both “T” and

“C” where 8 m/s zones have higher metal losses than those at 2 m/s.
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Figure 8-3. Comparison of total mass loss corrosion rates “T” at 8 m/s and 2 m/s in the

impingement zone.
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Figure 8-4. Comparison of electrochemistry “C” corro sion rates at 8 m/s and 2 m/s in
the impingement zone.
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As already demonstrated, there appears to be a significant amount of synergy and
erosion effects in the conditions considered in this project. Comparisons of mass loss
and electrochemistry results at both velocities are carried out for each hydrodynamic
zone. Figure B 3 (appendices) shows the overall contrast between mass loss and
electrochemistry metal loss rates across all environments tested in the 8 m/s
impingement zone. Figure B 4 shows the combined erosion and synergy component

“E+S” at 8 m/s in the impingement zone.

From Figure B 3, the component representing “T”, the total material loss due to all
mechanisms is represented by the gravimetric results whilst the component
representing the material loss due to pure electrochemical corrosion “C” is the
electrochemistry result. Both “T” and “C” are shown to be lower in CO, environments
compared to aerated. As discussed earlier, the analogy of protective film formation in
CO; environments has been observed in this project and is well reported by several

authors identified in Chapter 3.

Figure B 4 shows the CO, reduction in “E+S” from an equivalent aerated value of
17.63 mm/year to a CO, equivalent “E+S” value lower at 7.12 mm/year. This
represents a reduction in “E+S” from aerated to CO, brines of almost 60 % due to
presumed iron carbonate protective film formation. As the electrochemistry result
shows a reduction in electrochemical corrosion “C” (Figure B 3), it is also presumed
that the film may be acting as a barrier to reactive species in CO, environments. In
accordance with work by Nesic, et al., (2002), the scaling tendency in this zone is
therefore supposed to be more than 1. This would indicate adequate supersaturation

levels and consequently precipitaion.

Addition of the inhibitor reduces the CO, “T” metal loss rate with this observation
accurate at all three concentrations considered (Figure B 3). Figure B 3 also shows
the inhibitor reducing both “T” and “C” compared to CO, tests. Figure B 4 shows the
inhibitor reducing the combined erosion and synergy component “E+C” at all

concentrations compared to CO, values of “E+C”.

From both Figures B 3 and B 4 (appendices), a concentration effect is noted with the

best reduction of “T”, “C” and “E+C” occurring at 150 ppm. The respective reductions
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as percentages are 85.8 % for “T", 73.3 % for “C” and 89 % for “E+C”. This
observation agrees with work by Neville, et al., (2009) where inhibition was shown to
reduce erosion-corrosion in brines representative of a typical gas condensate system
at a temperature of 50°C. Peak inhibitor efficiency was reliant on concentration with
one inhbitor peaking at 50 ppm and another at 100 ppm. This effect is termed by
Neville and Co as the “peak-value phenomenon”. Work by Neville, et al also shows
that increasing the inhibitor concentration above this peak value actually decreases
inhibitor efficiency and increases erosion-corrosion rates. This project has shown a
similar result with Figures B 3 and B 4 showing an increase in “T", “C" and “E+S”

when a higher inhibitor concentration above the 150 ppm optimum is used.

=<! 1@ # '

Figure B 5 (appendices) shows the contrast between the mass loss and
electrochemistry monitoring for the 2 m/s impingement zone. From Figure B 5, both
components attributing to “T” and “C” are shown to be lower in CO, environments
compared to aerated. The reduction in the “C” component is however lower than is
noticed in the 8 m/s impingement zone, Figure B 3. The reduction in “C” at 2 m/s as a
percentage is 25.2 % whereas the reduction at 8 m/s is 72.7%. This idea supports
earlier remarks in section 8.3 of this chapter that lower velocities do not form effective
protective films in CO, environments compared to higher velocity conditions as the
local concentrations of Fe?* supplied by the pre-film formation corrosion are lower
and hence result in lower supersaturation levels compared to environments with high
local concentrations of Fe?* provided by higher pre-film formation corrosion. The 1/Rp

results also support this as discussed in section 8.3 of this chapter.

Figure B 6 shows the combined erosion and synergy “E+S” component for the 2 m/s
impingement zone. From Figure B 6, the reduction in “E+S” in CO, environments
compared to aerated is determined to be 63.2 % which is almost similar to the
reduction determined at 8 m/s. The effectiveness of films in both conditions is

therefore initially considered to be a similar reduction in “E+S”.

The effect of the inhibitor has been to reduce “T”, “C” and “E+S” from the CO,
environments and again the best efficiency is achieved at 150 ppm concentration. At

this concentration, the respective reductions are 80.2 % for “T”, 83.3 % for “C” and

Page 208 of 252



Chapter 8 — DISCUSSION

76.8 % for “E+C”. Compared to the percentage reductions at 8 m/s, the only
component showing a higher percentage reduction at 2 m/s is “C". The 150 ppm
concentration is the most effective at reducing “T” and “E+C”. A better reduction in
“C” is however noticed at 200 ppm although the overall beneficial and more important

reduction in “T” is at 150 ppm.
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Figure 8-5 shows the metal loss behaviour between the 2 m/s and 8 m/s
impingement zones. The metal loss rates “T” are obtained by the mass loss
technique and show the CO, conditions as having the highest metal loss rates at
both velocities. Compared to the behaviour in the impingement zone, the CO, metal
loss at 8 m/s is much higher than that at 2 m/s. This signals some sort of lack of film
formation in the intermediate zones at both velocities. The optimum inhibitor
efficiency at both velocities is 100 ppm. At this concentration, the 2 m/s intermediate
zone has a “T” metal loss rate of 1.28 mm/year with the 8 m/s “T” rate being 1.25
mm/year. Again, this shows that the inhibitor is working where it is most required and

indicating better function at higher velocities.

Figure 8-6 shows a comparison of corrosion rates “C” obtained by electrochemistry.
From Figure 8-6, the corrosion rates in CO, are observed to be higher at 2 m/s than
at 8 m/s. Interestingly, the 2 m/s corrosion rate in CO, is higher than the 2 m/s
aerated corrosion rate. At 8 m/s, a switch is observed where the corrosion rate in
CO, is observed to be lower than in aerated conditions. The fact that in CO,
conditions, the 8 m/s corrosion rate is lower than the 2 m/s corrosion rate supports
ideas of selective film formation in CO, environments where the higher shear
conditions seem to provide better environments for protective film formation.
Introducing the inhibitor shows an optimum concentration of 200 ppm at both

velocities.

Although the “C” results show an optimum inhibitor concentration of 200 ppm, the
mass loss “T” results (Figure 8-5) show 150 ppm as the optimum concentration. This
concentration is taken as the most effective optimum as the concentration of inhibitor
required is lower and the total mass loss by all mechanisms “T” and not just

electrochemical “C” is again observed to be lower at 150 ppm compared to 200 ppm.
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Figure 8-5. Comparison of total mass loss corrosion rates “T” at 8 m/s and 2 m/s in the
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Figure 8-6. Comparison of electrochemistry “C” corro sion rates at 8 m/s and 2 m/s in

the intermediate zone.

Page 210 of 252



Chapter 8 — DISCUSSION

Figure B 7 shows the contrast between the mass loss and electrochemistry results in
the intermediate zone at 8 m/s. A surprising observation is the unexpected increase
in “T” in CO, environments compared to aerated. A reduction in “C” is nevertheless
observed with the percentage reduction being 49.6 %. This reduction is lower than
results in the impingement zone suggesting the presumed carbonate film is acting as
less of a barrier to corrosive species. Figure B 8 also shows an increase in “E+S”
from aerated to CO, conditions suggesting larger metal losses as a result of wear

mechanisms.

Addition of the inhibitor shows a reduction in all three components of “T”, “C” and
“E+S”. The most effective concentration is however lower than levels required in the
impingement zones with 100 ppm giving the lowest metal loss rates. The reduction
rates at this concentration are 90.2 % for “T”, 81.3 % for “C” and 91 % for “E+S”". The
percentage reductions are not only impressive but the final equivalent metal loss
rates are lower than those experienced in the impingement zone. A clear increase in
“E+S” is also noticed as the inhibitor concentration is increased from the optimum
100 ppm with the “E+S” component increasing at 150 ppm and increasing further at
200 ppm. The component “T” is also shown to increase with increasing concentration
above the peak value of 100 ppm. This suggests an inhibitor mechanism where
increasing the concentration above the peak concentration reduces the inhibitor film

effectiveness to wear processes.
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Figure B 9 shows the contrast between the mass loss and electrochemical
monitoring in the 2 m/s intermediate zone. A similar observation to that noticed in the
8 m/s intermediate zone is also observed where “T” and “C” are shown to increase in
CO, environments compared to aerated environments. Introducing the inhibitor
reduces the CO, rates with the most effective concentration similar to the 8 m/s
intermediate zone and being 100 ppm. At this concentration, “T” is reduced by 80.4
% with the “C” component reduced by an impressive 97.3 % to a final value of 0.11
mm/year. Although the 200 ppm value of “C” is less at 0.10 mm/year, the value at

100 ppm has been chosen as best as 200 ppm gives a higher value of “T”.
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Figure B 10 shows the combined “E+S” component for the 2 m/s intermediate zone.
In contrast to the “E+S” component at 8 m/s, no increase in “E+S” in CO;
environments compared to aerated is noted. Again, the lowest “E+S” component is
achieved at an inhibitor concentration of 100 ppm compared to the impingement
concentration of 150 ppm. Increasing the inhibitor concentration above this peak
value lessens the efficiency and increases the “E+S” component as the concentration
is increased further suggesting higher inhibitor concentrations above this peak value
lessen the inhibitor film efficiency at reducing wear related mechanisms. The peak

concentration of 100 ppm reduces the CO, “E+C” component by 57.8 %.
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Figures 8-7 and 8-8 show the “T” metal loss rates and “C” corrosion rates in the outer
zone at 2 m/s and 8 m/s. Figure 8-7 shows the results by mass loss and Figure 8-8
shows the results by electrochemistry. From Figure 8-7, the metal loss rate at 2 m/s
is observed to be higher in CO, compared to aerated conditions. The CO, “T” metal
loss rate at 2 m/s is also observed to be higher than the CO, “T” rate at 8 m/s. Again
this further supports the idea that protective films in CO, environments form better in
higher flow conditions. This observation is also noted in Figure 8-8 where the
corrosion rates are monitored by electrochemistry and show an even larger
difference between the two velocities in CO,. Addition of the inhibitor shows 100 ppm
as the optimum concentration at 2 m/s and 8 m/s for reductions in “T". However, at
this concentration, the 8 m/s velocity has the highest corrosion rate compared to the
2 m/s. The results by electrochemistry, Figure 8-8 show 150 ppm as the optimum
inhibitor concentration. Nevertheless, as the 100 ppm is more effective at reducing
the total material loss “T” by all mechanisms and requires 50 % less inhibitor, this

concentration is chosen as optimum.
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=& Aerated —8—C02 =>X=100ppm =—+=150ppm 200ppm

Metal Loss Rate (mm/year)
S

Velocity (m/s)

Figure 8-7. Comparison of total mass loss corrosion rates “T” at 8 m/s and 2 m/s in the

outer zone
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Figure 8-8. Comparison of electrochemistry “C” corro sion rates at 8 m/s and 2 m/s in
the outer zone.
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Figure B 11 shows the contrast between mass loss and electrochemistry in the 8 m/s
outer zone. A reduction is noticed in the mass loss tests in CO, environments
compared to aerated. The electrochemistry “C” component shows no reduction but
instead shows a small increase. The reduction in “T” from aerated to CO,
environments equates to a percentage decrease of 42.4 %. Introducing the inhibitor
shows a “T” and “C” reduction of CO, corrosion at all three concentrations with the
100 ppm being the most effective concentration for “T”. Although 150 ppm shows a
better “C” reduction, the difference is small. The increased concentration and higher
“T" component at 150 ppm therefore makes 100 ppm the optimum concentration.
Increasing the inhibitor concentration to 200 ppm increases both “T” and “C” again

emphasising the concentration effect on inhibitor efficiency.

Figure B 12 shows the combined erosion and synergy component “E+S” at 8 m/s in
the outer zone. The figure shows a reduction in “E+S” in CO, environments
compared to aerated. This reduction as a percentage is 51.2 %. Introducing the
inhibitor reduces the CO, “E+S” component at all three concentrations. The
concentration at 100 ppm is again the most effective and has a percentage reduction
in “E+S” of 70.5 %. Again increasing the inhibitor concentration above the 100 ppm
optimum lessens the inhibitor efficiency and increases the “E+C” component as the

concentration is increased further.

=8! @

Figure B 13 shows the contrast between the mass loss and electrochemistry in the 2
m/s outer zone. It is quickly noticeable that the contrast between the two methods
especially in CO, and inhibitor environments has decreased in comparison to the
other zones discussed. Both “T” and “C” also increase in CO, environments
compared to aerated pointing to increased corrosion rates due to lack of film
formation within the zone. Introducing the inhibitor shows a reduction in both “T” and
“C” at all three concentrations with the best overall effect of reducing “T” achieved at
100 ppm. Reductions in “C” however show a dissimilar effect with increasing inhibitor
concentrations showing lower corrosion rates compared to the optimum value

effective for “T”. The optimum concentration for “C” is 150 ppm, which shows a
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percentage reduction of 90 %. However, 100 ppm shows the lowest value for “T” with

the inhibitor efficiency at this concentration being 86 %.

Figure B 14 shows the combined erosion and synergy component “E+S”. The highest
amount of “E+S” is in aerated conditions with the lowest in conditions with inhibitor
concentration of 100 ppm. The “E+S” component reduces significantly in CO,
environments compared to aerated. The effect of the inhibitor only reduces the CO,
corrosion at a concentration of 100 ppm and a corresponding efficiency of 97.2 %.
Increasing the inhibitor concentration above 100 ppm actually increases the “E+S”
components above those in CO, environments. This could indicate some conflict in

inhibitor and CO; films resulting in less effective protection from both.

@@ 23

The galvanic interaction results were presented in Chapter 7 of this thesis and have
shown a large difference in galvanic currents between the hydrodynamic zones and
conditions considered in this project. The aerated galvanic activity has shown the
highest galvanic currents with the more impingement conditions benefiting from the

galvanic currents and acting as the cathode in all pairings.

Figure 8-9 shows a summary of the galvanic activity presented in Chapter 7. The
figure only shows the galvanic currrents of the CO, tests and CO, tests with inhibitor
as the aerated currents have not been included in order to focus on the CO, and
inhibitor tests only. From Figure 8-9, The optimum inhibitor concentration that gives
the lowest current exchanges in most cases is 100 ppm. This concentration lowers
the CO, galvanic currents in all cases except the 2 m/s Intermediate-outer to the

Impingement pairing.

Again the “peak-value phenomenon” is noticed in the galvanic activity as the currents
are observed to increase as the inhibitor concentration is increased above the
optimum 100 ppm concentration. This is especially so at a concentration of 150 ppm
as all currents observed at 100 ppm show an increase when 150 ppm inhibitor is
used. At 200 ppm, an increase above the peak concentration is observed in all

pairings except the Intermediate-outer to Impingement pairing.
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Chapter 7 also demonstrated the switching of polarity in conditions containing
inhibitor suggesting the inhibitor is also having an added effect of constraining the
additional preferential corrosion between the zones by swithcing the anode and
cathode. In practice this would ensure the preferrential galvanic activity is not
contained in one zone and hence prevents excessive corrosion rates by reducing

preferential attack within one zone.

20

Galvanic Current (HA)
5 &

a

Cco2 100 ppm 150 ppm 200 ppm
—— Inpingement-Outer 8 /s 135 23 155 10
—A— Impingement-Intermediate 8 m's 172 14 96 49
—— Outer 8mis 70 11 52 74
—— IntermediateOuter-Impingement 8 m's 146 16 123 13
—&— Inpingement-Outer 2m's 19 12 34 123
—&— Impingement-Intermediate 2 m's 18 14 15 86
—@— Intermediate-Outer 2 mis 52 01 79 64
—8— IntermediateOuter-Turbulent 2 m's 05 13 21 18

Figure 8-9 Galvanic activity for all three zones at 8 m/s (red) and 2 m/s (blue). Figure

shows currents in pA for tests in various condition S.
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9.0

A

CONCLUSIONS RECOMMENDATIONS AND FURTHER WORK

This project adds some valuable contributions to corrosion and has established

issues that require further research. From the tests and issues considered in this

project, the following conclusions are made:

Solid-free flowing corrosive fluids may involve non-electrochemical material
losses which contribute to the total material loss. This has been the case in both
aerated and CO, environments. This component has been identified as the

combined erosion and synergy component “E+S”;

The combined erosion and synergy component “E+S” has been found to make up
the majority of the total material loss in the flowing corrosive fluids studied in this
project. This questions whether electrochemical monitoring techniques alone are
suitable for monitoring corrosion in such conditions as they are incapable of
assessing non non-Faraday material losses such as “E+S” that have been found

to make up the majority of the total material loss by all mechanisms;

The highest corrosion rates for the impingement zones have been in aerated
conditions and indicate possibility of severe corrosion in impingement sections of

pipelines containing aerated fluids;

The Inhibitor has been shown to reduce the total material loss by all mechanisms
“T”, the material loss by electrochemical mechanisms “C” and the combined

erosion and synergy component “E+S”;

The inhibitor has shown sensitive concentration effects with optimum efficiency
dependent on conditions. The two impingement zones require 150 ppm for

optimum efficiency with the outer zones requiring 100 ppm;

Provided that the optimum inhibitor concentration is achieved, the inhibitor has

shown the capability to work well over a range of shear stresses.

Increasing inhibitor concentration above the optimum value has been shown to
have detrimental effects on the corrosion rate and inhibitor efficiency. This has

been the case with the inhibitor increasing “T”, “E+S” and in some cases “C”. The
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overall effect has been determined from “T”, the total material loss from all

mechanisms;

CO, environments have shown variable film formation with the lower velocity
conditions having the least protective films. This has been linked to the degree of

supersaturation influenced by local concentrations of Fe*;

CO; films have been shown to form in regions where there are higher amounts of

Fe?* concentration provided by the pre-corrosion before film formation;

Shear stresses below 6 Pascals have been shown to have no major effect on
inhibitor efficiency as 100 ppm was the optimum concentration for all values up to
6 pa. Shear stresses of 15 Pascal's and 183 Pascal's have been shown to

require higher concentrations at 150 ppm in order to achieve peak efficiency;

The inhibitor has been found to be effective at reducing the galvanic activity
between the hydrodynamic zones considered. The inhibitor has also been found
to reduce the amount of preferential corrosion by switching the anode between
the zones. This mechanism would ensure more uniform corrosion activity instead
of preferential corrosion within one zone leading to large cumulative metal losses
within the zone. It is also noticed that during the switch, the cathode is also
benefiting from a cathodic protection effect which would help reduce the

corrosion damage

A GB

In light of the conclusions within this project, the following recommendations are

made:

A review of corrosion monitoring techniques in situations involving flowing
corrosive fluids is recommended. This should include similar assessments using
other laboratory systems used to simulate flow such as the Rotating cylinder and
Rotating disk electrodes;

If corrosion inhibition is used as a mitigation technique for internal corrosion of
pipelines, a comprehensive test program to establish the inhibitor optimum
concentration should always be conducted and in conditions that best simulate

actual field conditions;
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More studies are required in order to establish the amount of non-Faraday
material loss in flowing corrosive fluids. Such studies should then be used to
develop correlations to account for the non-Faraday material losses encountered

in solid-free corrosive flow.

Further work on non-Faraday related material losses in solid-free flow should be
carried out. In addition, such work should involve other methods of simulating flow

such as the rotating cylinder and rotating disk;

Correlations for the non-Faraday material losses should be established and used

alongside electrochemical monitoring techniques;
A similar study involving sour (H,S) environments should be conducted,;

Studies such as XPS should be carried out to identify films formed in various

hydrodynamic zones with and without inhibitor;

Linkage of galvanic effects due to welding and galvanic effects due to

hydrodynamic activity should be considered.
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Figure A 8. - 15 hour linear polarisation scans, 2 m/s, CO,
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Figure A 10. - 4 hour linear polarisation scans, 8 m/s, CO,
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Figure A 11. - 15 hour linear polarisation scans, 8 m/s, CO,
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Figure A 12. - 24 hour linear polarisation scans, 8 m/s, CO,
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Figure A 16. — 4 hour linear polarisation scans, 8 m/s, CO, with 100 ppm
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Figure A 18. — 24 hour linear polarisation scans, 8 m/s, CO, with 100 ppm
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Figure A 19. — 4 hour linear polarisation scans, 2  m/s, CO, with 150 ppm
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Figure A 20. — 15 hour linear polarisation scans, 2 m/s, CO, with 150 ppm
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Figure A 21. — 24 hour linear polarisation scans, 2 m/s, CO, with 150 ppm

inhibitor
=@ # =@ # x=@ #
—HX—=@ # —O0—=@ —-O0—=@
T T T T 422 T T T T
$7?/?? $=272? $/??2? $+?2 22 $1?2? ?P? 1222 +?2 22 1?2? =?7?? Nadras
¥?2 A J?4=+8 §/4? 4+
2 4 J?2<+4, 4/+4,,
6 +7
9424
J?1I?= 9/+/ !
$/+?
J?2++,  $/A+

J? Il $/+4 +<

y7 A
J?2/+8/ $ J4A=,
$/82
E +4)5

Figure A 22. — 4 hour linear polarisation scans, 8 m/s, CO, with 150 ppm

inhibitor
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Figure A 26. — 15 hour linear polarisation scans, 2 m/s, CO, with 200 ppm
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Figure B 1. Metal loss rates obtained by mass loss “T" and electrochemistry “C” in

aerated conditions.
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Figure B 2. Metal loss rates obtained by mass loss “T” and electrochemistry “C”"in CO
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Figure B 3. Metal loss rates obtained by mass loss “T" and electrochemistry “C” in

various conditions for the impingement zone at 8 m/s
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Figure B 4. Combined erosion and synergy “E+S” comp onent in the impingement zone

at 8 m/s.
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Figure B 5. Metal loss rates obtained by mass loss “T" and electrochemistry “C” in

various conditions for the impingement zone at 2 m/s
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Figure B 6. Combined erosion and synergy “E+S” comp onent in the impingement zone

at 2 m/s.
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Figure B 7. Metal loss rates obtained by mass loss “T" and electrochemistry “C” in

various conditions for the intermediate zone at 8 m /s.
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Figure B 8. Combined erosion and synergy “E+S” compo nent in the intermediate zone

at 8 m/s.
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Figure B 9. Metal loss rates obtained by mass loss “T" and electrochemistry “C” in

various conditions for the intermediate zone at 2 m /s.
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Figure B 10. Combined erosion and synergy “E+S” comp onent in the intermediate zone

at 2 m/s.
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Figure B 11. Metal loss rates obtained by mass loss

various conditions for the outer zone at 8 m/s.
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Figure B 13. Metal loss rates obtained by mass loss

various conditions for the outer zone at 2 m/s.
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