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34.1 Introduction

Developingmore accurate and reliable corrosion rateepredictive tools, specifically for oil
and gas industry applications, has been the main objective of many research studies in
last few decades. The significance of the predicted corrosion rate in defining the design
life of an industrial infrastructure with all the associated health, safety, environmental,
and financial concerns, has been a strong driving force for developing better understand-
ing of the corrosion phenomena and advancements in the corrosion rateepredictive tools.

CO2 corrosion rateepredictive models have undergone a long journey from the
initial simplistic nomograms developed in the 1970s [1] to the comprehensive and
elaborate mechanistic mathematical models that are now available in the open litera-
ture [2]. The progressive development of the ever more capable predictive models
was a response to the industrial demands for more accurate corrosion rate predictions.
The modern mechanistic models have also become a platform on which it is possible to
implement the continuously advancing understandings of the underlying corrosion
mechanisms of CO2 corrosion and illustrate how all the “pieces of the puzzle” fit
together to describe the overall process.

The text below is focused on the mathematical models of the CO2 corrosion of
steel (the so-called sweet corrosion) as the most common type of internal pipeline
corrosion in the oil and gas industry. Even though CO2 corrosion is almost always
observed in transmission pipelines, it is often complicated by the presence of other
corrosive species such as organic acids and hydrogen sulfide (aka sour corrosion).
The detailed discussion of sour corrosion models is beyond the scope of the present
article; however, the comprehensive modeling approach described in this chapter for
the sweet corrosion can be extended to cover sour corrosion as well as organic acids
with slight modifications.

The CO2 corrosion can be defined as an undesired spontaneous conversion of the
iron Fe(s) from steel to its chemically more stable aqueous form

�
FeðaqÞ

2þ Þ, where the
presence of CO2 plays an accelerating role. The overall process may be expressed
in term of a net redox reaction (34.1).

FeðsÞ þ CO2ðgÞ þ H2OðlÞ / FeðaqÞ2þ þ CO2�
3ðaqÞ þ H2ðgÞ (34.1)

The reaction above summarizes a number of chemical and electrochemical reactions
that occur simultaneously, as briefly described below.
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The relevant chemical reactions are the result of CO2 dissolution in water. Although
dissolved CO2 is not a corrosive species, it leads to acidification of the aqueous solution.
The dissolution of CO2 in water is accompanied by series of homogenous chemical
reactions as listed in Table 34.1, giving rise to chemical species such as Hþ, H2CO3,
HCO3

�, which are known to be electrochemically reactive.
As a heterogeneous process, the corrosion of steel is a result of a number of

spontaneous electrochemical reactions occurring simultaneously at the metal surface.
Specifically, the cause of metal loss is the anodic oxidation of iron as described via
“half-reaction” (34.7), which results in dissolution of solid iron into the aqueous phase
and release of electrons. The produced electrons are consumed by simultaneous cathodic
(reduction) reactions, keeping the process going. The cathodic “half reactions,”
commonly associated with CO2 corrosion, are listed in Table 34.2. The main

Table 34.1 Chemical equilibria of dissolved
CO2 in acidic aqueous solutions

CO2ðgÞ # CO2ðaqÞ (34.2)

CO2ðaqÞ þ H2OðlÞ # H2CO3ðaqÞ (34.3)

H2CO3ðaqÞ # HCO3ðaqÞ� þ Hþ
ðaqÞ (34.4)

HCO�
3ðaqÞ # CO 3ðaqÞ2� þ HðaqÞþ (34.5)

H2OðlÞ # OHðaqÞ� þ HðaqÞþ (34.6)

Table 34.2 Electrochemical redox reactions
associated with CO2 corrosion of mild steel

Electrochemical reaction

FeðaqÞ2þ þ 2e� )FeðsÞ (34.7)

HðaqÞþ þ e� /
1
2
H2ðgÞ (34.8)

H2OðlÞ þ e� /OHðaqÞ� þ 1
2
H2ðgÞ (34.9)

H2CO3ðaqÞ þ e� /HCO3ðaqÞ� þ 1
2
H2ðgÞ (34.10)

HCO3ðaqÞ� þ e� /CO3ðaqÞ2� þ 1
2
H2ðgÞ (34.11)
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electroactive (corrosive) species are Hþ, H2CO3, HCO3
�, and H2O, while their relative

importance debated and defined by researchers over the past few decades [3e12].
The mass transfer of species between the bulk solution and the metal surface, where

the electroactive species are consumed/produced, defines the concentration of species
at the metalesolution interfacedthe reaction site.

The corrosion rateepredictive models developed to date can be best classified
depending on the mathematical description of the abovementioned fundamental thermo-
dynamics and kinetic processes underlying the corrosion process. That includes the
following:

• empirical models employ arbitrary mathematical expressions with no true theoretical
underpinning, similar to the so-called Norsok model [13e15] or the model proposed earlier
by Dugstad et al. [16]. Because of this major deficiency these models will not be further dis-
cussed in this review;

• semiempirical models are based on some rudimentary mechanistic considerations, such as
the series of models developed by de Waard and collaborators [1,3,17e20];

• elementary mechanistic models that use a theoretical approach similar to what was originally
introduced by Gray et al. [4,5,21,22]; and

• comprehensive mechanistic models similar to that introduced by Ne�si�c et al. [2,23e25],
where majority of the processes are described based on the fundamental physiochemical
laws.

With the focus on more recent mechanistic models, the following sections cover a
brief historical review of the key studies1 that had a significant impact on mathematical
modeling of the CO2 corrosion. To make it easier to follow, the mathematical models
are grouped into three main classes: semiempirical, elementary mechanistic, and
comprehensive mechanistic, based on how deeply they are rooted in the theory of
the corrosion process. The general idea behind each group of models, in addition to
their advantages and drawbacks are discussed. Furthermore, the relevant mathematical
relationships describing various physiochemical aspects of CO2 corrosiondthe building
blocks used in developing mechanistic modelsdare compiled and the appropriate
solution method for each group is briefly discussed.

34.2 Water chemistry calculations

Irrespective of the corrosion modeling approach, one of the primary steps for deter-
mining the corrosivity of an aqueous CO2 solution is the so-called water chemistry
calculation, used essentially to obtain the concentration of the chemical species involved
in the corrosion process. Although aqueous CO2 is not a corrosive species itself, its
hydrated form (H2CO3) is a weak acid, often associated with high corrosivity of CO2
solutions [2e4,22,26]. The term weak acid denotes that carbonic acid only partially
dissociates in an aqueous solution (also true for the bicarbonate ion). The chemical

1 This was not meant to be a comprehensive review in a sense that all the models that appeared in the open
literature are described.
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equilibria can be used to calculate the concentrations of species in an aqueous CO2
saturated solution, as listed in Table 34.1.

Carbon dioxide dissolution equilibrium, as shown by Reaction (34.2), can be
mathematically expressed through Eq. (34.12):

CCO2ðaqÞ

PCO2ðgÞ
¼ KH (34.12)

For a binary H2O-CO2 system, carbon dioxide partial pressure is PCO2 ¼
Ptot � Pws, where Pws is the water saturation pressure calculated from Eq. (34.13)
with ai constants shown in Table 34.3 [27].

Pws ¼ 10

"
2C

�Bþ ðB2 � 4ACÞ0:5
#4

(34.13)

A ¼ q2 þ a1qþ a2; B ¼ a3q
2 þ a4qþ a5; C ¼ a6q

2 þ a7qþ a8;

q ¼ T þ a9
T � a10

Assuming a dilute, ideal solution, the equilibrium constant (KH) can be expressed in
terms of modified Henry’s constant:

KH ¼ 10�3rw

ð1þ KhydÞ e
ð�lnðK0

HÞ�PFþlnð4CO2ÞÞ (34.14)

where KH is corrected for unit conversion from molality to molarity with water density
rw (see Table 34.4). The term (1 þ Khyd) is a correction factor that may be relevant,
because in majority of CO2 solubility studies [32,33], the measured concentration of
CO2

� is in fact the sum of concentrations of CO2 and H2CO3. Then the equilibria are
discussed in term of Reactions (34.15) and (34.16) with ½CO2

�� ¼ ½CO2� þ ½H2CO3�,
where carbonic acid is not explicitly considered.

CO2ðgÞ # CO2ðaqÞ� (34.15)

CO2ðaqÞ� þ H2OðlÞ # HCO�
3ðaqÞ þ HðaqÞþ (34.16)

Therefore, the equilibrium constant of Reaction (34.15) is KH
� ¼ KH � ð1þ KhydÞ.

The KH
0 term in Eq. (34.14) is the Henry’s constant of CO2 dissolution at water

saturation pressure shown via Eq. (34.17), where ai are the constants as shown in
Table 34.3 [28]:

ln
�
K0
H

� ¼ a1 þ a2T þ a3
T

þ a4
T2 (34.17)
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Table 34.3 ai constants of Eqs. (34.13), (34.17), (34.19), (34.22), (34.24), (34.26)
a

KH [28] 4CO2
[29] Kca [30] Kbi [30] Kw [31] Pws [27]

a1 1.3000 E1 1.0000 233.51593 �151.1815 �4.098 0.1167 E4

a2 �1.3341 E � 2 4.7587 E � 3 e �0.0887 �3245.2 �0.7242 E6

a3 �5.5898 E2 �3.3570 E � 6 �11974.3835 �1362.2591 2.2362 �0.1707 E2

a4 �4.2258 E5 e e e �3.984 E7 0.1202 E5

a5 e �1.3179 �36.5063 27.7980 13.957 �0.3233 E7

a6 e �3.8389 E � 6 �450.8005 �29.5145 �1262.3 0.1492 E2

a7 e e 21313.1885 1389.0154 8.5641 E5 �0.4823 E4

a8 e 2.2815 E � 3 67.1427 4.4196 e 0.4051 E6

a9 e e 0.0084 0.0032 e �0.2386

a10 e e �0.4015 �0.1644 e 0.6502 E3

a11 e e �0.0012 �0.0005 e e

aThe ai values are rounded to four digits after the decimal.
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Table 34.4 Temperature dependence of the physiochemical properties

Parameter Relationship References

Water density (kg/m3) rw ¼ 753.596 þ 1.87748 T � 0.003562 T2 [2]

Water viscosity (cP)
m ¼ mref 10

�
1:1709 ðTref�TÞ�0:001827ðTref�TÞ2

ðT�273:15Þþ89:93

� [34]

Tref ¼ 293.15 K, mref ¼ 1.002 cP

Diffusion coefficienta
Di ¼ Di;ref

T

Tref

mref

m

Molar volume of CO2(aq) (cm
3/mol) fVm ¼ 37:51� 9:585� 10�2 ðT � 273:15Þ þ 8:74� 10�4ðT � 273:15Þ2

� 5:044� 10�7ðT � 273:15Þ3
[35]

Saturation pressure of CO2 (mm Hg)
logðPCO2SÞ ¼ 7:58828� 861:82

ðT � 273:15Þ þ 271:883

[36]

aReference values are listed in Table 34.7.
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The PF term in Eq. (34.14) is the so-called Poynting correction factor (Eq. 34.18),
which accounts for the change in solution volume as a result of CO2 dissolution, where
fVm is the partial molar volume of CO2(aq) (see Table 34.4), and Pws is the water
saturation pressure calculated via Eq. (34.13).

PF ¼
fVmðP� PwsÞ

RT
(34.18)

The fugacity coefficient of CO2(g), 4CO2
may be calculated based on the empirical

expression of Duan et al. [29], which was shown to agree well with the more complex
iterative calculations of the fifth-order virial equation of state used in their earlier
study [37].

4CO2
¼ a1 þ

h
a2 þ a3T þ a4

T
þ a5
T � 150

i
Pþ

h
a6 þ a7T þ a8

T

i
P2 (34.19)

Eq. (34.19) is valid for pressures up to CO2 saturation pressure (PCO2S in Table 34.4)
when T < 305 and at 305 < T <405 up to P ¼ 75 þ (T�305) � 1.25, where T and P
are in Kelvin and bar, respectively. The KH values calculated based on Eq. (34.14)
were found to be in a good agreement with those of Oddo and Tomson [38] and
Weiss [39].

Carbon dioxide hydration equilibrium for Reaction (34.3) may be described by
Eq. (34.20).

CH2CO3ðaqÞ

CCO2ðaqÞ
¼ Khyd (34.20)

The CO2 hydration reaction and its equilibrium constant, Khyd, have been discussed
by a number of authors [33,40e43]. Although the reported values are not always in
good agreement, the lack of temperature dependence of the equilibrium constant has
been agreed upon [33,42]. In a more recent study Soli and Byrne [42] reviewed the
existing literature briefly and reported Khyd ¼ 1.18 � 10�3 based on their own
measurements.

Carbonic acid dissociation, Reaction (34.4), equilibrium is described mathematically
through Eq. (34.21):

CHCO�
3ðaqÞCHþðaqÞ

CH2CO3ðaqÞ
¼ Kca (34.21)

The temperatureepressure dependence relationship describing Kca have been
developed by Li and Duan [28,30] in the form of Eq. (34.22), where the preexponential
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terms are the corrections for the units and accounting for the hydration reaction, and
a1ea11 are constants as listed in Table 34.3.

Kca ¼
 
1þ 1

Khyd

!
10�3

� rwe

�
a1þa2Tþa3

Tþa4
T2
þa5 lnðTÞþ

�
a6
Tþa7

T2
þa8

T ln T
�
ðp�psÞþ

�
a9
Tþa10

T2
þa11

T ln T
�
ðp�psÞ2

�

(34.22)

The term Ps in Eq. (34.22) is equal to unity at T < 373.15 and Ps ¼ Pws at higher
temperatures.

Bicarbonate dissociation equilibrium, Reaction (34.5), is mathematically expressed
through Eq. (34.23):

CCO2�
3ðaqÞ

CHþ
ðaqÞ

CHCO�
3ðaqÞ

¼ Kbi (34.23)

Li and Duan [28,30] also developed a temperatureepressure dependence relationship
for Kbi, where Ps and the preexponent terms have a similar meaning to that discussed for
carbonic acid dissociation reaction, and a1ea11 values are listed in Table 34.3.

Kbi ¼ 10�3rwe

�
a1þa2Tþa3

Tþa4
T2
þa5 lnðTÞþ

�
a6
Tþa7

T2
þa8

T ln T
�
ðp�psÞþ

�
a9
Tþa10

T2
þa11

T ln T
�
ðp�psÞ2

�

(34.24)

Water dissociation reaction, shown via Reaction (34.6), is mathematically
described by Eq. (34.25):

Kw ¼ COH�
ðaqÞCHþ

ðaqÞ
(34.25)

The values for Kw can be obtained from the formulation introduced by Marshall and
Frank [31] following the form of Eq. (34.26) with a1ea7 coefficients listed in Table 34.3.
The first term in Eq. (34.26) is also the correction for units conversion from molality to
molar concentrations.

Kw ¼ �10�3rw
�2

10
�
�
a1þa2

Tþa3
T2
þa4

T3
þ
�
a5þa6

Tþa7
T2

�
logð10�3rwÞ

�

(34.26)

The equilibrium concentrations of the different chemical species in the bulk solution
can be obtained by solving the set of mathematical expressions presented above. In a
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solution without an externally induced electric field, the concentration of ions must also
satisfy the electroneutrality constraint as shown by Eq. (34.27).

X

i

ziCi ¼ 0 (34.27)

Assuming an “open” system with an excess of CO2 gas (i.e., constant PCO2ðgÞ), the
carbonic acid concentration is defined solely by the PCO2ðgÞ, whereas the concentration
of the other carbonate species is a function of the solution pH. These can be obtained
byconsidering the electroneutrality equation alongwithCO2 chemical equilibria, forming
a set of six nonlinear, coupled algebraic equations. These can be solved using various
methods (e.g., numerical NewtoneRaphson method), to obtain the concentration of the
six chemical species: CO2(aq), H

þ
ðaqÞ, H2CO3(aq), HCO�

3ðaqÞ, CO
2�
3ðaqÞ, and OH

�
ðaqÞ.

The examples of such calculations are demonstrated in Fig. 34.1 through 34.3.
Fig. 34.1 shows the comparison of molar fraction of the dissolved CO2 at various CO2
partial pressures obtained experimentally [44], with the water chemistry calculations as
described earlier. The significant effect of nonideal behavior of CO2 gas at high partial
pressures on the water chemistry can be seen when comparing the calculations based
on Henry’s law (Eq. 34.17) and the one based on CO2 fugacity (Eq. 34.19). These results
suggest that at partial pressures above 10 bar (145 psi), a significant deviation from ideal
conditions should be expected.
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Figure 34.1 Comparison of the experimental molar fraction of dissolved CO2 in water (closed
circles) with calculated results based on Henry’s law (dashed line) and nonideal gas
calculations (solid line) at 298.15K, as a function of CO2 partial pressure.
Experimental data taken from M.F. Mohamed, A.M. Nor, M.F. Suhor, M. Singer, Y.S. Choi,
Water chemistry for corrosion prediction in high pressure CO2 environments, in: CORROSION,
2011. Paper No. 375.
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Fig. 34.2 shows the pH of the CO2 saturated aqueous solutions, obtained at pressures
up to 75 bar (1087 psi). These results were in good agreement with the experimental
data of Meysammi et al. [45], whereas at higher pressures, some deviations were
observed because of the departure from ideal solution assumption.
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Figure 34.2 Calculated pH of water saturated with CO2(g) at 305.15K, as a function of total
pressure (solid line) compared with experimental data (closed circles), taken from B.
Meyssami, M.O. Balaban, A.A. Teixeira, Prediction of pH in model systems pressurized with
carbon dioxide, Biotechnology Progress 8 (1992) 149e154, http://dx.doi.org/10.1021/
bp00014a009.
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Figure 34.3 Concentration of different species in CO2/water equilibrium at various acidic pH
values and T ¼ 298.15K in an open system with a 1 bar total pressure
ðPCO2x0:968 barð14 psiÞÞ.
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Similar calculations can be used to determine the chemical composition of an
aqueous CO2 saturated solution. Fig. 34.3 shows the concentration of the species
involved in CO2 equilibria under atmospheric pressure at various pH values.

However, the earlier discussion applies for a particular case where the chemical
speciation is only a result of CO2 equilibria (which is true in condensed water systems,
for example). That is not always the case in industrial applications, where additional
species and reactions may be present, such as those in formation water. Nevertheless,
one can readily introduce the additional species, include additional equilibrium rela-
tionships as appropriate, and may perform a very similar calculation then to obtain
the speciation for a more complex scenario. That may include the species such as
neutral salts (e.g., sodium chloride and calcium chloride, barium sulfate), additional
cations, organic acids, hydrogen sulfide, etc.

34.3 The CO2 corrosion rate calculation

The existing mechanistic mathematical models used for calculating CO2 corrosion rate
can be classified in one of the following groups, when considering their modeling
approach and the depth of mechanistic treatment of the involved physiochemical pro-
cesses [9]:

• Semiempirical models are simple tools used to represent the experimentally obtained corrosion
rate data. Thesemodels are obtainedbyfittingmathematical functions to a corrosion rate data set.
In some cases, these functions may carry some rudimentary mechanistic meanings. These types
of models are merely amathematical reflection of a given experimental data set used to calibrate
themandare restricted in validity to the experimental conditions associatedwith those of the data
sets. Thatmakes any extrapolated calculation dubious at best, whereas the expansion to include a
wider range of influential variables may require extensive experimentation and a complete
reconstruction of the model.

• Elementary mechanistic models are developed using the basic understanding of the electro-
chemical nature of the corrosion process as the basis of the calculations. The current/potential
relationships are used to obtain the rate of the surface electrochemical reactions. Using a
mechanistic approach, other significant processes such as mass transfer and homogenous
chemical reactions may also be incorporated into the corrosion rate calculation. The mathemat-
ical relationships used to develop thesemodels are theoretical expressions rooted in fundamental
physiochemical theories. That makes these types of models more dependable for corrosion rate
prediction across a broader range of environmental conditions (e.g., temperature, flow, pCO2,
pH, etc.), as well as for extrapolation. However, these types of models do resort to certain
simplifications to make them easier to understand and resolve mathematically. For example,
in thesemodels each electroactive species is treated individually when it comes tomass transfer,
and their possible interactionwithother species throughchemical reactions or electrostatic forces
is disregarded.

• Comprehensive mechanistic models are based on a detailed description of the solution
composition and reactions at the metalesolution interface, expressed through fundamental
physiochemical laws. Most of the shortcomings of the elementary mechanistic models are
here rectified; for example, they properly incorporate the effect of homogeneous chemical
reactions into surface concentration and corrosion rate calculations, while maintaining the
accurate mass and charge transfer balances. The comprehensive mathematical models enable
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more accurate predictions, they are easier to extend by adding new physics, and their
extrapolation capability is limited only by the validity range of the underlying fundamental
physicochemical laws and not by the data used to calibrate them. However, to develop these
models, a more in-depth mechanistic understanding of the various processes in CO2 corrosion
is required, these models are also more mathematically complex and more computationally
demanding.

34.3.1 Semiempirical models

Generally, the semiempirical models are simple predictive tools justifiable when
limited fundamental understanding is available. The basic mathematical functions used
in these models may originate from rudimentary approximations of the fundamental
physicochemical processes underlying the corrosion phenomena; however, the more
elaborate aspects are accounted for by introducing correction factors in the model
[46,47]. In most cases, these factors are best-fit functions based on limited experimental
datawith no theoretical significance.This lack of theoretical basismakes any combination
of these empirical correction factors (required to cover more complex conditions)d
dubious, to say the least. More importantly, these models cannot reliably be extrapolated
outside the conditions used for their development. For the same reason thesemodels have
little flexibility needed for further extensions to account for new phenomena or new data
and require recalibration of the model with the entire data set to accommodate any such
extension. To date, many variations of empirical/semiempirical models that address a
particular application are found [1,14,16e19,48,49].

In an attempt to focus this review on the more recent mechanistic developments in
CO2 corrosion modeling, the discussion of semiempirical models is limited to a
brief review of the work by de Waard et al. because of its significance in shaping
the understanding of CO2 corrosion as we know it today. However, numerous reviews
on empirical and semiempirical models are available in the literature for further
reference [13,46,47,50e53].

The initial study by de Waard and Milliams in 1975 has been considered the first
mechanistic attempt to describe and further, predict the CO2 corrosion of steel [3].
Using a model developed based on simplistic charge transfer relationships, the authors
proposed a catalytic mechanism for CO2 corrosion as shown via Reactions (34.28) and
(34.29). This mechanism considered carbonic acid as the dominant reduced species,
whereas its concentration was buffered by the chemical equilibrium between the
reaction product

�
HCO�

3

�
and hydrogen ions present in an acid solution:

H2CO3ðaqÞ þ e� / HCO�
3ðaqÞ þ

1
2
H2ðgÞ (34.28)

HCO�
3ðaqÞ þ Hþ

ðaqÞ ! H2CO3ðaqÞ (34.29)

De Waard and Milliams proposed the following relationship for corrosion rate
estimation by considering the charge balance at corrosion potential (ia ¼ ic) and using
pH dependence expressions to relate the potential to corrosion current [3]:

log icorr ¼ �A pHþ B (34.30)
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The term A in Eq. (34.30) is only defined by the Tafel slopes of the cathodic and
anodic reactions, whereas the term B also contains the reaction rate constants. The
correlation coefficient in Eq. (34.30), A, was experimentally obtained to be 1.3. This
value was used as the basis for their proposed mechanism, which gives the theoretical
value of 1.25, considering 40 and 120 mV Tafel slopes for anodic and cathodic
reactions, respectively. Ultimately, using a simplistic correlation between the solution
pH and CO2 partial pressure, de Waard and Milliams introduced their well-known
nomogram for corrosion rate calculation as a function of CO2 partial pressure, based
on the following relationship [1]:

log icorr ¼ �1=2 A logðpCO2Þ þ B0 (34.31)

The initial model developed by de Waard and Milliams did not include the effect of
other electroactive species, such as hydrogen ion, bicarbonate ion, and water; the pH
was assumed to only be defined by the CO2 equilibria; and the effect of mass transfer,
CO2 hydration reaction, and other homogeneous chemical reactions associated with
carbonate species was also disregarded [3]. That made the model simple but narrowed
the range of its applications drastically.

In a series of studies, extending over almost two decades, the initial model of de
Waard and Milliams [3] was used as the basis to add in the effect of various relevant
parameters and environmental conditions [1,17e20]. The effect of pH, flow rate,
nonideal solutions, protective scales, glycol, top of line corrosion, and steel micro-
structure are among those covered in the subsequent publications of de Waard et al.
[1,17e20]. These new effects were accounted for by simply introducing additional
empirical correction factors as multipliers in the original de Waard and Milliams cor-
relation. That transformed the original mechanistic approach of de Waard and Milli-
ams into a semiempirical model with all the disadvantages discussed earlier.

34.3.2 Elementary mechanistic models

In the context of aqueous CO2 corrosion of steel, the deterioration is due to the
electrochemical oxidation of iron as shown in Reaction (34.7), which results in
dissolution of iron and release of electrons. This reaction would spontaneously
progress only if the released electrons are consumed through simultaneous cathodic
reactions (Reactions 34.8e34.11). The corrosion rate is therefore defined by the
charge balance between cathodic and anodic reactions at the steel surface. Hence,
it can be mathematically expressed by describing the current/potential response
of the underlying electrochemical reactions. Based on this scenario, the corrosion
rate is equal to the iron oxidation (dissolution) rate when

ia ¼
X

j

ic;j

As outlined in Section 34.3.1, the same expression served as the basis for the first
model of de Waard and Milliams [3]; however, they only considered reduction of
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carbonic acid as the main cathodic reaction and rate-controlling step. The elementary
mechanistic models expanded on this to include the other relevant physiochemical
processes such as additional cathodic reactions, mass transfer, and chemical reactions,
in the calculation of the charge transfer rates. This gave these models a much improved
ability to incorporate the more advanced understanding of CO2 corrosion, without
making them overly complicated.

34.3.2.1 Historical background

Thefirst elementarymechanisticmodel for CO2 corrosion of steel was introduced in 1989
by Gray et al. [4]. The authors developed their model with iron dissolution as the anodic
reaction and hydrogen ion and carbonic acid reduction as the cathodic reactions. Their
model accounted for the mass transfer at a rotating disk electrode for hydrogen ion and
carbonic acid reduction. The effect of CO2 hydration reaction was also incorporated in
the charge transfer calculation of carbonic acid reduction. Gray et al. [4] adopted most
of the mechanistic findings of Schmitt and Rothmann [26], while suggesting that the
preceding adsorption step for CO2 hydration reaction was unnecessary in predicting the
observed polarization behavior.

Gray and coworkers expanded their experimental conditions toward higher pH values
in a later publication, covering up to pH10 [5]. The authors suggested that at a pH range of
6e10 the reduction of bicarbonate ion becomes significant, and the original model was
expanded to also include the bicarbonate ion reduction.Themechanism forCO2 corrosion
of steel, as proposed by Gray et al. in these two studies [4,5], has rapidly gained general
acceptance and was further developed in the following years.

In 1995 Dayalan et al. proposed a model based on equating the mass transfer and
charge transfer of electroactive species at the metal surface and imposing the chemical
equilibria of the carbonic acid and bicarbonate ion dissociation [54]. This set of algebraic
equations was then solved to obtain the surface concentration of chemical species as well
as the corrosion potential. This was an ambitious step forward, yet the model proposed
by Dalayan et al. suffered from miscalculations in charge transfer rates, did not include
the temperature effect, and did not account for the effect of CO2 hydration reaction. Even
with these shortcomings, this model was of significance because it provided the first
insight into the surface concentration of species, which are necessary for protective
iron carbonate layer formation calculations [55]. Furthermore, this study was one of
the first to discuss and incorporate carbonic acid and bicarbonate ion dissociation
reactions at the metal surface.

In 1996, an elementary mechanistic model was also developed by Ne�si�c et al., mainly
focused on improving the estimated electrochemical rate constants and implementation of
this mechanistic approach into corrosion rate prediction for industrial applications [22].
This model was developed by considering the mass transfer, CO2 hydration reaction,
and the kinetics of the electrochemical reactions similar to that previously proposed by
Gray et al. [4,5]. Hydrogen ion, carbonic acid, water, and oxygen reduction was included
in the model as the possible cathodic reactions and iron dissolution as the only anodic re-
action. In this model, Ne�si�c et al. assumed that the carbonic acid reduction was only
limited by the CO2 hydration reaction, as the preceding chemical reaction step, and the
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effect ofmass transfer on the chemical reaction limiting current of carbonic acid reduction
was ignored. Although such an assumption is reasonable for stagnant conditions, it may
lead to significant errors at high solution velocities where the rate of mass transfer is com-
parable with the rate of the chemical reaction. This issuewas addressed byNe�si�c et al. in a
later publication where the effect of mass transfer was also included in chemical reaction
limiting current calculations for turbulent flow regimes [21].

The elementary mechanistic models are now well established for calculation of
internal pipeline corrosion rates. After the initial study by Gray et al. [4,5], numerous
similar models have been developed and used to improve the mechanistic understand-
ing of the corrosion process as well as the accuracy of the predicted corrosion rates
[56e61]. The scope of these models was expanded to incorporate more complex
scenarios such as the effect of corrosion product layer [55,62], multiphase flow
[63], and the presence of other corrosive species such as oxygen, hydrogen sulfide,
and organic acids [11,21,57,61,64,65].

34.3.2.2 Mathematical description

The net current density resulting from the electrochemical reactions occurring at the
metal surface can be obtained by superposition of the current density from every indi-
vidual reaction (ij) as shown in Eq. (34.32).

inet ¼
X

j

ij (34.32)

For the electrochemical reactions involved in aqueous CO2 corrosion of steel, the
current/potential relationships are given in Table 34.5. Considering the heterogeneity
of the electrochemical reactions, the concentration terms appearing in these relation-
ships represent the concentration at the metal surface, which may be different from
the bulk concentrations as a result of the mass transfer limitation. Nevertheless, the ef-
fect of mass transfer on the surface concentration of electroactive species and thus the
rate of electrochemical reactions can be incorporated in current density calculations
through Eq. (34.33).

1
i
¼ 1

ict
þ 1
ilim

(34.33)

The term ict in Eq. (34.33) is the pure charge transfer controlled current, which is
obtained from the relationships listed in Table 34.5, where the surface concentrations
of electroactive species are equal to bulk concentrations at the pure charge transfer control
condition. The electrochemical parameters required for charge transfer calculations are
listed in Table 34.6. The ilim term in Eq. (34.33) is the mass transfer limiting current as
described in Eq. (34.34).

ilim ¼ nFkmC
b (34.34)
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Table 34.5 Current potential relationships for the reactions listed in Table 34.2

Electrochemical reaction Mathematical relationship for half reactiona

Reaction (34.7) ia;Fe ¼ nFeFk0FeC
s
OH�e

�
ð2�aFeÞFðEapp�E0Fe�fsÞ

RT

�
b

Reaction (34.8) ic;Hþ ¼ �nHþFk0HþC
s
Hþe

 
�aHþnHþF

�
Eapp�E0Hþ�fs

�

RT

!

Reaction (34.9) ic;H2O ¼ �nH2OFk0H2Oe

0
@�aH2OnH2OF

�
Eapp�E0H2O

�fs

�

RT

1
A

Reaction (34.10) ic;H2CO3 ¼ �nH2CO3Fk0H2CO3C
s
H2CO3

e

0
@�aH2CO3nH2CO3F

�
Eapp�E0H2CO3

�fs

�

RT

1
A

Reaction (34.11)
ic;HCO�

3
¼ �nHCO�

3
FkHCO�

3
Cs
HCO�

3
e

0
BB@

�aHCO�
3
nHCO�

3
F

�
Eapp�E0HCO�

3
�fs

�

RT

1
CCA

aic and ia denote the current density calculations for cathodic half reactions and anodic half reactions, respectively.
bfs is the potential in the solution at adjacent to the metal surface, which accounts for ohmic drop if applicable.
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Table 34.6 Electrochemical parameters for the relationships in Table 34.5, where

k0j [ k0j;ref e

�
L

DHj
R

�
1
TL

1
Tj ; ref

��

nj aj E0, j versus SHE (V) k0 j, ref DHj (kJ/mol) Tj, ref (K)

j ¼ Fe 2 0.5a �0.447b 1.59 � 105
� mol
s$m2$M

�
a 37.5a 298.15a

j ¼ Hþ 1 0.5a 0.000 5.18 � 10�5
� mol
s$m2$M

�
a 30a 298.15a

j ¼ H2O 1 0.5c �0.8277 b 2.70 � 10�5
� mol
s$m2

�
c 30c 293.15c

j ¼ H2CO3 1 0.5a �0.381f 3.71 � 10�2
� mol
s$m2$M

�
a 50a 293.15a

j ¼ HCO�
3 1 0.5d �0.615 f 7.37 � 10�5

� mol
s$m2$M

�
d 50e 298.15e

Parameters obtained or recalculated from, a: Nordsveen et al. [2], b: CRC Handbook [73], c: Zheng et al. [11], d: Gray et al. [5], e: Han et al. [57], f: Linter and
Burstein [74].
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The mass transfer coefficients (km) for variety of common flow geometries are
readily available in the literature. For example, the well-known Levich equation is
used to calculate the mass transfer limiting current density at a rotating disk electrode
as shown in Eq. (34.35) [8]:

ilim ¼ 0:62 � 103 nFD2=3u1=2n�1=6Cb (34.35)

where Cb is the bulk molar concentration of the reactant, u (rad/s) is angular velocity,
D is the diffusion coefficient as listed in Table 34.7 for the common chemical species,
and other parameters are in SI units.

For a rotating cylinder electrode, a correlation developed by Eisenberg et al. [66]
(simplified as Eq. 34.36) or similar expressions [67] may be used. In Eq. (34.36)
the bulk concentration of the active species, Cb, is in molar, dcyl is the diameter of
the cylinder electrode in meter, and other parameters have their common meaning
in SI units.

ilim ¼ 0:0487 � 103 nFD0:644d0:4cylu
0:7n�0:344Cb (34.36)

The mass transfer correlation in fully developed single-phase turbulent flow
through straight pipes was developed by Berger and Hau [67a], where the Sherwood
number (Sh) is correlated to the Reynolds number (Re) and the Schmidt number (Sc),
as shown in Eq. (34.37), and the mass transfer coefficient can be obtained using
km ¼ Sh$D/L.

Sh ¼ 0:0165 Re0:86Sc0:33 (34.37)

8� 103 < Re < 2� 105; 1000 < Sc < 6000

Table 34.7 Reference diffusion coefficients at 258C (778F)

Species
Diffusion coefficient in water
3 109 (m2/s) References

CO2 1.92 [94]

H2CO3 2.00 [2]

HCO3
� 1.185 [73]

CO3
2� 0.923 [73]

Hþ 9.312 [85]

OH� 5.273 [73]

Naþ 1.334 [85]

Cl� 2.032 [73,85]

Fe2þ 0.72 [85]
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For many other flow regimes and geometries such as multiphase flow, U-bends, and
elbows, similar correlations also exist in the literature [68e72].

In addition to the mass transfer from the bulk solution, the effect of slow CO2

hydration reaction on the carbonic acid reduction needs to be included in calculations.
In this case also, Eq. (34.33) can be used whereas the mass transfer limiting current
(ilim) has to be modified for simultaneous accommodation of the preceding chemical
reaction through the diffusion layer. At a rotating disk electrode, the limiting current
density for an electrochemical Reaction (34.39) proceeding a generic homogeneous
Reaction (34.38) can be calculated via Eq. (34.40) [75]. These equations can be readily
applied for the case of CO2 corrosion with the chemical reaction being CO2 hydration
and the electrochemical reaction being carbonic acid reduction, as implemented in the
models developed by Gray et al. [4,5].

Y# O (34.38)

Oþ ne� # R (34.39)

ilim;O ¼
nFD

�
Cb
O þ Cb

Y

�

dd þ dr=K
(34.40)

dd ¼ 1:61 D1=3u�1=2y1=6 (34.41)

dr ¼
�

D

ðkf þ kbÞ
�1=2

(34.42)

The dd term in Eq. (34.40) is the diffusion layer thickness that can be calculated
via Eq. (34.41), and dr is the so-called reaction layer thickness as described via
Eq. (34.42).

Ne�si�c et al. proposed a similar relationship for turbulent flow conditions such as the
cases of rotating cylinder electrodes or pipelineflow, using a series of assumption suitable
for the particular case of CO2 corrosion [76]. Based on their proposed relationship, the
limiting current for carbonic acid reduction can be calculated as shown in Eq. (34.43),
considering both turbulent mixing and the slow hydration of CO2.

ilim;H2CO3
¼ nH2CO3FC

b
H2CO3

�
D kb;hyd

�1=2 coth
dd

dr
(34.43)

dd ¼ D=km (34.44)

dr ¼
�
D
�
kb;hyd

�1=2
(34.45)
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Based on the discussions in this section so far, the current/potential response of the
commonly accepted electrochemical reactions involved in CO2 corrosion can be
calculated. The relevant relationships to calculate the rate of each reaction are summa-
rized in Table 34.8. For iron oxidation or water reduction reactions, no mass transfer
consideration is required because of the constant concentration of the reactant, thus,
the current density resulting from these reactions can be calculated via Eqs. (34.7)
and (34.9) (in Table 34.5), respectively. For hydrogen ion, carbonic acid, and bicar-
bonate ion reduction, Eq. (34.33) should be used to account for the mass transfer
and chemical reactions as required.

Using the mathematical relationships as summarized in Table 34.7, at a known
electrode potential the current density from every individual reaction may be readily
obtained. On the other hand, if the electrode potential is unknown, such as in the
case of corrosion rate calculations, the current density/potential relationships of all
the reactions can be introduced into Eq. (34.32), forming a single nonlinear algebraic
equation to be solved for one unknown, the electrode potential. The corrosion potential
(mixed potential) can be obtained using numerical root finding methods such as
bisection or NewtoneRaphson. Finally, the anodic current density calculated via
Eq. (34.7) at corrosion potential yields the corrosion current. This value can be further
translated to corrosion rate based on Faraday’s law and proper unit conversion. For
example, for corrosion current icorr (A/m

2) the conversion to corrosion rate (mm/year) is

CR ¼ iCorr
2F

�MwFe

rFe
� 3600� 24� 365 (34.46)

An example of the elementary mechanistic models has been developed and published
as an open source code for public users by Ne�si�c et al. [21] called FREECORP. This
model is based on the physiochemical processes discussed earlier and can be considered
as an improved version of their initial study published in 1996 [22]. The model includes
the effect of flow for rotating cylinder electrodes and straight pipelines, the effect of
CO2 hydration reaction, additional corrosive species such as oxygen, acetic acid, and
hydrogen sulfide, and the effect of corrosion product layer.

Table 34.8 List of equations required to describe the current/potential
response of each electroactive species

Reaction Corresponding mathematical relationships

Iron oxidation Eq. (34.7)

Hydrogen ion reduction Eqs. (34.8), (34.33), (34.34)

Carbonic acid reduction Eqs. (34.10), (34.33), (34.40) or Eq. (34.43)

Bicarbonate ion reduction Eqs. (34.11), (34.33), (34.34)

Water reduction Eq. (34.9)
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Fig. 34.4 demonstrate a comparison of the predicted steady state voltammogram by
the model developed by Ne�si�c et al. with experimental data at pH 4 and 1 bar pCO2

[21]. The predicted corrosion rates using the same model [21] are also compared
with the experimental data in Fig. 34.5 for a wide range of solution composition
and environmental conditions.

34.3.2.3 Summary

The development of the elementary mechanistic models created a platform to apply the
more recent understandings of the CO2 corrosion into corrosion rate predictions. With
the mechanistic approach in the calculations, these models also provided the opportunity
for investigating the individual underlying processes. The elementary mechanistic
models are used to quantify the polarization behavior (usually the steady state voltam-
mograms) of the system to obtain the physiochemical parameters involved in various
underlying processes, i.e., reaction rate constants of the electrochemical reaction and
their activation energies, kinetic, and thermodynamic parameters describing the homo-
geneous reactions, mass transfer coefficient, etc. The mechanistic nature of the model,
and the parameters obtained during the model development, allows for more confident
extrapolated corrosion rate calculations. For the same reason, these models have the flex-
ibility to easily include additional corrosive species and, to some extent, new physics.
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Figure 34.4 Comparison of the predicted steady state polarization behavior (solid lines) with
the experimental data (points) at 20�C (68�F), 1 bar (14.5 psi) CO2, pH 4, pipe diameter of
0.015 m, and flow velocity of 2 m/s.
Reproduced with permission from NACE International, Houston, TX. All rights reserved.
S. Ne�si�c, H. Li, J. Huang, D. Sormaz, Paper 572 presented at CORROSION 2009, Atlanta,
GA. © NACE International 2009.
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However, the simple approach of implementation of physicochemical theory in the
elementary mechanistic models discussed here suffers from one fundamentally flawed
assumption. In these models it is assumed that species are transferred from the bulk
fluid toward the metal surface and back independently from each other. In other words,
the well-defined homogeneous chemical reactions as well as the ionic interaction
(electromigration) between species inside the diffusion layer are ignored.

34.3.3 Comprehensive mechanistic models

The comprehensive mechanistic models are developed based on the fundamental physi-
cochemical laws describing the processes involved in the corrosion phenomena. Using
such a rigorous fundamental approach gives thesemodels a great advantage in simulating
elaborate, interconnected processes underlying CO2 corrosion with its complex water
chemistry, mass transfer, and electrochemical reactions. For the same reason, these
models by nature have a broad range of validity across varying environmental
conditionsdas long as the used physiochemical laws hold truedand the flexibility to
incorporate additional processes and chemical species.

The in-depth treatment of the underlying processes in these models provides a unique
insight into the possible reaction pathways and the significance of individual processes,
which in turn, further improves the understanding of CO2 corrosion mechanism. For
example, the significance of the buffering ability of weak acids such as carbonic acid
and organic acids were not well understood until these models emerged [2,6,77].
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Figure 34.5 Comparison of the experimental and predicted corrosion rates at pCO2 from 1 to
10 bar (14.5e145 psi), temperature from 20 to 60�C (68e140�F), flow velocity from stagnant
to 12 m/s, pH from 4 to 6, and acetic acid concentration from 0 to 390 ppm.
Data taken from S. Ne�si�c, H. Li, J. Huang, D. Sormaz, An open source mechanistic model for
CO2/H2S corrosion of carbon steel, in: CORROSION, 2009. Paper No. 572.
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The comprehensive mathematical models are built around the mass transfer and
homogeneous chemical reactions in the solution near the metal surface; the two key
elements in CO2 corrosion. This can be expressed as the well-known NernstePlanck
equation:

vCi

vt
¼ �V$Ni þ Ri

where Ni represents the mass transfer via molecular diffusion, electromigration,
convective flow, and turbulent mixing, and the Ri includes the homogeneous chemical
reactions. Using the proper boundary conditions along with the NernstePlanck
equation, as discussed in Section 34.3.3.3, the concentration distribution of the
chemical species and the rate of electrochemical reactions (hence the corrosion rate)
can be accurately determined.

34.3.3.1 Historical background

The first attempt to describe the CO2 corrosion with the general approach of the
comprehensive mathematical models was by Turgoose et al. in 1992 [78]. The mathe-
matical model developed in that study accounted for the mass transfer by diffusion and
convective flow as well as homogeneous chemical reactions as independent phenomena
in series, rather than the simultaneous treatment as in the NernstePlanck equation.
Despite that deficiency, the authors were able to demonstrate the potential of this type
of modeling in providing detailed information about the concentration distribution
of chemical species in the diffusion layer. It was shown that the various corrosion
mechanisms proposed previously, such as the catalytic mechanism (EC0) proposed by
de Waard and Milliams [3] and Wiȩckowski et al. [79] or the CE mechanism proposed
by Schmitt and Rothmann [26], are only limited interpretations of a complex water
chemistry coupled with electrochemical reactions. However, the authors ignored the
charge transfer kinetics of both cathodic and anodic reactions, and the model was only
used to calculate the current response at mass transfer limiting condition.

In 1995, Pots developed the first comprehensive mathematical model utilizing
the NernstePlanck equation to simultaneously account for the mass transfer and homo-
geneous chemical reactions at the solution near themetal surface [77]. The charge transfer
rates were assumed to follow the Tafel equation as the boundary conditions at the metal/
solution interface. In that study also, the corrosion undermass transfer limiting conditions
was at focus and much of the details about the kinetics of the electrochemical reactions
were ignored. In such conditions, Pots noted that the carbonic acid reduction at the metal
surface is not necessarily required to explain the limiting current, and that its effect may
be also explained through the parallel homogeneous carbonic acid dissociation followed
by hydrogen ion reduction. That was one of the first reports on the significance of the
buffering ability of carbonic acid (or other weak acids [8]) during the corrosion
process, which was quantified by employing the comprehensive mathematical models.

The comprehensive mathematical models of CO2 corrosion of steel were further
improved in a series of publications by Ne�si�c et al. [2,23e25,80]. Besides the use of

Mathematical modeling of uniform CO2 corrosion 827



NernstePlanck equation to describe the concentration profile of the chemical species in
the solution, the homogeneous chemical and electrochemical reactions were treated with
more details than in the previous models [77,78]. The scope of the model was further
expanded by demonstrating its ability to incorporate the corrosion product layer
formation and determining the porosity distribution throughout that layer. The buffering
ability of carbonic acid, as reported by Pots [77], was also confirmed by Ne�si�c et al.
[2,23]. However, the authors noted that while the carbonic acid reduction reaction
was not required to explain the observed limiting currents in polarization curves, this
additional cathodic reaction significantly improved the corrosion rate prediction when
the corrosion current was controlled by the rate of electrochemical reactions.

In a study by Remita et al., the mechanism of CO2 corrosion was revisited using a
similar modeling approach for quantitative analysis of the experimental data [6]. In
that study, authors simplified the model introduced by Ne�si�c et al. [2,23], using steady
state calculation (i.e., dC/dt ¼ 0 in NernstePlanck Equation). Using their model, Remita
et al. analyzed the experimental cathodic polarization curves and claimed that not only
the limiting currents can be fully explained through the buffering effect of carbonic acid
but also the charge transferecontrolled currents may be quantified only through the
hydrogen ion reduction reaction.

The comprehensive mathematical models, with their analytical approach, have
attracted many researchers in the last decades. In more recent years, similar models
have been developed and used to describe various corrosion scenarios. A few exam-
ples are the studies of sour corrosion by Triobollet et al. [12,81], CO2 corrosion under
a thin water film by Remita et al. [82], pit propagation in CO2 and acetic acid environ-
ment by Amri et al. [83], and top of the line corrosion by Zhang et al. [84].

34.3.3.2 Mathematical description

Since heterogeneous electrochemical reactions are involved in CO2 corrosion, the con-
centration of the chemical species at the metal surface may deviate from those at the
bulk solution. The comprehensive mathematical models are able to accurately calcu-
late the surface concentration of chemical species based on the known concentrations
at the bulk, and with simultaneous consideration of the mass transfer between the bulk
and the surface along with the homogeneous chemical reactions.

The mass transfer in corroding systems, or electrochemical systems in general, oc-
curs via three simultaneous mechanisms: convective flow due to the (turbulent) move-
ment of the bulk fluid; molecular diffusion, as a result of the concentration gradient of
the species; electromigration of the ions, arising from the presence of an induced or a
spontaneous electric field. Hence, the flux of any given species i can be described
through Eq. (34.47) [85].

Ni ¼ �ziuiFCiVf� DiVCi þ vCi (34.47)

The concentration of each chemical species at an elementary volume of the solution
can therefore be defined through its flux and by applying mass conservation. The
change in concentration of species i over the time interval of Dt is defined by the
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change in its flux over Dx, in addition to the rate of consumption/production of species
i through homogeneous chemical reactions. This is mathematically expressed via
Eq. (34.48), which is also known as the NernstePlanck equation [85].

vCi

vt
¼ �V$Ni þ Ri (34.48)

For most practical applications, the tangential and radial components of Eqs.
(34.47) and (34.48) are not of any practical significance. Furthermore, the mobility
of ions can be estimated using EinsteineSmoluchowski relationship (ui ¼ Di/RT).
Therefore, for a one-dimensional semi-infinite geometry in the direction x normal to
the metal surface, Eqs. (34.47) and (34.48) can be simplified to Eqs. (34.49) and
(34.50), respectively.

Ni ¼ �Di
vCi

vx
� ziDiFCi

RT

vf

vx
þ vxCi (34.49)

vCi

vt
¼ �Di

v

vx

vCi

vx
� v

vx

�
ziDiFCi

RT

vf

vx

�
þ vx

vCi

vx
þ Ri (34.50)

The average bulk movement of the fluid in the direction normal to the surface is
accounted for in the convective flow term (vxC), where vx describes the velocity profile
inside the diffusion layer. Unlike the elementary mechanistic models, where all the mass
transfer processes are lumped into a single parameter (mass transfer coefficient, km),
the comprehensive mathematical models implement the velocity distribution of the fluid
inside the diffusion layer. For a laminar flow regime of rotating disk electrodes, the
analytical solution of the velocity profile and the diffusion layer thickness were shown
as Eq. (34.51), where a ¼ 0.510, and Eq. (34.52), respectively [86].

vx ¼ �au
�u
y

�1=2
x2 (34.51)

d ¼
�
3Dlim

ay

�1=3�u
y

��1=2
(34.52)

However, at the conditions of interest for most corrosion applications, the dominant
mass transfer mechanism in the bulk solution is in the form of turbulent mixing,
which then decays as the solid wall is approacheddin the diffusion boundary layer.
The turbulent mixing of the fluid can be expressed as eddy diffusivity profile within
the diffusion boundary layer. The mathematical relationships for eddy diffusivity of
turbulent flow through straight tubes have been developed in a number of different
studies [87,88]. A simple expression for eddy diffusivity (Dt) distribution and diffusion
layer thickness (d) is shown in Eqs. (34.53) and (34.54), respectively [88].

Dt ¼ 0:18
�x
d

�3
y (34.53)
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d ¼ 25 Re�7=8d (34.54)

The eddy diffusivity (Dt) can be lumped with molecular diffusion coefficient (Di) in
Eqs. (34.49) and (34.50), to account for the turbulent mixing, whereas the convective
flow term (vxC) is no longer applicable.

An accurate account of the homogeneous chemical reactions involved in the complex
water chemistry of CO2 saturated solution is essential for calculating the surface
concentration of the chemical species. This is of significance, because the buffering
system of the solution containing weak acids such as carbonic acid, organic acids,
and hydrogen sulfide may act as an additional source (or sink) for the chemical species
as their surface concentrations depart from the equilibrium at the bulk solution. The ef-
fect of these homogeneous reactions is reflected in the Ri term of Eq. (34.50).

The rate of each chemical reaction j in the general form of Reaction (34.55) can be
calculated as shown in Eq. (34.56).

Xnr

r¼1

Cr#
Xnp

p¼1

Cp (34.55)

Rj ¼ kf ;j
Ynr

r¼1

Cr � kb;j
Ynp

p¼1

Cp (34.56)

With simple mathematical manipulation, the rate of production (or consumption) of
every species i (Ri) for j chemical reactions shown in Table 34.1 may be expressed in a
matrix format as Eq. (34.57) [2]. The kinetic rate constant of the chemical reactions can
be found in Table 34.9.

2
66666666666664

RCO2ðaqÞ

RHþ
ðaqÞ

RH2CO3ðaqÞ

RHCO�
3ðaqÞ

RCO2�
3ðaqÞ

ROH�
ðaqÞ

3
77777777777775

¼

2
66666666666664

1 �1 0 0 0

0 0 1 1 1

0 1 �1 0 0

0 0 1 �1 0

0 0 0 1 0

0 0 0 0 1

3
77777777777775

�

2
66666666666664

Rdis

Rhyd

Rca

Rbi

Rw

3
77777777777775

(34.57)

Considering the discussion so far in this section, Eq. (34.50) can be applied for each
chemical species to determine its concentration distribution inside the diffusion layer.
The diffusion coefficients of the chemical species and the physical properties of water
can be found in Tables 34.7 and 34.4, respectively. However, for this system of equations
to be complete, the electric potential appearing in the electromigration term also needs to
be specified. This parameter can be characterized through an additional relationship
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known as the Poisson’s equation, which relates the electric potential in a medium with a
uniform dielectric constant, to a given charge distribution [85]:

V2f ¼ �F

ε

X

i

ziCi (34.58)

Although Eq. (34.58) is a more valid theoretical description of the electric
potential distribution inside the diffusion layer, a simplified expression known as the
“electroneutrality” constraint (Eq. 34.59) has commonly been used as an approximation
in mathematical simulation of electrochemical systems:

X

i

ziCi ¼ 0 (34.59)

This simplification is based on the very large values of the proportionality constant in
Poisson’s equation (F/ε) [85].With the relative dielectric constant of salinewater being in
the range of 60e80 for salt concentrations up to 1 M [93], this proportionality constant
would be in order of 1014 V$m/C. Therefore, while the electroneutrality constraint is
not a fundamental law of nature, it is a reasonable mathematical simplification for
the electrochemical systems with moderate or high ionic conductivity where the
Laplacian of the potential (V2f) is not numerically significant when considering
the proportionality constant. In such conditions, the resulting error arising from this
assumption is generally well below the error threshold considered for the numerical
methods in use. This assumption is favored in mathematical models because it
significantly simplifies the mathematical expressions and notably decreases the
computational demands of the calculations.

It should be noted that, in mathematical models of electrochemical systems, it is also
common to assume that the effect of electromigration on concentration distribution
of electroactive species is negligibly small. This allows for the electromigration term
appearing in Eq. (34.47) to be disregarded,which simplifies the calculations significantly.
Bearing in mind that this assumption is only valid for the solutions with relatively high

Table 34.9 Rate constants for reactions listed in Table 34.1 kf denotes
the reaction progress from left to right and K[ kf /kb
Reactions # Reaction rate constant References

(34.3)

kf ;hyd ¼ e

�
22:66� 7799

T

�

ð1=sÞ
[42]

(34.4) kb,ca ¼ 4.7 � 1010 (1/M$s) [89e91]

(34.5) kb,bi ¼ 5.0 � 1010 (1/M$s) [89,91]a

(34.6) kb,w ¼ 1.4 � 1011 (1/M$s) [90,92]

aIn the absence of direct measurements the value of kb,bi was estimated based on kb,ca.
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conductivity (i.e., high ionic strength) and at low current densities, this approach may be
used in many CO2 corrosion scenarios.

34.3.3.3 Initial and boundary conditions

The solution of Eq. (34.48), as a transient partial differential equation, requires the
proper initial and boundary conditions to be specified. At the initial time (t ¼ 0) it
can be assumed that the well-mixed solution comes into contact with the metal surface.
Hence, the concentrations of chemical species throughout the diffusion layer are con-
stant, known values, defined by the chemical equilibria of the solution as discussed in
Section 34.2.

At the bulk solution (x ¼ d) the concentration of chemical species remains unchanged
at all times (t � 0). Therefore, a Dirichlet type boundary condition can be defined for the
bulk solution based on the known concentration of species identical to the initial
conditions.

The boundary condition at the metal/solution interface is the Neumann boundary
condition of defined fluxes and includes all the electrochemical reaction rate calculations.
For an electroactive chemical species, the flux at the metal/solution boundary is equal to
the rate of the corresponding electrochemical reactions. For an electroactive species, i
involved in j electrochemical reactions, the flux at the metal surface can be described
through Eq. (34.60).

Ni
		
x¼0 ¼ �

X

j

sijij
njF

(34.60)

The currentepotential relationships, used to calculate the rate of electrochemical
reactions, can be found in Table 34.5. The negative sign in Eq. (34.60) represents a
sign convention, where cathodic currents are presumed negative and anodic currents
are positive. For the electrochemical reactions shown in Table 34.2, the species on
the left hand side are represented with a negative stoichiometric coefficient (Sij) and
the ones on the right hand side, with positive numbers.

Similar to the homogeneous chemical reaction, Eq. (34.60) can be transformed into
a matrix notation to include all the electroactive species:

2
666666666666664

NFe2þaq

		
x¼0

NHþ
aq

		
x¼0

NH2CO3;aq

		
x¼0

NHCO�
3;aq

		
x¼0

NCO2�
3;aq

		
x¼0

NOH�
aq

		
x¼0

3
777777777777775

¼

2
666666666666664

1 0 0 0 0

0 �1 0 0 0

0 0 �1 0 0

0 0 1 �1 0

0 0 0 1 0

0 0 0 0 1

3
777777777777775

�

2
666666666666664

iFe=2F

iHþ=F

ica=F

ibi=F

iw=F

3
7777777777777775

(34.61)
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For nonelectroactive species the flux at the metal surface is zero:

Ni
		
x¼0 ¼ 0 (34.62)

Eq. (34.60) and (34.62) can be applied to describe the mass transfer for all chemical
species at themetal surface. The electric potential inside the solutionmay also be specified
through the electroneutrality constraint via Eq. (34.59) (or Poisson’s equation) similar to
that in the governing equations.

Considering the governing equations, the initial conditions, and the boundary
conditions discussed so far, this system of equations is fully specified if the potential
at the metal surface (Eapp in Table 34.5) is known so that the rate of electrochemical
reactions can be calculated. That is common in case of electroanalytical measurements
(e.g., potentiodynamic sweep) where electrode potential is the controlled parameter.
However, in corrosion rate predictions this parameter (Eapp ¼ corrosion potential) is
generally not known a priori. In that case, an additional relationship is requireddthe
charge conservation at the metal surface. All the cathodic (reduction) currents are
balanced by the anodic (oxidation currents), meaning that the net current resulting
from all j electrochemical reactions is equal to zero (i.e., there is no need for an exter-
nally “applied” current iapp). The charge conservation can be mathematically expressed
as Eq. (34.63).

iapp ¼ 0 ¼
X

j

ij (34.63)

Table 34.10 summarizes all the relevant mathematical equations required to
develop a comprehensive mathematical model as discussed in this section.

34.3.3.4 Numerical solution

The mathematical equations as summarized in Table 34.10 form a set of nonlinear,
coupled, partial differential equations to be solved numerically. With the simple
one-dimensional geometry spanning from the metal surface toward the solution,
typical for uniform corrosion rate calculations, the finite difference method can be
used to solve the equations. This method is commonplace in mathematical modeling
of electrochemical systems [95e97] and have been discussed in detail elsewhere
[85,98].

The partial differential equations are discretized using Taylor’s series approximations,
resulting into a set of algebraic equations. These equations can further be transformed into
a matrix format for convenience. The final solution can then be obtained through various
solution algorithms such as Neman’s “BAND” open source code where the coefficient
matrix is developed and further solved by LU decomposition method [85,98].

In the numerical solution of this set of non-linear differential equations an explicit
time integration approach is sometimes preferred over the implicit methods for
simplicity. However, the nonlinear expressions in the electromigration and chemical
reaction terms, as well as the nonlinear boundary conditions related to electrochemical
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rate calculations, are often the cause of instability of calculations when an explicit
approach was used. A simple remedy is using iterations; although this approach is
mathematically simple, it can be computationally demanding, because it requires a
very fine spatial and temporal resolution to ascertain the convergence of the
calculation.

A more robust approach is based on the use of implicit methods including Taylor
series expansion for linear approximation of the nonlinear terms [2,85]. Although this
approach adds more complexity to the mathematical treatment, it improves stability of
the calculations and enables handling of a variety of different imposed environmental
conditions during corrosion rate calculations. Furthermore, to decrease the computational
errors, higher order approximations of the nonlinear terms can be used along with an
iterative scheme.

Depending on the simulation goals, one may prefer either of these approaches. For
example, if the purpose of the model is to predict a highly transient, short time,
response of the system such as potentiodynamic sweeps, a high temporal resolution
is already required to achieve a reasonable accuracy and therefore, a simple explicit
scheme would be suitable. On the other hand, if the model is developed to predict
long-term corrosion rates, using much larger time steps is the only feasible approach
that would keep the computational time reasonable, which must be done by using im-
plicit methods coupled with higher order approximations and iterative procedures.

Table 34.10 Summary of equations used in the comprehensive
mathematical model

Electrode surface boundary

Ni ¼ �
X

j

sijij
njF

for all electro active species

Ni ¼ 0 for all non-electro active species
X

i

ziCi ¼ 0

iapp ¼ 0 ¼
X

j

ij for unknown electrode potential case

Diffusion layer

vCi

vt
¼ �Di

v

vx

vCi

vx
� v

vx

�
ziDiFCi

RT

vf

vx

�
þ vx

vCi

vx
þ Ri for all species

X

i

ziCi ¼ 0

Bulk boundary and initial condition

Ci ¼ Cb
i for all species

F ¼ 0
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An example of comprehensive mechanistic models for CO2 corrosion of steel was
developed by Ne�si�c et al. [2,23,24]. In addition to current/potential calculation for
each electrochemical reaction, these models can provide the concentration profile
of the chemical species throughout the diffusion layer. Fig. 34.6 illustrates an
example of such calculations at pH 6 and 1 bar (14.5 psi) CO2 [2].

34.3.3.5 Summary

The comprehensive mathematical models reflect the state of the art in the
mechanistic understanding of the uniform CO2 corrosion. These models allow
the simultaneous consideration of all the main physiochemical processes in CO2

corrosion, with each process being described through basic theoretical laws. The
comprehensive models have all the key advantages of the elementary mechanistic
models and much more. The ability of these models to incorporate any number
of homogeneous and surface reactions provides a strong platform for corrosion
rate predictions for more realistic industrial conditions. In particular, the effect
of homogeneous chemical reactions and the complex interaction of the chemical
species in the solution is an essential aspect of CO2 corrosion that remains unre-
solved in the elementary models, making it an exclusive feature of the comprehensive
mechanistic models. Of course, there are still many knowledge gaps with respect to
various aspects of CO2 corrosion; yet these models have the necessary flexibility
to include new/improved understanding of physiochemical processes as they are
uncovered. With such a strong theoretical foundation, these models are well suited
to serve as a basis for future developments. Challenges would include modeling for
higher temperatures and pressures, prediction of localized corrosion, effect of oil/water
wetting, effect of corrosion inhibitors, etc.
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Figure 34.6 Concentration profile of electroactive species at pH 6, 1 bar CO2 (14.5 psi), 20�C
(68�F), pipe with 0.1 m diameter, and 1 m/s flow velocity.
Reproduced with permission from NACE International, Houston, TX. All rights reserved. S.
Ne�si�c, M. Nordsveen, R. Nyborg, A. Stangeland, Paper 40 presented at CORROSION 2001,
Houston, TX. © NACE International 2001.
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However, the comprehensive mathematical models come with their own “price
tag.” These models are mathematically and computationally more demanding and
are more complicated to construct. The numerical solution algorithms, computational
stability, and the calculation time are among the aspects that one needs to consider
when developing these types of models.

34.4 Effect of the corrosion product layer

The CO2 corrosion is often accompanied by corrosion product layer formation at
the metal surface. In the simplest case, at the conditions typical for CO2 corrosion
in transmission lines, this corrosion product layer is dominated by the iron carbonate
deposit. The protectiveness, mechanical properties, and physical properties of this
precipitated layer are affected by numerous parameters such as water chemistry,
environmental conditions such as temperature and fluid flow, steel composition, and
microstructure, etc. [99e107].

The precipitation/dissolution of iron carbonate as demonstrated through the
following heterogeneous chemical equilibrium (Reaction 34.64) is mathematically
described via Eq. (34.65), where Ksp is the iron carbonate solubility product constant
[102].

Fe2þ þ CO2�
3 # FeCO3ðsÞ (34.64)

Ksp ¼ CFe2þCCO2�
3

(34.65)

If the product of the concentration of the dissolved ions exceeds the saturation limit
(Ksp), the formation of iron carbonate precipitation is thermodynamically favored. This
porous deposit may affect the corrosion rate through two main mechanisms:

• Limiting the rate of mass transfer of the chemical species toward and away from the metal
surface, as a physical barrier.

• Reducing the rate of electron transfer reactions by blocking a portion of the metal surface,
making them unavailable as reaction sites.

The formation of a protective iron carbonate layer in CO2 corrosion of steel can
be discussed from both a thermodynamic and a kinetic point of view [99]. A
thermodynamic indicator for the precipitation process is described by the extent of
departure from equilibrium Eq. (34.64), represented by “saturation value” ðSFeCO3Þ
defined as:

SFeCO3 ¼
CFe2þCCO2�

3

Ksp
(34.66)

However, although a high saturation value is an indication of iron carbonate layer
formation, it does not represent the protectiveness quality of the deposit. The latter is
mainly determined by the properties of the iron carbonate layer, such as density,
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porosity, and adherence to the metal surface, which are greatly affected by kinetics of
iron carbonate precipitation [99,106]. Furthermore, the protectiveness of the corrosion
product layer can be influenced by various chemical and mechanical removal processes
[103,108,109].

A more representative measure for the quality of a protective iron carbonate layer
would therefore have to include the kinetic aspects of the layer deposition, in addition
to the thermodynamic feasibility of the layer formation. In this regard, van Hunnik
et al. [99] introduced the so-called “scaling tendency” parameterddescribed by
Eq. (34.67)das a practical measure to assess the protectiveness and sustainability
of an iron carbonate layer [99,100,110]. The authors suggest that, the formation of
an iron carbonate layer does not completely stop the corrosion process, which in
turn causes the existing corrosion product layer to detach from the metal surface
[99,111]. This process, known as “film undermining” [25], affects the adherence, den-
sity, and porosity of the corrosion product layer and ultimately its protectiveness.

ST ¼ RFeCO3ðsÞ

CR
(34.67)

Based on the aforementioned discussion, a scaling tendency of ST[1 suggests that
the undermining is overpowered by the rapidly forming iron carbonate precipitate,
creating a dense protective layer. On the other hand, a scaling tendency of ST� 1
represents the case where the undermining is much faster than the formation of the
corrosion product layer; therefore, only a porous and nonprotective layer may be formed,
even at high saturation values [25,110].

The precipitation rate of iron carbonate in Eq. (34.67) can be described by an
expression in general form of Eq. (34.68) [112].

RFeCO3ðsÞ ¼
A

V
f ðTÞgðSFeCO3Þ (34.68)

where f ðTÞ ¼ e

�
A� B

RT

�

represents the temperature dependence of the rate constant
based on Arrhenius’ law with constants A and B to be determined empirically. The
precipitation rate dependence on saturation value is accounted for by the gðSFeCO3Þ
function that is defined by the mechanism of the precipitation/dissolution reaction. For
an elementary reaction this function can be theoretically expressed as Eq. (34.69) [112].

gðSFeCO3Þ ¼ KspðSFeCO3 � 1Þ (34.69)

This equation is similar to what was proposed by Sun and Nesic [113] indicating
that the precipitation reaction follows a first-order reaction kinetics. Alternative
forms of the function gðSFeCO3Þ, such as the ones introduced by van Hunnik et al.
[99] and Johnson and Tomson [107], may suggest a more complex mechanism for
this reaction (Table 34.11). However, the lack of mechanistic justification of these pre-
cipitation rate equations reduces them to semiempirical expressions with all of their
intrinsic limits. A summary of the expressions for precipitation rate proposed by the
abovementioned references is provided in Table 34.11.

Mathematical modeling of uniform CO2 corrosion 837



Table 34.11 Summary of the precipitation rate expressions.

Reference f(T) gðSFeCO3Þ Ksp

Johnson and
Tomson [107]

e

�
54:8��123000

RT

�
Ksp

�
SFeCO3

0:5 � 1
�2

e

�
�36:22��30140

RT

�

van Hunnik
et al. [99]

e

�
52:4��119800

RT

�
KspðSFeCO3 � 1Þ

�
1� SFeCO3

�1
�

Not specified

Sun and Nesic
[113]

e

�
21:3��64851:4

RT

� KspðSFeCO3 � 1Þ [102]

Reprinted with permission from A. Kahyarian, M. Singer, S. Nesic, Modeling of uniform CO2 corrosion of mild steel in gas transportation systems: a
review, Journal of Natural Gas Science and Engineering 29 (2016) 530e549.
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In the case of elementary mechanistic models, the effect of a protective iron carbonate
layer can be accounted for by introducing an additional mass transfer resistance layer
and the blocking effect of the iron carbonate deposit on the charge transfer rates. Under
such circumstances, the current density is calculated using Eq. (34.33), whereas a
composite mass transfer coefficient should be used when calculating the limiting current
densities (Eq. 34.34), to account for the effect of corrosion product layer on the mass
transfer rate of the electroactive species. The composite mass transfer coefficient for
each species (kcomp.) can be obtained via Eq. (34.70).

1
kcomp:

¼ 1
km

þ 1
kd

(34.70)

The term km in Eq. (34.70) is the mass transfer coefficient inside the solution similar
to that discussed in Section 34.3.2.2, whereas kd, is the mass transfer coefficient for
species i inside the porous corrosion product layer. That is essentially the diffusion
through a porous medium with porosity of ε, tortuosity of s, and the thickness of dl,
which can be described as:

kd ¼ εsDi

dl
(34.71)

The effect of slow carbon dioxide hydration reaction on carbonic acid limiting current
density can be included in the calculations in a similar fashion as described in Section
34.3.2.2. However, the mathematical relationships, such as the one derived by Ne�si�c
et al. [76], need to be reworked with a different set of boundary conditions to accommo-
date for the effect of the corrosion product layer.

While this approach can be used to properly reflect the effect of corrosion product
layer, the aforementioned intrinsic shortcoming of the elementary mechanistic models
remains unresolveddi.e. disregarding the homogeneous chemical reactions in the diffu-
sion layer. Additionally, although being simple to implement, this approach further re-
quires that the thickness (dl) and porosity (ε) of a protective iron carbonate layer to be
specified before any corrosion rate calculation (Eq. 34.71). As these parameters
are usually not known, an additional empirical correlation is needed, relating the
properties (protectiveness) of a protective iron carbonated layer to environmental
conditions [23].

Using an approach similar to that discussed above, the comprehensive mechanistic
models can also be adapted to account for the effect of a precipitated corrosion product
layer. An additional mass transfer barrier can be included in these models by considering
a new boundary at the corrosion product layer interface (x ¼ dl), with the boundary
conditions based on the known flux of chemical species. To account for mass transfer
through a porous media, with a porosity ε, the NernstePlanck equation is rewritten
as [2,23]:

vðεCiÞ
vt

¼ �V$
�
ε
3=2Ni

�
þ εRi (34.72)
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where at the x > dl distance away from the steel surface, where there is no iron
carbonate layer, the porosity ε is equal to one. Furthermore, all electrochemical rate
expressions (current densities) are modified by multiplying with surface porosity ε, to
account for the surface blocking effect. Although these models benefit from accurate
surface concentration calculations and account for the homogeneous chemical
reactions, the distribution of porosity in the precipitating iron carbonate layer still
needs to be predefined. In a simplistic approach it could be described by an empirical
function in the same way as it is done for the elementary models [23].

Using a more comprehensive approach, Ne�si�c et al. presented a model for
calculation of porosity distribution in the iron carbonate layer [24,80]. The authors
proposed that the porosity could be calculated using a mass balance for the solid
iron carbonate precipitate as:

vε

vt
¼ �MFeCO3

rFeCO3

RFeCO3 � CR
vε

vx
(34.73)

where the first term is related to precipitation kinetics (Eq. 34.68) and the second
(convective-like) term arises from the undermining effect as described earlier. This
approach is equivalent to using the concept of scaling tendency but one that is based on
local concentrations at the steel surface and in the porous iron carbonate layer, rather
than bulk concentrations. With this approach, the porosity is treated as an additional
variable in calculations and its distribution through the diffusion layer can be obtained
by solving Eq. (34.73) simultaneously with Eq. (34.72) for all the other unknown
variables (e.g., concentration of species).

Fig. 34.7 shows the comparison of the calculated results with the experimental data
obtained in the study by Ne�si�c et al. [25]. The estimated profile of corrosion product

Dense
layer

Porous
layer

Epoxy

Iron carbonate film

Steel

4-6 µm

5.0E–06

4.0E–06

3.0E–06

2.0E–06

1.0E–06

0.0E+00
1 2 3 4 5 6 7 8 9 10

Time / h

Fi
lm

 th
ic

kn
es

s 
/ m

Figure 34.7 SEM image of the corrosion product layer cross section formed after 10 h at
T ¼ 80�C (176�F), pH ¼ 6.6, PCO2 ¼ 0:54 bar ð7:8 psiÞ, ferrous ion concentration of
250 ppm, and v ¼ 1 m/s. The graph at right shows the calculated porosity profile along the film
thickness of the iron carbonate layer depicted in different shades of gray in similar conditions
where white corresponds to ε ¼ 1 and black is ε ¼ 0.
Reproduced with permission from NACE International, Houston, TX. All rights reserved.
S. Ne�si�c, J. Lee, V. Ruzic, Paper 237 presented at CORROSION 2002, Denver, CO. © NACE
International 2002.
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layer porosity shows good qualitative agreement with the SEM image, where a dense
precipitate is found with the part closer to the metal surface appearing to be more porous.
However, as discussed by the authors, the estimated corrosion product layer thickness
lacks accuracy at some of the conditions, which could be due to imprecise iron carbonate
deposition kinetics or a removal processes via mechanical destruction as well as
chemical dissolution [103,108,109], which are not considered in that model [25].

34.5 Summary

Uniform CO2 corrosion can now be considered a mature topic in the context of corrosion
science and engineering. The understanding of the underlying physiochemical processes
enables construction ofmechanisticmodels of varying complexity, which can be success-
fully used to aid our understanding of the complex interplay between different parameters
and to predict the corrosion rates. Furthermore, they may serve as a repository of the
current knowledge on the topic, as well as a solid platform for building in new effects
as they are discovered and understood.

While we have come a long way in the past few decades, plenty of challenges lie
ahead. Modeling the effect of high pressure (close to and above the critical point for
CO2) and high temperature (above 100�C) is currently being addressed. Complexities
arising frommultiphase flow affecting water wetting in oil transportation lines and water
condensation in wet gas lines are another major modeling challenge. The effect of H2S,
organic acids, nonideal solutions (due to very high concentrations of dissolved solids),
scaling, underdeposit corrosion, erosionecorrosion, and corrosion inhibition are some
of the new frontiers in CO2 corrosion modeling. A number of research groups around
the world are currently working on many of these issues, and as the understanding
matures, it will find its way into the mechanistic CO2 corrosion models of the future.

A special mention should be given to modeling of localized CO2 corrosion. This is
the ultimately challenging topic lying ahead of us, because there is no single cause or
mechanism governing localized CO2 corrosion. However, some progress has been
made and the solid foundation built in terms of mechanistic CO2 corrosion models
will serve as a good platform for expanding these models to address localized corrosion.

Nomenclature

Symbol Definition

A Surface area (m2)

Ci Concentration of species i (M)

Cb
i

Concentration of species i at bulk (M)

Cs
i Concentration of species i at metal surface (M)

CR Corrosion rate (mm/year)

Continued
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Symbol Definition

Di Diffusion coefficient of species i (m2/s)

Di,ref Diffusion coefficient of species i at reference temperature (m2/s)

E Electrode potential (V)

E0j Standard potential of reaction j (V)

F Faradays constant (C/mol)

DHj Enthalpy of reaction j (kJ/mol)

ij Current density of reaction j (A/m2)

icorr Corrosion current density (A/m2)

inet Net current density (A/m2)

ict Charge transferecontrolled current density (A/m2)

ilim Limiting current density (A/m2)

iapp Applied current density (A/m2)

Kj Equilibrium constant of reaction j

Ksp Solubility product constant (M2)

k0j Rate constant of electrochemical reaction j

k0j;ref Rate constant of electrochemical reaction j at reference temperature

K0
H

Henry’s constant at water saturation pressure (M/bar)

km Mass transfer coefficient in solution (mol/s$m2$M)

kd Mass transfer coefficient in porous deposit (mol/s$m2$M)

kcomp. Composite mass transfer coefficient (mol/s$m2$M)

kf Forward reaction rate constant

kb Backward reaction rate constant

MwFe Molecular weight of Fe (kg/kmol)

MFeCO3
Molecular weight of FeCO3 (kg/kmol)

nj Number of transferred electrons in electrochemical reaction j

Ni Flux of species i (mol/m2$s)

R Universal gas constant (J/K$mol)

PF Poynting correction factor

PCO2ðgÞ Partial pressure of CO2 (bar)

Ptot Total pressure (bar)

P Pressure (bar)
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Symbol Definition

PCO2S
Saturation pressure of CO2 (bar)

Pws Saturation pressure of water (bar)

Ri Reaction rate of species i (M/s)

Re Reynolds number

SFeCO3
Saturation value

Sc Schmitt number

Sh Sherwood number

ST Scaling tendency

sij Stoichiometric coefficient of species i in reaction j

T Temperature (K)

Tref Reference temperature (K)

t Time (s)

ui Mobility of species i (m/s)

V Volume (m3)

fVm
Molar partial volume of CO2(aq)

vx Velocity along x axis (m/s)

x Distance from metal surface (m)

zi Charge of ion i

aj Transfer coefficient of electrochemical reaction j

d Diffusion layer thickness (m)

dd Diffusion layer thickness (m)

dr Reaction layer thickness (m)

dl Corrosion product layer thickness (m)

ε Dielectric constant

ε Porosity

m Water viscosity (kg/s$m)

mref Water viscosity at reference temperature (kg/s$m)

rFe Density of iron (kg/m3)

rw Density of water (kg/m3)

rFeCO3

Density of iron carbonate (kg/m3)

y Kinematic viscosity (m2/s)

f Electric potential inside liquid (V)

Continued
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Symbol Definition

fs Electric potential inside liquid at the metal surface (i.e., ohmic drop) (V)

4CO2
Fugacity coefficient of CO2(g)

s Corrosion product tortuosity

u Angular velocity (rad/s)
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