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The accidents produced by the effects of corrosion on the pipeline steels used in the oil industry to
transport the hydrocarbons and its derivatives, can be generating human and economic loss. This paper
presents a study of the anodic and cathodic kinetics of an APl X100 steel by the potentiodynamic
polarization curves under turbulent flow conditions. The X100 steel was immersed in a NACE brine
with 50 ppm of corrosion inhibitor dissolved under turbulent flow conditions at room temperature and
atmospheric pressure of the Veracruz Port. In order to simulate the hydrodynamic conditions, a Rotating
Cylinder Electrode (RCE) with different rotation speed was used. Electroactive species to be reduced
were determined using the Eisenberg equation, as well as an analysis with dimensionless numbers was
made to complement the study. Anodic kinetic analysis shown that the icorr was flow dependent and the
values of anodic Tafel slopes were typical to activational or charge transfer corrosion process. On the
other hand, the analysis of cathodic kinetics shown that the system under turbulent flow conditions is
dominated by the oxygen diffusion (mass transfer process) from the bulk to metallic surface. According
to the comparison of the experimental cathodic current and the theoretical limiting current attained by
the Eisenberg equation, it can be established that the cathodic kinetics of the process is dominated by an
oxygen reduction reaction.
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1. INTRODUCTION

According with the technological and research advances, many researchers have developed
different steel types with better properties, such as high mechanical resistance, toughness, and
weldability through the microstructural modification with low quantities of microalloyings like niobium
(Nb), vanadium (V) and titanium (Ti), and with a controlled thermomechanical treatment. [1-5] The
metals with these characteristics are the steel with high resistance and low alloy (HSLA) that later were
called microalloying steels and they are revolutionizing the automotriz, oil and gas industries. In this
context, the HSLA steels are widely used in the pipeline that transport hydrocarbons and its derivatives,
where some aggressive factors are presented, such as fatigue, high pressure, and turbulent flow
conditions. [6-11] One example of the HSLA steel is the APl X100, this steel shows high mechanical
resistance, tenacity, and weldability. In recent years, this X100 steel have been used in the Antarctic and
Subarctic zones where the pipeline experience high internal pressure and severe experimental conditions.
[10,12-14] According the properties of this steel, it has showed to be a good candidate to use in tools
and machinery sectors, in the aerospace and military industry, in the oil industry, mainly in the pipelines
that transport hydrocarbons, [15,16] however, it needs to prove to be better that the conventional steels
through mechanical assays, wear, and corrosion test. It is because the pipelines steel is under fatigue,
wear, stress, and corrosive environments. [17]

The metals corrosion resistance is a factor related with the corrosion products film adsorbed on
metallic surface, and in turn, this film can define the corrosion morphology and determinate de corrosion
Kinetic. [18] The corrosion process in an aerated environment is attributed to two parameters, the
dissolved oxygen and mainly to the ions chloride (CI") concentration because these ions chloride can
affect the anodic dissolution of the Fe by the adsorption process between the Cl- and the OH™ causing the
decrease in the charge transfer resistance. [19,20] According to these parameters, it is possible to note
that the corrosion process can be analyzed individually, studying the effects of the anodic and cathodic
reaction on corrosion Speed (CR) by the electrochemical corrosion technique. Some researchers like
Lara-Banda and Montoya-Rangel [5, 21, 22] have studied the metals and alloys by electrochemical
techniques, such as electrochemical impedance spectroscopy (EIS), electrochemical noise (EN), and
polarization curves (PC). In order to analyze the corrosion reaction by separated, the polarization curves
are a great tool because, with these PC are possible to sweep in both directions (anodic and cathodic
zones) as a function of the corrosion potential (Ecorr) and calculate the corrosion speed. [23,24]

The X100 steel can be used as pipeline in the hydrocarbons transport and this steel in the internal
corrosion of the pipeline can suffer the flow accelerated corrosion (FAC), where this FAC is different
from erosion, it is an electrochemical process assisted by mass transfer and chemical dissolution. FAC
is the main cause of the pipelines’ failures due to the thickness reduction in metals. The corrosion
products function as a protective film on the metal surface slowing down the corrosion speed. However,
due to the hydrodynamic conditions, these products dissolve, thus decreasing the thickness of the film
of corrosion products adsorbed on the metal surface, becoming thinner and less protective. The film can
be broken or completely removed and leave the metal surface exposed. [25,26]

In order to study the FAC, several hydrodynamic studies to simulate turbulent flows have been
proposed. However, the approaches based on the analysis of kinetics and mass transportation using the
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Rotating Cylinder Electrode (RCE) at different rotation speeds show important advantages when
compared with other methods, ones of the most important advantages are that at little Reynolds number
(Re) is possible to get the turbulent flow conditions, at Re 200 approximately. Turbulent conditions in
corrosion comprise the metal dissolution, oxygen reduction, and stability of surface oxide films. [27,28]

It is important to point out that another study of the corrosion under turbulent flow conditions are
the dimensionless number analysis and the correlations of dimensionless numbers have been introduced
to corrosion studies because they provide expressions that allow to characterize the fluid based on the
flow conditions. Some dimensionless numbers used to these studies are Schmidt, Sherwood, and
Reynolds. [29-32]

Schmidt number (Sc) is associated to mass transfer properties into fluid and Sherwood number
(Sh) to mass transfer coefficient (ki) of a given species in a fluid. Flow regimes may be classified
according to the Reynolds number (Re) as laminar or turbulent. [33] The critical Reynolds number for
RCE is 200, [34-38] in which transition between regimens come on.

One important point in the behavior of the corrosion phenomenon are the inhibitors. Many
compounds are used in the industry, but one of the most important inhibitors are the film formers like to
the imidazoline. This imidazoline can be oil-soluble and insoluble in water or oil-soluble and dispersible
in water. [39,40]

This work presents the results of X100 steel immersed in NACE brine at different hydrodynamic
conditions using an inhibitor as chemical metals protector and the anodic - cathodic analysis to obtain
the effects of the turbulent flow conditions on the corrosion phenomenon.

2. MATERIALS AND METHODS
2.1 Electrochemical Characterization

2.1.1 Working electrode.

The working electrodes used during the electrochemical study were made of a segment of grade
X100 steel. This steel segment was sectioned in cylinders with a dimension of 0.011 m height and 0.012
m of diameter with a total exposed area of 0.000415 m?. These metallic cylinders were sanded with a
220 to 600 grit SiC paper. Then, the cylinders were rinsed with distilled water and hot air dry. The
chemical composition of the X100 steel is presented in Table 1.

Table 1. Chemical composition of X100 steel (wt.%).

Element Fe C Mn Si Cu Ni Cr Mo Nb \Y Ti
Wt.% 96.39 0.05 1.75 0.36 051 0.29 0.36 0.19 0.03 0.03 0.04

2.2 2. Electrochemical Array.

Flow conditions were simulated using the Rotating Cylinder Electrode (RCE). Additionally, the
electrochemical cell consisted of a three-electrode arrangement, it is, an X100 steel cylinder as a working
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electrode, a Saturated Calomel Electrode (SCE) as a reference electrode, and a platinum bar as auxiliary
electrode.

The electrolyte used in this experiment is a NACE 1D182 [41] brine containing 50 ppm of a
corrosion inhibitor (a commercial imidazoline). [39,40,42] NACE brine has the following chemical
composition: 96.2 g/L NaCl, 3.05 g/L CaCl, and 1.86 g/L MgCl.. The polarization range used for the
cathodic polarization curves (CPC) was from -0.500 to +0.050 V vs Ecorr, With a potential scan speed of
0.001 V/s. On the other hand, to anodic polarization curve (APC) was from -0.050 to 0.500 V vs Ecorr,
with a potential scan speed of 0.001 V/s. Finally, the rotating speeds (RS) of 100, 1000, 2000, 3000,
4000, 5000 and 6000 rpm were used to simulate the hydrodynamic conditions. The experiments were
carried out at room temperature and atmospheric pressure of the Veracruz Port. It is important to point
out that in the cathodic kinetics analysis, the Eisenberg equation, as well as dimensionless numbers like
Sherwood and Schmidt, were considered. In addition, Tafel extrapolation method was used to obtain the
corrosion current density (icorr) in the anodic curves.

3. RESULTS AND DISCUSSION

3.1 Correlation between the rotation and Peripheral speed of the electrode and the Reynolds number.

Reynolds number is a dimensionless number dependent on the fluid velocity or the electrode
rotation speed according to the density and viscosity of the fluid. It is a characteristic dimension in order
to define the type of flow. [43] The Reynolds number for a RCE is given by the following expression:

U d U d
Re = RCE “RCE — RCE “RCE P: (2)

v u

Where p and p is the density and viscosity of the environment, respectively. It is clear from this
equation that there is a linear relationship between the Reynolds number (Re) and the rotation speed of
the electrode. Figure 1 shows all rotational speed (rpm) expressed as peripheral speed (m/s) its
correlation with the Reynolds number.

45 - - 7,000
i O-Peripheral speed

- 4.0 ] eripheral spee f 6’000 _
E 351 ; . E
- - -@-Rotational speed r o
%) 3 £ 5,000 2
[~ 3.0 T r [72)
k= ] r &
Y 25 7 + 4000
-] 3 o
=% ] E ©
Z 207 + 3000 B~
£ 151 ; -
%} - 3 - (=}
= ] + 2,000 =
% 1.0 3 i g
& o5 1 T 1,000 e

0.0 d E o

0 10,000 20,000 30,000 40,000 50,000 60,000
Re number

Figure 1. Peripheral speed and its equivalence with the rotation speed of the working electrode and the
calculated Reynolds number.
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The curve corresponding to RS vs Re is shown in Figure 1, the increment of the rotational speed
(or peripheral speed) is directly proportional to the increment of the Re number.

3.2 Corrosion potential (Ecorr) Vs Reynolds number (Re).

Figure 2 shows Ecorr results as a function of the Re number obtained from measurements of API
X100 steel immersed in NACE brine under static (0 rpm) and turbulent flow conditions (100, 1000,
2000, 3000, 4000, 5000 and 6000 rpm) with and without corrosion inhibitor at room temperature and
atmospheric pressure of the Veracruz Port. The curve corresponds to potential without inhibitor show
that after the Re number of 8157.83 (1000 rpm) the Ecor values got a stable value with a potential
difference of 0.005 V approximately. In case of curve corresponding to potential with 50 ppm of
corrosion inhibitor, the Ecor Values increased to get a stable behavior after a number Re of 32631.33
(4000 rpm) with a potential difference at the end of the experiment of 0.007 V.

Ecorr results obtained by Barmatov [44] about the inhibition efficiency of propargyl alcohol on
AISI 1018 mild carbon steel immersed in 4 M hydrochloric acid presented a similar behavior. It is
important to point out that at Re number of 24473.5 (3000 rpm), the Ecorr had a more electronegative
value, with a difference of 0.035 V approximately, [45] attributing this behavior to the fact that at these
RS there is a transition into the turbulent flow regions. This phenomenon is since this regime can present
two regions, the first at the start zone of the turbulent regime and the second zone with the complete
turbulence. [46,47] The Ecor values of the X100 steel in NACE brine registered increments are
approximately + 0.030 V.
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Figure 2. Corrosion potential (Ecor) Of the X100 steel immersed in NACE brine with and without
inhibitor as a function of the Re

It is important to point out that in case of the Ecorr Of the X100 steel immersed in NACE brine
without corrosion inhibitor, at 100 rpm, the Ecorr increased towards electropositive values, and it got its
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stabilization at 2000 rpm. While the Ecorr Of the X100 steel immersed in the electrolyte with 50 ppm of
corrosion inhibitor got the stabilization at 4000 rpm.

3.3 Analysis of anodic reaction

Figure 3 shows the anodic polarization curves (APC) obtained on API X100 cylindrical steel
electrodes immersed in the NACE brine without (3a) and with (3b) corrosion inhibitor, at room
temperature and atmospheric pressure, for different rotation speeds. Figure 3a shows the APC of the
X100 steel in NACE brine without inhibitor. In this figure, it is possible to observe that the anodic Tafel
slopes (ba) are low (between 0.100 and 0.120 V). This observation suggests that an activational process
taking place on surface of the electrode. According to this fact, it is possible to point out that the anodic
reaction is limited by a charger transfer process. On the other hand, the APC observed in Figure 3b shows
a similar behavior to the APC shown in figure 3a, where a charge transfer process limited the anodic
reaction. Figure 4 shows the calculated anodic Tafel slopes corresponding to the APC of the figure 3.
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Figure 3. Anodic polarization curves of X100 steel immersed in NACE brine at different rotation speed
without (a) and with (b) corrosion inhibitor.

Figure 4 shows that the anodic slopes have values located in the Tafel zone that they correspond
to a corrosion process limited by the activational or charge transfer process.
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According to the Tafel slopes showed in figure 4, the process observed in the anodic reaction for
the two conditions (steel corrosion in seawater and seawater plus inhibitor) is the activational or charge
transfer process and it is important to point out that the turbulent flow conditions have no influence on
the anodic Tafel slopes, but the activational process is flowed dependent, because the corrosion current
density (icorr) vValues increased as the RS also increased. These observations indicate that anodic Kinetics
of the X100 steel under turbulent flow is flowed independently to the anodic Tafel slopes, but with
respect to the corrosion process, it can be associated to the increment of the charge transfer phenomena.
[48]
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Figure 4. Calculated anodic Tafel slopes as a function of Reynolds number. X100 cylindrical steel
electrode immersed in NaCl brine with and without inhibitor at different rotation speed.
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Figure 5. Measured corrosion current density of the X100 steel immersed in NACE brine with and
without corrosion inhibitor as a function of the Re.

In figure 5 is possible to observe that the curve corresponding to steel corrosion immersed in
brine without inhibitor, as the Re number increased, the values of icorr also increased. This behavior is
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attributed to the fact that as the rotation speed increased, the effect of the turbulent flow on the metallic
surface also increased. It is because the flow that hit the corrosion products film adsorbed on metallic
surface, and it can provoke the rupture of this film and generate more active surface increasing the icor.
On the other hand, the icorr curve corresponding to the steel corrosion with inhibitor, the behavior of the
icorr Values is similar to the icorr behavior of the steel corrosion without inhibitor, except to the icorr at 3000
rpm.

3.4 Analysis of cathodic reaction

Figure 6 shows the cathodic polarization curves of the X100 steel immersed in NACE brine with
and without 50 ppm of corrosion inhibitor at different rotation speeds: 0 (static condition), 100, 1000,
2000, 3000, 4000, 5000 and 6000 rpm.

In Figure 6a, at 0 rpm is possible to observe a typical Tafel slope corresponding to a charge-
transference process, but when the medium reaches the turbulent flow conditions (as the rotation speed
increases) the corrosion phenomenon is affected by a mass transfer process and a not well defined Tafel
slopes are observed, it is, a diffusional process is affected the corrosion behavior. [49] This behavior is
reflected through the change in the Tafel slopes with the formation of a limiting current density (iiim,i)
which indicates that there exists a larger transfer of the cathodic reagent, mainly the O, transfer from the
bulk of the solution toward to metallic surface.

Barik [50] shows similar results with the cathodic potentiodynamic curves obtained by the
electrodes of copper and nickel-aluminum by wall-jet immersed in 3.5 wt.% NaCl solution. It is
important to point out that after 100 rpm, the Tafel slopes shown a typical iiim,i indicating a characteristic
mass transfer process. In addition, [50,51] in their studies shown results about that the potentiodynamic
polarization curves have three different zones, charge transfer, mixed zone and mass transport controlled
(diffusion limited). According to Barik studies and taking the charge transfer zone, the corrosion current
density (icorr) Was obtained in all anodic polarization curves and, these icorr Were acquired using Tafel
extrapolation method. [51,52]

Barmatov [53] in his research shown that the shear stress generated between the fluid movement
and the metallic surface could provoke the erosion of the inhibitor layer plus the corrosion products film
(films absorbed) and rupture or elimination of these films incrementing the limiting current density, and
consequently, the corrosion speed. This behavior is better observed from 1000 rpm, where the ijim,i
increased. However, it is important to point out that the variations that exists between the rotation speeds
from 1000 to 6000 rpm are small.

Figure 6b shows the cathodic curves of the steel immersed in NACE brine with 50 ppm of
corrosion inhibitor. This figure shown that under static conditions (0 rpm) a behavior influenced by mass
transfer through the film adsorbed on surface metallic is presented. This behavior is attributed to the
presence of the different products formed from the corrosion inhibitor, which are adsorbed on the
metallic surface and limits the charge transfer. [54]
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Figure 6. Cathodic polarization curves of X100 steel immersed in NACE brine at different rotation
speed. a) Without corrosion inhibitor and b) with corrosion inhibitor. [55]

On the other hand, under turbulent flow conditions, is not observed a contribution of charge
transfer processes, because a mass transfer process limited de cathodic reaction and a well-defined a
limiting current density of oxygen (iiim,02) is observed. This behavior is attributed to the turbulent flow
existing in the medium and with that condition, the diffusion of the O, toward to metallic surface was
accelerated provoking with this fact the increment in the oxygen reduction (reduction reaction) and,
consequently the oxidation reaction was accelerated. [54]

However, there exists a special behavior at 3000 rpm where there is not increased in the current
density, in fact, the opposite behavior happened, the iiim,02 decreased. The behavior observed in the iim 02
at 3000 rpm is reported in research works carried out by Galvan-Martinez [45] and Lopez-Celvera [46],
where the decrease of the iim,02 was also observed.

In a general way, it can be observed that at all rotation speed tested, a limiting current density
section can be identified. This iiim,02 is shifted to higher current density values as the rotation speed of
the RCE is increased. These observations indicate that the cathodic kinetics may be described by a
diffusion-controlled process. [56] In addition, it is important to point out that the inhibitor effects just
can be observed to at the RS from 100 to 3000 rpm, after these RS, this effect trend to decrease

3.4.1. Mass transfer by Eisenberg empirical equation

In order to analyze the turbulent flow in a corrosion process, there exists an empirical expression
that involves two fundamental aspects: the electrochemistry of the corrosion process and the
hydrodynamics (rotation speed) of the working electrode in a RCE, this for a system influenced by the
mass transfer processes. This expression is the Eisenberg Equation [57-61], which is shown in the
equation 1.

itim; = 0.079nF Cp;drc v~ %D Uply (1)
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Where n is the number of exchanged electrons in the electrochemical reaction, F is the Faraday
constant, Cyp; is the concentration of the electroactive species, Drce is the RCE diameter, v is the
kinematic viscosity, Di is the diffusion coefficient of electroactive species and Urce is Rotation speed.

Physicochemical properties of the NACE brine indicate that the pH is close to neutral (slightly
basic) and additionally, the brine used was aerated; according to these two conditions, the main
electroactive specie used in the cathodic analysis will be the oxygen. It is important to point out that the
cathodic current density (ica) was determined experimentally from the cathodic polarization curves
showed in figure 6. To obtain icat from each cathodic polarization curve, current density values were
obtained at a defined potential, -0.85 V vs SCE [38], where it was compared with the theoretical current
density of the O (iiim, 02) obtained from the Eisenberg equation and the icorr Obtained by the APC, such
as it is shown in Figure 7.

=0-ilim,O2_Eisenberg eq.

=&—icat_Brine without inhibitor
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--&-icorr_without inhibitor Ay

+@--icorr_with inhibitor
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Figure 7. Experimental cathodic current density icat Of the X100 steel immersed in NACE brine with
and without corrosion inhibitor and theoretical current density of the O2 (iiim, 02) obtained from
Eisenberg equation.

Figure 7 shows that the icat Of the steel without inhibitor increases with respect to the peripheral
speed of the cylinder, however, it only happens up to 2000 rpm (equivalent to 1.2 m/s) with a value of
4.5x10™* Alcm?, after this peripheral speed, the ica: decreased to finally at 6000 rpm (3.81 m/s) the icat
value incremented to 3.28x10* A/cm?,

In case of the steel with corrosion inhibitor, the increment of the ica values were directly
proportional to the peripheral speed, except for the one obtained at 1.5 m/s (3000 rpm), where the icat
decreased. [44,45] This behavior agrees with the corrosion phenomenon previously described in the
cathodic polarization curves, it is, the corrosion phenomenon is limited by a oxygen transport from the
bulk fluid to metallic surface, and the turbulent flow accelerated the oxygen diffusion provoking that the
reduction reaction was accelerated and, consequently the oxidation reaction. [54]

The behavior observed in the ics: corroborated the behavior observed in the cathodic polarization
curves, where the corrosion inhibitor just has a protective effect to 2000 rpm or 1.9 m/s. This behavior
is attributed to the chaotic environment where the high Re (consequently high turbulence) can broke the
adsorbed protector film formed by the corrosion products film and products formed by the inhibitor
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It is important to point out that there exists a good correlation between the icy obtained in the
cathodic curves in both systems, however, the better correlation between the icar Of the steel and the
theoretical iiimo02 was observed in the curve corresponding to icar Of the steel immersed in NACE brine
with inhibitor. Therefore, this behavior also corroborate that the corrosion system is under the influence
of O diffusion from the bulk fluid to the metallic surface. [38] According to this fact, the mass transfer
process limited the cathodic corrosion process of the steel immersed in NACE brine with and without
corrosion inhibitor under turbulent flow conditions.

It is important to point out that the icorr Values obtained by the APC also have a good correlation
with the theorical iimo02 obtained by Eisenberg empirical equation. This fact is attributed to the
electrochemical reaction (anodic and cathodic reactions) trend to equilibrium, it is, the sum of the anodic
current value and cathodic current value trend to zero in the Ecor.

3.4.2. Corrosion process at turbulent flow conditions by dimensionless numbers analysis

Figure 5 shows the Sherwood number (mass transfer coefficient by dimensionless number) and
the oxygen mass transfer coefficient Koz for the steel immersed in NACE brine with and without
corrosion inhibitor under hydrodynamic conditions. In this Sh number is possible to correlate the
Reynolds number (Re) and the Schmidt number (Sc) and so relate the physicochemical properties of the
fluid, the electroactive species present in the medium and the hydrodynamics of the fluid [62-63], as
shown in equation 3:

Sh = 0.0791Re%7Sc0-356 (3)

Where Sc is the Schmidt Number. This Sc number define the properties of the mass transport in
a fluid of a specific specie. Sc is calculated according to equation 4.

Sc; = — 4)

Where a mass transfer process influenced by a diffusion of an “i” specie, the limiting current
density (iiim,i) and the mass transfer coefficient can relate according to follow expression:

NnFCp;

Figure 8 was observed that as the Re number increased, the Sh number value also increased
corroborating that the oxygen transfer from the bulk to the metallic surface is a hydrodynamic function
of the system. In addition, in figure 8 is observe, in a second axis, the oxygen mass transfer coefficient
(Ko2) as a function of the Re number.
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Figure 8. Oxygen mass transfer coefficient and Sherwood dimensionless number vs peripheral speed of
the RCE. X100 steel immersed in NACE brine with and without corrosion inhibitor.

It can be observed that, as the Re number increased, the mass transfer coefficient also increased,
this fact is correlated with the behavior of the icat curves presented in Figure 7. [64] It is because in order
to calculate Koz, the experimental cathodic current density is used, for that reason, icat and Koz curves
present a similar behavior. In case of brine with inhibitor, the Koz values were obtained from 2.00x10%4
to 1.60x10% m/s, while in brine without inhibitor the Ko value decreased to 7.00x10% m/s. In a general
way, the Koz values increased as the Re number also increased, except the values obtained at 24473.5
(3000 rpm).

It is important to point out that the measure of the interaction between metallic surface and fluid
Is important in the corrosion studies at turbulent flow conditions. The measures of these interactions are
called wall shear stress (to,rce) [65] The expression used in the calculation of te rce Was: [65-68]:

Tw,RCE = 0-079ReEgE3 p U}%CE (6)

The Sh number and cathodic corrosion current density (icar) Versus the wall shear stress of the
RCE are shown in Figure 8. It is important to remember that the Eisenberg Equation is an empirical
expression that analysis the hydrodynamics conditions for a corrosion process when it is influenced by
a mass transfer process. [69]

Figure 8 (a) shows the behavior of the icat and the to.rce as a function of the Re number. This
figure shows that as the Re number increased, the to rce generated between the fluid movement and the
metallic surface also increased provoking the rupture of the films formed on metallic surface. This fact
can be corroborated with the ica: behavior because it also increased generating the increment in the metal
degradation. It is important to point out that the ic decreased in the Re numbers range of the 24473 to
32631, but after these values, the icat increased again. On the other hand, figure 8 (b) show that both
variables, Sh number and icat can be influenced by the wall shear stress, it is because as the to,rce Values
increased, the mass transfer of the oxygen also increased provoking the acceleration of the cathodic
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reaction and incrementing the corrosion speed. In case of ica, the wall shear stress can break or reduce
the layer thickness (corrosion products plus products generate by the inhibitor) adsorbed on metallic
surface and generate the increment of the active surface where the charge transfer can happen.

& 5.0E+1 8.E-04 T 1.6E+3 8.E-04 &<
= 45F+1 & Esfuerzo Corte (a) ] 8-Sh E
= 4.5E - = =
Z, LOE -#ricat_without inhibitor | 7E-04 < = 14E+3 4 -#icat_without inhibitor t 7E-04 <

LOE+ - w
= -@-icat_with inhibitor + 6.E-04 .= & 1.2E+3 § -@-icat_withinhibitor + 6.F-04 .7
Z 3.5E+1 B =2 =
¥ 3064 + 5.E-04 I 1OE+3 T SEM g
@ 2.5F+1 f 4E04 2 S s0ee2 + 4F-04 T
£ E 2 F
@ 20E+1 + 3E-04 & S 60E+2 + 3E-04 E
5 1.5E+1 z 2 E
2 10841 T 2B 2 g 40Es2  2E04 ©
[} LU -l — -]
= 5.0E+0 e 2 P 20802 I 1E04 2
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Figure 8. Wall shear stress and icat versus Re number (a) and icat and Sh dimensionless number versus
wall shear stress (b). X100 steel immersed in NACE brine with and without corrosion inhibitor.

In a general way, it is possible to point out that in a cathodic corrosion process under turbulent
flow conditions, the corrosion speed is dependent to the mass transfer of the electroactive specie from
de bulk fluid to metallic surface, and the wall shear stress generated between the fluid movement and
the metallic surface.

4. CONCLUSIONS

According to the analysis of the anodic and cathodic kinetics of X100 steel immersed in NACE
brine with and without corrosion inhibitor under different rotation speed is possible to conclude that the
corrosion potential got the stable state at 4000 rpm approximately. This behavior was presented for both
conditions (brine with and without inhibitor), except to the Ecorr at 3000 rpm in brine with inhibitor.

In the cathodic polarization curves, the steel without corrosion inhibitor showed a charge transfer
process at static conditions but as the rotational speed of the RCE increased, this process was influenced
by a mass transfer process. On the other hand, the corrosion of X100 steel immersed in NACE brine
with corrosion inhibitor, it was limited by a mass transfer process, this is, the oxygen transfer from the
fluid bulk to the metallic surface. In a general way is possible to point out that at turbulent flow
conditions, the corrosion phenomenon is limited by a diffusion process. This behavior agrees with
theoretical current density of the O, obtained by Eisenberg equation.

In addition, the theoretical iiimi,02 does apply to the corrosion phenomenon limited by charge
transfer process. This behavior can be corroborated with the icorr Obtained by APC, where the values of
icor at both conditions have good agreement with the theorical Eisenberg equation. It is important to
point out that all anodic Tafel slopes have values corresponding to charge transfer process indicating
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with this fact that although the icorr Obtained by APC is flow dependent, the corrosion process in the
anodic reaction is limited by an activational or charge transfer process.

It is important to point out that as the rotating speed (or peripheral speed) incremented, the
coefficient of oxygen mass transfer and the Sherwood number also increased in direct way indicating
with this fact that the cathodic reaction (oxygen reduction) was accelerated. The wall shear stress had a
direct influence in the corrosion phenomenon because as the twrce increased, ko2 (consequently icar) and
Icorr @ISO INcreased.
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