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A B S T R A C T

The failure mechanisms of corrosion inhibitors in highly turbulent flow remain a disputed topic. In the present
study, corrosion experiments of X65 pipeline steel were performed with an imidazoline-based corrosion inhibitor
using a high-shear turbulent channel flow cell, which included a flow disturbance in the form of a small pro-
trusion. Localized corrosion was observed at the protrusion that could be mitigated with an excess inhibitor
concentration. It was found that wall shear stress (up to 5000 Pa) was not the cause of inhibitor failure. The flow
acceleration at the leading edge of the protrusion caused a drop in pressure and led to cavitation, with bubble
collapse further downstream. This was the main cause of inhibitor failure and localized corrosion. The observed
behavior was interpreted in terms of corrosion inhibitor adsorption/desorption kinetics and the associated ac-
tivation energy analysis.

1. Introduction

Hydrocarbon production and transportation through pipelines and
tubing are ubiquitous in the oil and gas industry. Often, water is con-
currently produced and transported, containing dissolved corrosive
species such as CO2. Almost all pipelines and much of the tubing are
made of mild steel for economic reasons. However, they have a low
corrosion resistance to aqueous CO2 corrosion. Therefore, internal
corrosion risk assessment and corrosion inhibition have to be con-
sidered to ensure technical integrity over the lifetime of the equipment.

The general mechanisms of uniform CO2 corrosion in aqueous so-
lutions are well understood, and their description can be found else-
where [1]. Regarding internal CO2 corrosion inhibition, use of organic
corrosion inhibitors is usually deemed an effective approach [2–8].
These surfactant molecules, when added in very small quantities to the
bulk fluid (in the ppm range), form a thin protective film, of the order of
nm, on the steel surface by adsorption [9]. The corrosion protection by
this inhibitor film relies on its integrity and persistence. Incomplete or
otherwise faulty surface coverage by an adsorbed inhibitor film, how-
ever, may make the corrosion problem even worse by inducing loca-
lized corrosion through establishment of galvanic cells.

The influence of flow on CO2 corrosion inhibition of mild steel is not
fully understood. It is generally accepted that flow affects uninhibited

CO2 corrosion by enhancing turbulent mass transport of reactive species
between bulk solution and the steel surface [10]. The general corrosion
rate of the underlying steel increases as the mass transport of corrosive
species (e.g., H+) from bulk to the steel surface is enhanced [11–15].
Also, fast mass transport of corrosion products (e.g., Fe2+) away from
the steel surface retards the formation of protective corrosion product
layers, e.g., iron carbonate [10,16]. For both of these scenarios, the
enhanced mass transport due to turbulent flow makes corrosion more
severe. However, there is no coherent evidence of turbulent mass
transfer directly affecting the performance of corrosion inhibitors. Ac-
tually in many situations, increased turbulent flow resulted in a slight
improvement of inhibitor performance [17,18].

It has also been stated that flow may affect protective inhibitor films
by hydrodynamic (mechanical) stresses. There is some circumstantial
field and laboratory evidence that corrosion inhibitors failed to achieve
protection above some “critical” flow velocities, which could be in-
creased by increasing the inhibitor concentration [19–21]. The inhibi-
tion failure at these high flow velocities (flow rates) has often been
related to high wall shear stress (WSS) which presumably led to re-
moval of the inhibitor film from the steel surface. However, there are
also a few detailed studies conducted with high flow velocities that
reported that inhibitor performance was not influenced by high WSS
[18,22,23]. This begs the question what mechanistic explanation fits
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these seemingly inconsistent open literature data.
Other factors related to flow may also influence corrosion inhibition

performance. For example, the presence of solid particles (e.g., sand) in
pipe flow is often problematic. Depending on the flow velocity, they
may settle at low flow velocities and cause under-deposit corrosion or
lead to erosion-corrosion at high velocities [10].

We previously reported on WSS in flow lines but stresses were
limited to below 1000 Pa [24]. Moreover, WSS measurements were not
accompanied by corrosion rate measurements for inhibited conditions.

In the present study, the effects of high magnitude hydrodynamic
stresses on corrosion inhibition in a CO2 corrosion environment (in the
absence of solid particles) were investigated using a thin channel flow
cell (TCFC), which generates a highly turbulent disturbed flow with
very high local WSS. Corrosion experiments in the presence of an or-
ganic inhibitor were performed on a pipeline steel. Electrochemical
measurements, weight (mass) loss and surface analysis were utilized to
document the observed corrosion. Computational fluid dynamics (CFD)
was used as an additional diagnostic tool to characterize the hydro-
dynamic conditions in the TCFC.

2. Experimental

2.1. Thin channel flow cell

Experiments were performed in a single phase flow loop with a well-
defined channel flow test section, which is referred to as: thin channel
flow cell (TCFC) due to the high aspect ratio of its cross section. A visual
representation for TCFC is shown in Fig. 1. All wetted parts of the flow
loop are made of AISI (American Iron and Steel Institute) 316 L stainless
steel. A multistage centrifugal pump is employed to achieve the desired
flow rate. A liquid tank with a capacity of approximately 150 L is used
to prepare and store the test solution. The TCFC test section is 600 mm
long, having a rectangular cross-section of 3 mm high and 89 mm wide.
The small cross sectional area of the TCFC test section allows the mean
flow velocity to reach up to 17 m/s. The mean volumetric flow is
measured by a paddlewheel flow meter in a 2.54 cm internal diameter
(ID) pipe section downstream of the test section. The temperature of the
test section and the liquid tank were constantly monitored by thermo-
couple probes. The heat generated in the pump was removed by a heat
exchanger. In the TCFC test section, four ports spaced along the bottom
of the channel are used to flush-mount plug-in probes such as a dif-
ferential pressure transducer, wall shear stress measurement probe
[24], electrochemical corrosion probe, and weight loss corrosion spe-
cimen.

2.2. Corrosion specimens

Three different weight loss corrosion specimens and an electro-
chemical corrosion probe were used to measure corrosion. For the
weight loss specimens, two simple cylindrical specimens and a special
cylindrical specimen with a protrusion on its top surface were used.
These specimens were all made of API (American Petroleum Institute)
5L X65 mild steel (chemical analysis [wt.%]: 0.05C, 1.51 Mn, 0.03 Nb,
0.004 P, 0.001 S, 0.01 Ti, 0.04 V, the balance being Fe) and were
numbered as Specimen 1, Specimen 2 and Specimen 3 with respect to
flow direction. Specimen 1 and Specimen 2 had a cylindrical shape with
a diameter of 3.18 cm and 0.64 cm in height (as shown in Fig. 2).
Specimen 1 was sequentially ground with 400 and 600 grit SiC sand
papers, while Specimen 2 was ground with 150 grit SiC sand paper,
aiming to investigate the effect of initial surface roughness on corrosion
inhibition. Except for the top surface, which was flush to the bottom
plate of the TCFC and exposed to the corrosion environment, all other
surfaces of the specimens were coated with corrosion resistant paint.

Specimen 3 with a protrusion was sequentially ground with 400 and
600 grit SiC sand papers. The specification and orientation of Specimen
3 with respect to flow direction are shown in Fig. 3. This specimen had
a trapezoidal‐prism‐shaped protrusion on top of the cylindrical base.
While the cylindrical base was flush to the bottom plate of the flow cell,
the trapezoidal prism protruded out of the bottom plate into the flow
cell, similar as a weld bead may do in a real pipeline. The protrusion
was expected to significantly change the local hydrodynamic condi-
tions, leading to a much higher local WSS, and affect the inhibitor film
on the metal surface. Other than the top surface of Specimen 3 that was
exposed to flow and corrosion, all other surfaces were coated with
corrosion resistant paint. On the top surface of Specimen 3 one can
identify 5 distinct regions, which are supposed to experience very dif-
ferent flow conditions, as shown in Fig. 3. They were termed: 1 = up-
stream flat; 2 = upstream slope; 3 = top of protrusion; 4 = down-
stream slope; 5 = downstream flat.

A three-electrode cylindrical electrochemical probe was employed
for online electrochemical measurements during the experiments. As
shown in Fig. 4, the ring shaped working electrode made of the same
X65 mild steel has a surface area of 0.85 cm2. The outer body of the
electrochemical probe, which is made of 316L stainless steel, was used
as the counter electrode. The surface of the electrochemical probe was
ground with 400 grit and 600 grit SiC sand papers sequentially prior to
experiments. A saturated Ag/AgCl reference electrode was installed in
the downstream section of the TCFC test section, to provide a stable and
accurate potential reading for electrochemical measurements. Before
each experiment, the reference electrode was checked with a standard
saturated calomel electrode to ensure consistency of the potential

Fig. 1. Visual representation of the thin channel flow
cell assembly.
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reading.
The three weight loss specimens and the electrochemical probe were

flush-mounted to the bottom plate in the TCFC test section in a se-
quence as shown in Fig. 5. All weight loss specimens were fixed in
position by using a mechanical specimen holder underneath (as shown
in Fig. 5). The protrusion specimen (Specimen 3) was placed furthest
downstream (port 4) to minimize the flow disturbance to other speci-
mens.

2.3. Experimental procedures

The test matrix for this series of experiments is shown in Table 1. All
experiments were conducted at 25 °C, 0.97 bar CO2 partial pressure and
a pH value of 5.0, set to achieve a low FeCO3 saturation value (S
(FeCO3) < <1) [16,25]. Accordingly, no FeCO3 layer formation was
expected, nor was such layer visually observed on the specimen sur-
faces in any of the following experiments, which was confirmed by
surface analysis.

Preparation for each experiment was done using the following

procedure. A 1 wt.% sodium chloride (NaCl) aqueous solution, 132 L in
volume, was prepared with deionized (DI) water in the liquid tank of
the TCFC system, purged with a continuous CO2 gas flow, and main-
tained at the test temperature of 25 °C. The O2 level of the system was
monitored by an electrochemical O2 sensor located at the purging outlet
of the tank. The pressure in the tank for all experiments was maintained
at atmospheric pressure; the CO2 partial pressure was 0.97 bar, the
balance made by the water vapor pressure being 0.03 bar at this tem-
perature. The solution pH was adjusted to the required value by addi-
tion of sodium bicarbonate (NaHCO3), and was constantly monitored
by an immersed pH probe. After polishing, all mild steel specimens
were cleaned in an ultrasonic bath with isopropanol ([CH3]2CHOH),

Fig. 2. Specification and flow orientation of flat
weight loss specimens. Left: side view; right: top
view.

Fig. 3. Specification and flow orientation of
protrusion weight loss specimen (left: side
view; right: top view). Distinct geometrical
regions of the surface are marked by numbers
1–5.

Fig. 4. Configuration of the electrodes in the electrochemical probe.

Fig. 5. Location arrangement of the specimens in the TCFC test section.
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dried by nitrogen gas and weighed to the nearest tenth of a milligram.
Surface analysis was conducted on each of the specimens prior to the
experiments. The surface morphology was characterized by scanning
electron microscopy (SEM), Energy-dispersive X-ray spectroscopy (EDS)
and profilometry. After surface analysis, all specimens were rinsed with
isopropanol and flush-mounted to the bottom plate of the isolated TCFC
test section. The test section was then deaerated with dry CO2 gas.
Finally, the prepared test solution in the liquid tank was diverted to the
test section so that the specimens were immediately exposed to the
solution with a designated flow velocity, pH, CO2 concentration and
temperature.

During each experiment, a potentiostat connected with the elec-
trochemical corrosion probe was used for performing electrochemical
measurements. The open-circuit potential (OCP) was continuously
monitored, and linear polarization resistance (LPR) measurements were
conducted systematically to provide in situ corrosion rate measure-
ments. The potential polarization range was ± 5 mV versus OCP with
a scanning rate of 0.1 mV/s. The solution resistance was measured with
electrochemical impedance spectroscopy (EIS) in order to compensate
the measured polarization resistance.

A deaerated aqueous solution containing the corrosion inhibitor was
added to the system typically 10–12 h after the beginning of the ex-
periment when the corrosion rate was stable and the surface of the mild
steel specimen was precorroded. Each experiment typically lasted an-
other 4 days, following the addition of inhibitor. In this work, a sur-
factant-type inhibitor package was used, containing analytical grade
chemicals: tall oil fatty acid diethylenetriamine (TOFA/DETA) imida-
zolinium salt (24 wt.% TOFA/DETA imidazoline, 10 wt.% acetic acid,
13 wt.% 2-Butoxyethanol, and the balance being water). The molecular
structure of TOFA/DETA imidazolinium is depicted in Fig. 6, which
contains a hydrophobic hydrocarbon tail and a hydrophilic head group
[26]. The adsorption of this molecule is presumably driven by elec-
trostatic interactions between the charged head group (the five-mem-
bered nitrogen ring) and the oppositely charged steel surface [27]. In
addition, the pendant side chain may provide a secondary site for in-
hibitor adsorption [28]. When present in a high enough concentration,

these inhibitor molecules form an adsorbed protective film on the steel
surface and effectively reduce the corrosion rate. A typical inhibitor
package concentration of 72 ppmv was used in the experiments, which
exceeds the reported critical micelle concentration (CMC) value for this
inhibitor package (36 ppmv) [17,29], and should effectively mitigate
the corrosion at the tested temperature and pH [30]. The results re-
ported below are based on the inhibitor package concentration.

After each corrosion experiment, all weight loss specimens were
carefully taken out of the TCFC, immediately immersed into deaerated
deionized water to remove soluble salts and impurities on the specimen
surface and then dehydrated by using isopropanol. Then, the specimens
were cleaned in an ultrasonic bath with isopropanol, dried by nitrogen
gas, weighed to the nearest tenth of a milligram, and stored in a vacuum
desiccator for further post-test surface analyses.

2.4. Computational fluid dynamics

In this study, computational fluid dynamics (CFD) simulation of the
flow in the TCFC test section was performed, using ANSYS FLUENT
Academic Research R 14.0 and R 15.0. The CFD simulation results al-
lowed for estimations of local hydrodynamic parameters at the cor-
roding specimens, which are not easy to obtain by experimental means.

A simulation geometry was constructed based on the inner dimen-
sions of the TCFC test section; a tetrahedral computational mesh was
generated. The standard k-ε turbulent model was used with an en-
hanced wall treatment. A uniform velocity-inlet boundary condition
was selected (16 m/s) and a pressure-outlet boundary condition was set
with a gauge pressure of zero. A symmetry boundary condition was
applied at the length-wise symmetry plane of the TCFC test section, to
save computational resources. Wall functions with a no slip wall
boundary condition were applied to all other solid walls. For solution of
the equations, the SIMPLE scheme was chosen for pressure-velocity
coupling. For spatial discretization, second order upwind scheme was
used for momentum, turbulent kinetic energy and turbulent dissipation
rate. The simulation was considered converged when the normalized
residuals of all equations were stable and below 5 × 10−4.

3. Results

3.1. Corrosion experiments without inhibitor

A “blank” test without addition of corrosion inhibitor was con-
ducted first, and the corrosion rates were measured by weight loss and
LPR. The time averaged mass losses from all three corrosion specimens
were measured and the average uniform corrosion rate was calculated
to be 5.7 ± 0.7 mm/yr. The time evolution of the uniform corrosion
rate was also monitored (at sampling interval of 1 or 2 h) by using the
LPR technique, which measures the polarization resistance (Rp) of the
working electrode and calculates the corrosion current (Icorr) via the
Stern-Geary equation [31]:

Table 1
Test matrix for corrosion inhibition experiments.

Corrosion specimen material X65 mild steel

Temperature 25 ± 2 °C
Total pressure 1.0 bar at the holding tank ∼7.0 bar at the test

section inlet
Liquid phase 1 wt.% NaCl aqueous solution
Gas phase 0.97 bar CO2

Test pH 5.0 ± 0.2
Flow velocity 16 m/s
Test duration 4 days
Inhibitor concentration 0, 72, 720 ppmv

Dissolved O2 concentration O2< 30 ppb, O2 < 2 ppb

Note: ppmv: part per million (10−6), by volume; ppb: part per billion (10−9), by weight.

Fig. 6. Molecular structure of TOFA/DETA imidazolinium.

W. Li et al. Corrosion Science 126 (2017) 208–226

211



=I B
Rcorr

p (1)

where B is the proportionality constant (V), also known as the “B
value”. The corrosion current was used to calculate the rate of uniform
metal loss due to the corrosion from Faraday's law of electrolysis [31].
For corrosion of mild steel (which is mostly iron), when all the physical
properties are substituted, the calculated corrosion current is related to
the corrosion rate, as:

=r I
S

1.16·corr
corr

(2)

where rcorr is the corrosion rate (mm/yr); Icorr is the corrosion current
(A); and S is the surface area of the electrode (m2).

It should be noted that the B value, required to calculate the cor-
rosion rate from the LPR, is not known a priori. The B value can the-
oretically be obtained from the Tafel slopes, which can be determined,
for example, from potentiodynamic sweeps. The sweeps need to be
conducted over a wide enough potential range (typically 0.3–0.5 V
below and above the open circuit potential) to get the required current
range, spreading over at least two decades. While one is looking for
straight portions of the polarization curves in the charge transfer con-
trolled regions to determine the Tafel slopes, this is not always
straightforward. Due to the presence of limiting currents on the
cathodic side and (pre)passivation on the anodic side, one often cannot
find any “straight enough” portions of the curves and the identification
of Tafel slopes becomes difficult. Furthermore, the large overpotentials

Fig. 7. Corrosion rates calculated from the time averaged weight (mass) loss, compared to the integrated LPR corrosion rates using B= 65 mV. Other conditions: 1 wt.% NaCl aqueous
solution, pH 5, pCO2=0.97 bar, 25 °C, 16 m/s, 4 day test duration, X65 steel.

Fig. 8. LPR corrosion rates for blank test and for a 72 ppmv imidazolinium inhibitor test. Other conditions:1 wt.% NaCl aqueous solution, pH 5, pCO2=0.97 bar, 25 °C, 16 m/s, 4 day test
duration, X65 steel, O2< 30 ppb.
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that need to be applied during such polarization can drastically alter the
water chemistry at the electrode surface and even change the nature of
the surface under investigation. Even if this is acceptable, it is usually
considered best practice to do the potentiodynamic sweeps only at the
end of long experiments, in order to minimize the disruption. However,
this only provides a single data point on Tafel slopes and one has to
assume that the same corrosion mechanisms and Tafel slopes were valid
throughout the experiment. Another option is to adopt Tafel slopes
from mechanistic studies of cathodic and anodic processes underlying
corrosion.

In the current case, from potentiodynamic sweeps it was found that
the corrosion current was close to the cathodic limiting current, and
that the corresponding anodic Tafel slope was approximately 120 mV/
decade, values that have been reported in previous mechanistic studies
of CO2 corrosion [1,32]. This leads to a B value of 52 mV, and given
that the time-averaged polarization resistance obtained from LPR
measurements (compensated for solution resistance) was 156 ohm, one
gets a corrosion rate of approximately 4.5 mm/yr. This is lower than the
5.7 mm/yr determined by weight loss. However, given all the un-
certainties with determining the B value listed above, this discrepancy
is not surprising and can be accepted for the purposes of the present
study, which is focused predominantly on occurrence of localized at-
tack.

For a lack of having a more accurate estimate, the B value was taken
to be 65 mV, in order to match the averaged weight loss measurements
in the experiment without the inhibitor, and was then used for calcu-
lation of corrosion rates in different series of experiments, both with
and without the inhibitor. This implies an assumption that the same
corrosion mechanisms (Tafel slopes) are valid across the different
conditions covered in this study. To justify the use of B value of 65 mV,
the corrosion rates calculated from time-averaged polarization re-
sistance (LPR) measurements were compared with those obtained from
weight (mass) loss series of experiments, for all experiments done both
with and without the inhibitor, as shown in Fig. 7. The generally co-
herent corrosion rates obtained by the two methods suggest that this B
value was suitable for the present experiments conducted at very high

flow velocities.
It should be stressed that the dissolved O2 concentration was care-

fully monitored during the whole experiment to detect and avoid the
possible interference with corrosion measurements, particularly at high
velocities. The highest value recorded in this first series of experiments
was 30 ppb while the lowest value was 4 ppb. Because of this, the
concentration of dissolved O2 in this experiment was denoted hereafter
as being< 30 ppb. Experimental results with a more strict dissolved O2

control are shown below.
The corrosion rate evolution for the blank test, obtained from LPR

measurements, is shown in Fig. 8. The mild steel surface morphologies
of all the weight loss specimens were examined by SEM and EDS. For
example, Fig. 9 shows the surface details of the protrusion specimen
obtained by SEM, using the same numeration for the distinct regions
described earlier in Fig. 3. The surface analysis indicates that uniform
corrosion occurred on the protrusion specimen across the different re-
gions. The surface morphologies for the flat specimens showed a very
similar pattern as that seen for the protrusion specimen and are
therefore not shown here. The elemental composition of the specimen
surface after the experiment was analyzed by EDS; a similar result was
observed for all the weight loss specimens, as exemplified by Fig. 10.
When comparing these results with those obtained on a FeCO3 covered
steel surface [16], it is concluded that no formation of FeCO3 layers
occurred in the blank test.

3.2. Corrosion experiments with inhibitor

To investigate the effect of high turbulent flow on inhibitor per-
formance, the TOFA/DETA imidazolinium chloride inhibitor was used
at a concentration of 72 ppmv while other test parameters remained
unchanged. The steel specimens were precorroded for approximately
10–12 h before the addition of inhibitor. Fig. 8 shows the uniform
corrosion rates during the experiment with a direct comparison to those
of the blank test. It clearly shows that, after the addition of inhibitor,
the general corrosion rate “immediately” halved and then gradually
decreased to 0.4 mm/yr. The corrosion inhibitor effectively retarded

Fig. 9. SEM images of the protrusion Specimen 3 after the blank test (no inhibitor). 1st row: 50X magnification; 2nd row: 1000X magnification. Conditions: 1 wt.% NaCl aqueous solution,
pH 5, pCO2=0.97 bar, 25 °C, 16 m/s, 4 day test duration, X65 steel, O2< 30 ppb.
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the general corrosion rate by almost 95%, even in the presence of such a
high flow velocity (16 m/s). A comparison of the surface morphologies
of the specimens after the experiments shows a distinct difference be-
tween the blank test and the inhibitor test.

The surface morphologies of all weight loss specimens from the
inhibition test are shown in Fig. 11 and Fig. 12. For flat specimens with
a varied initial surface roughness, the final surfaces are quite similar.
They are also similar to those obtained in the blank test without in-
hibitor (see Fig. 9); a uniformly corroded surface can be observed,
presumably due to the precorrosion step. But severe pitting corrosion
was found in middle section of region 3 (top) of the protrusion spe-
cimen after the experiment, as shown in Fig. 12. Some much smaller
pits are also seen at the leading edge between region 2 and 3. The
depths of the observed pits were evaluated by surface profilometry.
Fig. 13 shows the surface profile for the affected region on the top of the
protrusion. One of the deepest pits was found to be 140 μm deeper than
the surrounding area (Fig. 13B), which is equivalent to a time averaged
pit penetration rate of 11.4 mm/yr. It is noted that this pit penetration
rate in the presence of inhibitor is about 30 times higher than the
average corrosion rate of the inhibited surface around it. Interestingly,
the pit penetration rate is also much higher than the uniform corrosion
rate of the blank test without any inhibitor (5.7 mm/yr), which suggests
that a galvanic cell probably developed between the fast corroding pit

and the protected surrounding surface. However, no pitting was ob-
served in regions 1, 4 and 5, which generally showed a uniformly
corroded surface similar to that of the flat specimens. The chemical
composition of all specimens after the experiment was analyzed by EDS,
which showed similar results − a corroded steel surface without any
corrosion products.

In summary, the experiment with 72 ppmv inhibitor demonstrated
that the TOFA imidazolium chloride inhibitor effectively retarded the
general corrosion rate even at this high flow velocity (16 m/s).
However, for areas of disturbed flow due to a sudden flow geometry
change, as seen at the protrusion, severe localized corrosion occurred.
These results were repeated three times and at that stage it was unclear
why localized corrosion occurred. It was also not clear why the loca-
lized attack was most severe at the top of the protrusion region away
from the leading edge. Was it because of the higher velocity, turbu-
lence, wall shear stress, or some other unidentified reasons? Further
analysis was needed as described in the following sections.

3.3. Effect of dissolved oxygen on corrosion inhibition

One of the first concerns was that the localized attack described
above was somehow created as an artifact of the experimental setup,
procedures or conditions. For example, it has been reported that O2

Fig. 10. EDS analysis of the flat Specimen 2 after the blank test (no inhibitor). Conditions: 1 wt.% NaCl aqueous solution, pH 5, pCO2=0.97 bar, 25 °C, 16 m/s, 4 day test duration, X65
steel, O2< 30 ppb.
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ingress can significantly increase corrosion rate for a corrosion inhibi-
tion system. Generally, corrosion inhibitors for CO2 corrosion do not
work well with oxygen. For example, Gulbrandsen et al. suggested that
dissolved O2 may penetrate the adsorbed corrosion inhibitor films to
reach the steel surface, and this process is accelerated by turbulent flow
due to the enhanced mass transfer [12]. However, any effect of dis-
solved O2 on localized corrosion in the presence of inhibitor was not
mentioned. Therefore, in the present study, it was first suspected that
the localized corrosion observed on the top of the protrusion specimen
was somehow related to the small and undesired presence of dissolved
O2 in the experiments.

Consequently, the 72 ppmv inhibitor experiment was repeated with
the O2 level maintained at a very low level − below 2 ppb (denoted
hereafter as< 2 ppb) by continuously purging the solution in the
holding tank with an ultra-high purity CO2 gas (99.999%). Fig. 14
shows the comparison of corrosion rates between the two experiments
with different levels of dissolved oxygen. It shows that the general
corrosion was well inhibited in both experiments. The experiment with
lower dissolved O2 content had a slightly lower final corrosion rate after
the addition of inhibitor, which is consistent with the observations by
Gulbrandsen et al. [22].

The surface analysis for flat specimens revealed that only uniform
corrosion occurred, similar to previous experiments; and it is therefore
not shown here. The surface morphology of the protrusion specimen
before and after this experiment is shown in Fig. 15. Once again, some
minor pitting corrosion was found close to the leading edge and much
more was further downstream − on the top of the protrusion region.
Fig. 16 shows the surface depth profile at the top of the protrusion
region obtained by profilometry. One of the deepest pits was found to
be 154 μm below the surrounding area, which is equivalent to a pit
penetration rate of 12.5 mm/yr.

Comparison of the results obtained with very low dissolved O2

concentration (less than 2 ppb O2) with those done at somewhat higher
dissolved O2 concentration (up to 30 ppb O2), revealed that the loca-
tions of the pits and the magnitude of the localized attack were similar.
It was therefore concluded that the severe localized corrosion found on
the top surface of the protrusion specimen was not caused by small
amounts of dissolved O2. Other possible causes were sought to explain
the experimental results.

3.4. Effect of wall shear stress on corrosion inhibition

After eliminating the dissolved O2 as the cause for the observed
localized attack, the next hypothesis tested was the much debated effect
of the WSS. It appeared plausible that the disturbed flow, caused by the
sudden flow geometry change near the protrusion, significantly altered
the local hydrodynamic conditions [33], leading to a higher magnitude
of local WSS and causing local removal of inhibitor from the steel
surface. Barring very complicated and expensive hydrodynamic mea-
surements, CFD simulation was deemed a suitable diagnostic tool to
analyze the hydrodynamic conditions around the protrusion specimen.
The actual flow geometry of the main part of the TCFC test section was
reconstructed using ANSYS FLUENT, with the attention focused on the
protrusion specimen (as seen in Fig. 17). The length-wise symmetry
plane is outlined by red lines, which is perpendicular to the bottom
plate of the TCFC and parallel to the flow direction.

The detailed simulation setup was described earlier in section 2.4.
Hydrodynamic parameters such as flow velocity, WSS, kinetic energy of
turbulence and static pressure were calculated for the entire domain.
Fig. 18 shows the 2-D flow velocity profile field across the length-wise
symmetry plane. It clearly demonstrates that the protrusion sig-
nificantly changes the local flow velocity field. The highest flow

Fig. 11. SEM images before and after experiment at 1000X magnification. 1st row: flat Specimen 1 at 600 grit finish and 2nd row: flat Specimen 2 at 150 grit finish. Conditions: 72 ppmv

inhibitor, 1 wt.% NaCl aqueous solution, pH 5, pCO2=0.97 bar, 25 °C, 16 m/s, 4 day test duration, X65 steel, O2< 30 ppb.
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velocity (28 m/s) occurs near the leading edge where the upstream
slope and the top surface of the protrusion meet. The corresponding 3-D
field of the WSS in the vicinity of the protrusion is shown in Fig. 19. In
addition, the 2-D WSS distribution across the symmetric plane is shown
in Fig. 20A, with the magnitude of WSS at the bottom of the symmetric
plane plotted in Fig. 20B.

It can be seen that the upstream and downstream regions away from
the protrusion have an average WSS of 500–800 Pa, which is consistent
with the results from direct WSS measurements by a floating element
sensor at the same flow conditions [24]. A sudden increase of WSS
occurs on the leading edge of the protrusion specimen. A maximum
WSS value in the range of 4600–4900 Pa is calculated there, which then
rapidly decreases moving further downstream along the top surface of
the protrusion. By the middle section of the top surface of the protru-
sion, where most of the deep pits were found, the WSS value is in the
range of 1900–2300 Pa. If WSS was the cause for the localized inhibitor
removal and localized attack, the most severe pitting should have been
found at the leading edge of the protrusion, which clearly was not the
case, as shown in the micrographs above. A similar conclusion was
reached when analyzing the field of near-wall kinetic energy of tur-
bulence (describing the intensity of turbulent fluctuations), which also
peaks at the leading edge of the protrusion (as shown in Fig. 21). In
addition, the WSS required to remove this type of inhibitor from a steel
surface is expected to be at least 106 Pa or greater [24], which is several
orders of magnitude larger than the calculated maximum WSS values.
Therefore, it is unlikely that local WSS was the cause of the observed
inhibitor failure and pitting corrosion. The search for alternative

explanation continued, and after a lot of analysis − cavitation became
the focus, as described in the section below.

3.5. Effect of cavitation on corrosion inhibition

Because of the sudden increase of flow velocity at the leading edge
of the protrusion (see Fig. 18), the pressure at this location is greatly
reduced, which follows from Bernoulli's principle [34]. The total pres-
sure distribution across the symmetry plane is shown in Fig. 22, which
clearly illustrates the sudden drop of pressure at the leading edge of the
protrusion forming a zone where the total absolute pressure approaches
zero, as indicated by the CFD simulation. In reality, it is expected that
the pressure at that location reached as a minimum the water vapor
saturation pressure (0.032 bara at 25 °C), and vapor bubbles formed.
The formation of condensable water vapor bubbles is often considered
to be “instantaneous” given the thermodynamically favorable condi-
tions, since it is much faster than most other associated processes of
momentum, heat and mass transfer. In reality, the process of bubble
nucleation is of the order of μs [35]. This suggests that, for the current
case, the residence time of the water in the low pressure region at the
leading edge was sufficient to enable bubble formation. From Fig. 22 it
can also be seen that the pressure along the top wall of the protrusion
quickly recovers and reaches 1.8 bara somewhere around the middle of
protrusion where localized attack was observed. Given the local flow
velocities, the time it took for the bubbles to reach the middle of the
protrusion is of the order 100 μs, which is a typical time required for the
vapor bubbles to collapse when exposed to high pressure [36–38].

Fig. 12. SEM images of the protrusion Specimen 3. Before test: 1st row at 50X magnification. After test: 2nd row at 50X magnification and 3rd row at 1000X magnification. Conditions: 72
ppmv inhibitor, 1 wt.% NaCl aqueous solution, pH 5, pCO2=0.97 bar, 25 °C, 16 m/s, 4 day test duration, X65 steel, O2< 30 ppb.
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The collapsing bubbles would have generated shock waves in the
vicinity of the steel surface, which rapidly reached the surface, thereby
imposing large mechanical stresses that could locally remove inhibitors
and induced localized corrosion. Calculations found in the open lit-
erature indicate that mechanical stresses of the order of 108–109 Pa are
possible due to implosions of cavitation bubbles [39–41], which exceed
the required forces to remove inhibitor films from a steel substrate that
of the order of 106–107 Pa [42]. This seems to be a plausible explana-
tion that fits the experimental findings.

In order to verify the cavitation mechanism derived from CFD re-
sults and experimental evidence, an additional corrosion experiment
was carried out. The idea was to eliminate the hydrodynamic

conditions that lead to cavitation without changing other conditions.
Consequently, localized corrosion would not be expected if cavitation
was the true cause. For all previous experiments, the protrusion spe-
cimen was located at the furthest downstream port (port 4), shown in
Fig. 5. The measured pressure drop between port 1 and port 4 was
1.2 bar at the flow velocity of 16 m/s. Hence, by moving the protrusion
specimen to port 1 (furthest upstream), the calculated absolute pressure
at the protrusion should be much higher than the water vapor pressure
at this temperature. Therefore, neither cavitation nor localized corro-
sion would be expected.

In this additional corrosion experiment, except for the change of the
location for the protrusion specimen in the TCFC, all other experimental

Fig. 13. (A): Profilometry image after the experiment of the surface on the top of the protrusion Specimen 3; (B): depth scan across the dotted red line marked in (A). Conditions: 72 ppmv

inhibitor, 1 wt.% NaCl aqueous solution, pH 5, pCO2=0.97 bar, 25 °C, 16 m/s, 4 day test duration, X65 steel, O2< 30 ppb. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 14. LPR corrosion rates for experiments with varied levels of
dissolved O2 concentration. Conditions: 72 ppmv inhibitor, 1 wt.%
NaCl aqueous solution, pH 5, pCO2=0.97 bar, 25 °C, 16 m/s, 4 day
test duration, X65 steel.
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conditions were maintained the same as previous experiments. Fig. 23
shows the LPR corrosion rate results. A similar trend of general corro-
sion rate evolution, as compared to previous experiments, indicates that
the bulk test conditions remained the same. The surface morphologies
of both flat and protrusion specimens after the experiment were ex-
amined by SEM. No localized corrosion was found on neither the flat
nor the protrusion specimens. They all showed a similar uniformly-
corroded surface, as exemplified in Fig. 24. Therefore, the results cor-
roborate the hypothesis that cavitation is the most likely cause of the
localized corrosion observed in the previous experiments.

3.6. Mitigation of cavitation induced localized corrosion

At this stage, it was understood that cavitation was able to disrupt
the adsorbed inhibitors on the metal surface and lead to pitting corro-
sion. This leads to the next question: can an excess amount of the same
inhibitor be used to suppress this type of localized corrosion?
Subsequently, an experiment with a very high inhibitor concentration
was conducted (720 ppmv inhibitor − 10 times the original con-
centration used in previous experiments). The specimen arrangement
remained the same as shown in Fig. 5 with the protrusion specimen at
the furthest downstream port (port 4) where cavitation occurred.
Fig. 25 shows the LPR corrosion rates for the new 720 ppmv inhibitor
experiment compared with the previous 72 ppmv inhibitor experiment.
As expected, the similar trend indicates that general corrosion was ef-
fectively inhibited. The surface morphologies of the flat and protrusion

specimens before and after the experiments were examined. Again, no
localized corrosion was observed, as shown in Fig. 26. The experi-
mental results in this series of tests demonstrate that with an excess
amount of inhibitor, the localized corrosion was mitigated, even in the
presence of cavitation.

4. Discussion: mechanisms of flow/cavitation induced pitting
corrosion and its mitigation

In this research, it was found so far that:

a.) there was no evidence of inhibitor failure due to high WSS (up to
5000 Pa);

b.) in the presence of the inhibitor (at 72 ppmv), severe pitting cor-
rosion occurred in disturbed flow, some at the leading edge and
more severe at the top surface of the protrusion; this was caused by
cavitation.

c.) using an excess amount of inhibitor (720 ppmv), this pitting cor-
rosion was mitigated.

While these findings seem plausible and are corroborated in a few
different ways, the challenge is to explain this kind of behavior in terms
of accepted theories of inhibitor adsorption.

It was previously established that the adhesion strength of the in-
hibitor molecules to the steel surface, is of the order of 106–107 Pa [42].
This can be used to explain the first point − why high WSS (up to

Fig. 15. SEM images of the protrusion Specimen 3. Before test: 1st row at 50X magnification. After test: 2nd row at 50X magnification; 3rd row at 1000X magnification. Conditions: 72
ppmv inhibitor, 1 wt.% NaCl aqueous solution, pH 5, pCO2=0.97 bar, 25 °C, 16 m/s, 4 day test duration, X65 steel, O2< 2 ppb.
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5000 Pa) did not lead to the failure of the inhibitor. It should be noted
that 5000 Pa is already higher than typical WSS found in multiphase
flow in the field [24].

It is also known that the mechanical impacts of collapsing cavitation
bubbles onto a solid surface can easily reach the 108–109 Pa range
[36,43]. Undoubtedly, this magnitude of stress can exceed the adhesion
strength of the inhibitor molecules to the steel surface and mechanical
removal of the inhibitor is expected. While this simple “stress magni-
tude based” logic is able to explain the second point − reason for

inhibitor failure at lower concentrations (72 ppmv), it remains unclear
how the performance of the inhibitor at higher concentrations
(720 ppmv) was not affected in the same way (third point). To do that,
we must turn to the kinetics of adsorption/desorption process that
governs inhibitor performance.

4.1. Adsorption kinetics considerations

The inhibitor adsorption/desorption is a dynamic process which

Fig. 16. (A): Profilometry image after experiment on the top of the protrusion Specimen 3; (B): depth scan across the dotted red line marked in (A). Conditions: 72 ppmv inhibitor, 1 wt.%
NaCl aqueous solution, pH 5, pCO2=0.97 bar, 25 °C, 16 m/s, 4 day test duration, X65 steel, O2< 2 ppb. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 17. Simulated flow geometry using CFD. Due to
length-wise symmetry, only one half of the domain
was simulated.
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may or may not be in equilibrium. Various previous studies using si-
milar inhibitor formulations suggest that the adsorption/desorption of
imidazoline-type inhibitors follows the Langmuir adsorption model
with the equilibrium described via [9,26,44–47]:

⎛
⎝

− ⎞
⎠

=
θ

c
K

1 1 1
inhib
b

(3)

where cinhib
b is the inhibitor concentrations in the bulk solution; θ is the

surface coverage of inhibitor (0 < θ < 1), and K is the inhibitor ad-
sorption equilibrium constant, defined as:

=K k
k

ads

des (4)

where kads and kdes are the reaction rate constants for adsorption and
desorption processes, respectively.

A different explanation can now be made for a series of small pits
found along the leading edge of the protrusion specimen at lower in-
hibitor concentrations (72 ppmv), as shown in Fig. 12 and Fig. 15. As
discussed in previous sections, formation of cavitation bubbles at this
location created relatively large areas of gas-liquid interface that have
consumed a fraction of the inhibitor molecules which are amphiphilic
in nature and tend to aggregate at any available interface [27,48]. This
led to a local depletion of inhibitor and consequently a lower inhibitor
coverage on the steel surface, what caused some localized corrosion.
This can be easily expressed mathematically by looking at Eq. (3): if the
bulk concentration of inhibitor (cinhib

b ) at the leading edge is reduced due
to the parasitic consumption by cavitation bubbles, and assuming that

the adsorption equilibrium constant (K) remains unchanged, this yields
a decrease in surface coverage by inhibitor (θ). Due to intense turbulent
mixing, the local depletion in inhibitor concentration vanishes im-
mediately downstream of the leading edge, and no pitting was found
there.

Further downstream, at the middle section of the protrusion top
surface is where the most severe pitting was found, caused by cavitation
bubble collapse. The dynamics of cavitation bubbles near a solid wall
has been extensively researched [36,43,49–51]. During bubble col-
lapse, the potential energy of vaporous bubbles can be converted into
mechanical energy (including shock waves), but also heat, chemical
energy, sound and even light emissions [43,52]. It is assumed that this
energy, released in various forms during bubble collapse, impacted the
steel surface and enhanced the rate of inhibitor removal, i.e. desorption
(increased kdes). This leads to a decrease in inhibitor adsorption equi-
librium constant (K) (see Eq. (4)), and with the bulk concentration of
the inhibitor remaining the same, this results in a decreasing surface
coverage of inhibitor (θ) according to Eq. (3).

Besides releasing high magnitude mechanical energy, collapsing
cavitation bubbles can also locally release an enormous amount of heat
(thermal energy), which is dissipated rapidly [53–55]. The temperature
surrounding the collapsing cavitation bubbles is reported to reach
several thousands of Kelvins [52,56]. Therefore, it is also possible that
some of the locally released heat is transferred to the steel surface,
resulting in a local temperature increase. It is found in the literature
that, when the temperature increases, the desorption reaction of

Fig. 18. A 2-D image of flow velocity mag-
nitude distribution across the symmetry
plane.

Fig. 19. A 3-D image of wall shear stress distribution at the bottom
plate of the TCFC near the protrusion (due to symmetry, only half of
the bottom wall is shown).
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Fig. 20. Wall shear stress distribution near the protrusion: (A) 2-D image across the symmetry plane; (B) the corresponding line scan on the bottom wall at the symmetry plane, as
highlighted by the black dashed line shown in (A).

Fig. 21. A 3-D image of turbulent kinetic energy
distribution at the bottom plate of the TCFC near the
protrusion (due to symmetry, only half of the bottom
wall is shown).
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imidazoline-type inhibitors is favored (kdes increases more than kads)
[9,45,57]. Therefore, according to Eq. (4) this also leads to an decrease
of K, and for the same bulk concentration of inhibitor (cinhib

b ), the surface
coverage of inhibitor (θ) decreases, according to Eq. (3).

The same line of reasoning can now be used to explain how using an
excess amount of inhibitor (720 ppmv), was able to mitigate the pitting
corrosion due to cavitation. In the explanation above, we first postu-
lated that the parasitic consumption of the inhibitor at the leading edge

Fig. 22. Absolute (total) pressure distribution: (A): 2-D image across the symmetry plane; (B): line scan on the bottom wall at the symmetry plane.

Fig. 23. LPR corrosion rates for the 72 ppmv in-
hibitor tests with the protrusion specimen at two
different locations in the TCFC. Conditions: 1 wt.%
NaCl aqueous solution, pH 5, pCO2=0.97 bar, 25 °C,
16 m/s, 4 day test duration, X65 steel, O2< 2 ppb.
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led to lower local inhibitor concentrations (cinhib
b ) and lower surface

coverage by the inhibitor (θ), leading to pitting. It is obvious that sig-
nificantly increasing the concentration of the inhibitor in the system is
able to reverse this effect. Second, we suggested that energy (mechan-
ical and/or thermal) released by the collapsing cavitation bubbles led to
an increase in the rate of inhibitor desorption over adsorption, resulting
in a lower adsorption equilibrium constant (K) and lower inhibitor
surface coverage (θ), for the same bulk concentration (cinhib

b ). Again, by
inspecting Eq. (3), we can see how increasing the inhibitor concentra-
tion (cinhib

b ) leads to a higher coverage (θ), even if the adsorption
equilibrium constant (K) remains low due to increased desorption rate
caused by cavitation bubble collapse.

4.2. Energy considerations

In the discussion above, we made an ad-hoc assumption that the
bursts of energy released by the collapsing cavitation bubbles in the
vicinity of the surface would lead to an increased rate of inhibitor
desorption. While being intuitive, this statement needs some more
theoretical explanation.

The adsorption/desorption reaction rate constants (kads and kdes) in

Eq. (4) can be written in terms of corresponding activation energies
(ΔGads

‡ and ΔGdes
‡ ) using an Arrhenius-type equation [58,59]:

=
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where A and D are the pre-exponential factors for the adsorption and
desorption reaction rate expression, respectively.

A potential energy diagram [27,58,59] can best illustrate the re-
lationship between the adsorption and desorption activation energy
(ΔGads

‡ and ΔGdes
‡ ) as related via the thermodynamic free energy change

(ΔrxnGo) for inhibitor adsorption/desorption. It has been found that the
standard free energy change due to surfactant inhibitor adsorption re-
action (ΔrxnGo) is approximately in the range −20 kJ to −40 kJ per
mole of adsorbed inhibitors [47,60,61]. This suggests that the adsorp-
tion reaction is thermodynamically favored at standard conditions. The
activation energy of the inhibitor adsorption reaction (ΔGads

‡ ) is esti-
mated to be approximately 20 kJ per mole of inhibitor [62,63]. Ac-
cording to this, the desorption activation energy (ΔGdes

‡ ) should be in

Fig. 24. SEM images of the protrusion Specimen 3 placed in the furthest upstream port of the TCFC test section (port 1). Before test: 1st row at 50X magnification. After test: 2nd row at
50X magnification; 3rd row at 1000X magnification. Conditions: 72 ppmv inhibitor, 1 wt.% NaCl aqueous solution, pH 5, pCO2=0.97 bar, 25 °C, 16 m/s, 4 day test duration, X65 steel,
O2< 2 ppb.
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Fig. 25. LPR corrosion rates with various inhibitor
concentrations. Conditions: 1 wt.% NaCl aqueous
solution, pH 5, pCO2=0.97 bar, 25 °C, 16 m/s, 4 day
test duration, X65 steel, O2< 2 ppb.

Fig. 26. SEM images of the protrusion Specimen 3. Before test: 1st row at 50X magnification. After test: 2nd row at 50X magnification; 3rd row at 1000X magnification. Conditions:
720 ppmv inhibitor, 1 wt.% NaCl aqueous solution, pH 5, pCO2=0.97 bar, 25 °C, 16 m/s, 4 day test duration, X65 steel, O2< 2 ppb.
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the range: 40 kJ to 60 kJ per mole of adsorbed inhibitors.
Due to interaction with the flow and/or due to cavitation, the sur-

face energy level of the adsorbed inhibitor molecules is increased by
amount E, thereby decreasing the required desorption activation energy
(ΔGdes

‡ ). One can now calculate the new desorption rate constant ac-
counting for the cavitation energy input as:

=
⎡

⎣
⎢
⎢

−
− ⎤

⎦
⎥
⎥k De'des

ΔG E
RT

( )des
‡

(7)

where E is the energy input felt by the adsorbed inhibitor layer at the
surface due to flow and/or collapsing cavitation bubbles. When sub-
stituting the new increased reaction rate constant into Eq. (4), the ad-
sorption/desorption reaction equilibrium shifts in favor of the deso-
rption reaction making the equilibrium constant (K) decrease, the
surface coverage of inhibitor decreases as well, which explains the lo-
calized inhibitor failure.

The magnitude of the total energy E that the flow can exert on the
adsorbed inhibitor molecules now can be estimated. Firstly, the thermal
energy of a given system which can be represented on a molecular level
by the translational kinetic energy of the randomly moving molecules
(Et), expressed on a molar basis in J/mol as [64]:

=E RT3
2t (8)

where R is the gas constant and T is the absolute temperature (K). For
the present case: the bulk temperature 298 K the thermal energy is
calculated to be Et = 3.7 kJ/mol.

There is also an ordered directional movement of the molecules due
to the mean flow and the associated kinetic energy (Ek) can be calcu-
lated from the bulk flow velocity as:

=E mv1
2k

2
(9)

where m is the molar mass of liquid molecules (kg/mol); and v is the
flow velocity (m/s). For the present case: mean flow velocity of 25 m/s
(see Fig. 18), the mean flow kinetic energy is calculated to be Ek=5.6 J/
mol of water. The turbulent kinetic energy of the flow can also be
considered by using the maximum value calculated by CFD to be ap-
proximately 10 m2/s2 at the top of the protrusion, as seen in Fig. 21.
This yields 0.18 J/mol of water. It is noted that the turbulent kinetic
energy is much smaller than the mean flow kinetic energy or the
thermal energy. To associate this amount of energy with the adsorbed
inhibitor, one can assume that the process of inhibitor desorption es-
sentially involves the displacement of an adsorbed inhibitor molecule
by x water molecules [65]:

+ → +x xinhibitor H O inhibitor H O(ads) 2 (sol) (sol) 2 (ads) (10)

with the stoichiometric coefficient x being a relatively small number of
the order of unity. Therefore, if the total energy (thermal and flow) of a
given number of moles of water is transferred to the equivalent number
of moles of adsorbed inhibitor, this will amount to about E = 3.7 kJ/
mol of adsorbed inhibitor. This shows that the energy level of the bulk
flow (including thermal and kinetic energy) is several orders of mag-
nitude lower than the desorption activation energy, which is in the
range of 104–105 J/mol of adsorbed inhibitor. It therefore seems the-
oretically impossible to expect that the bulk flow could contribute to
mechanical removal of adsorbed inhibitors, at least not under the pre-
sent conditions. This is exactly what was found in the experimental
portion of this study, as described above. Due to the large gap involved
in the required energy levels (1–2 orders of magnitude), it is probably
fair to generalize that under most field conditions, one should not ex-
pect that flow and associated WSS would lead to failure of corrosion
inhibitor films.

However, collapsing cavitating bubbles certainly do not fall into this
category, when looking into the level of energy transferred to an ad-
sorbed inhibitor film by collapsing cavitation bubbles. The potential

energy (Ep) of a single spherical cavitation bubble is given by [36]:

= −∞E πr P P4
3

( )p v
3

(11)

where P∞ is the environmental pressure at infinite distance from the
bubble; Pv is the vapor pressure of the liquid; and r is the bubble radius.
The potential energy on a molar basis may be written as:

= −∞E m
ρ

P P' ( )p
v

v
(12)

where m is the molar mass of the liquid (kg/mol); and ρv is the vapor
density of the liquid (kg/m3). At 298 K, the vapor pressure and vapor
density of water are 3200 Pa and 0.023 kg/m3, respectively. The am-
bient pressure at infinite distance was of the order of 105 Pa. Conse-
quently, the cavitating bubble potential energy is calculated to be ap-
proximately 75 kJ/mol of water vapor. If we assume a similar
stoichiometry as above (reaction (10)), then we can conclude that the
potential energy released by the collapsing cavitation bubbles is in the
same range as the activation energy required for inhibitor desorption.
Despite the coarse nature of this order-of-magnitude calculations, it
seems quite plausible that collapse of cavitating bubbles could sig-
nificantly affect inhibitor desorption and consequently the surface
coverage, leading to pitting, what was actually observed in the present
study.

It can be now stated that the notion that mechanical forces due to
flow (such as those giving rise to high WSS) can lead to failure of ad-
sorbed inhibitor films seems to be a myth, at least when considering
typical single-phase and multiphase flow patterns found in the field and
when dealing with conventional inhibitors that are properly applied.
The exceptions are specific conditions when cavitation happens.

Cavitation by water vapor bubbles can happen only in low pressure
sections of a given system, such as at inlet sections of lines leading to
pumps and compressors. However, cavitation by condensable hydro-
carbons, when close to their saturation point, can also be considered a
hazardous situation, since equally large forces can be created by col-
lapsing hydrocarbon vapor bubbles, which could damage the inhibitor
film and lead to localized corrosion. This condition is quite common in
multiphase lines and gas transportation lines. Transfer lines in refineries
are another example.

5. Conclusions

Based on the presented results and discussion, several conclusions
can be drawn:

1) There was no evidence of inhibitor failure due to high wall shear
stress (up to 5000 Pa)

2) In the presence of the inhibitor (at 72 ppmv), severe pitting corro-
sion occurred in disturbed flow, which was caused by cavitation of
condensable water vapor bubbles.

3) Using an excess amount of inhibitor (720 ppmv), this pitting corro-
sion was mitigated.

4) The observed behavior can be readily explained in terms of the ki-
netics of inhibitor adsorption/desorption and the associated acti-
vation energy analysis.
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