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Abstract: Gas-liquid intermittent flow is a kind of flow pattern that distinguishes itself from the con-
ventional flow by the apparent non-steady feature, which causes serious corrosion issues, including
localized corrosion. Although it widely exists in wet gas pipelines, how the gas-liquid intermittent
flow influences CO, corrosion of pipeline steels remains a problem to be clarified. In this work,
a testing device that enables good simulation of gas-liquid intermittent flow in wet gas pipelines
under various conditions was developed and used to perform experimental studies, combining
electrochemical tests and corrosion morphology observations. The result shows that flow velocity
and gas-liquid ratio act together to affect the CO, corrosion behavior of X70 steel in typical intermit-
tent flow conditions. The flow velocity has a more profound effect on the corrosion rate, while the
gas-liquid ratio is associated with the occurrence of localized corrosion. The effect of the gas-liquid
ratio on corrosion behavior was discussed.

Keywords: CO, corrosion; X70 steel; intermittent flow; gas-liquid ratio; wet gas pipeline

1. Introduction

Corrosion is always a significant safety threat for low-carbon steel pipelines in the
oil and natural gas industry. Wet gas pipelines have experienced more frequent corrosion
issues due to the mixed phase of gas and liquid flow in the pipelines [1-3]. In wet gas
pipelines, water and acidic gases, such as CO,, constitute a corrosive environment. Due to
factors including the pipeline geometry, water content, water/gas flow velocity, etc. [4-8],
gas and liquid in the wet gas pipeline would have various gas-liquid flow patterns, making
the corrosion problem more complex. Despite a relatively good understanding of corro-
sion in a single-phase flow, corrosion in the gas-liquid flow remains an important but
challenging problem to solve.

Currently, a few studies have proved that the complex gas-liquid flow regime can
lead to more severe corrosion problems than the conventional single-phase flow [9-12].
Slug flow is one of the typical gas-liquid flow regimes [8] that draws wide attention and
has been studied a lot. Villarreal et al. [12] illustrated that the corrosion process in the slug
flow is enhanced by turbulence. Cui et al. [9] studied the CO; corrosion of pipeline steel in
multiphase flow and suggested that the complexity of slug flow is associated with variable
pipeline wall shear stress and the state of wall wetting, and a combination of erosion
and corrosion undermines the pipeline. Zheng et al. [11,13] suggested that slug flow has
particular hydrodynamics that causes larger fluctuations of mass transfer coefficient and
wall shear stress, significantly increasing the corrosion rate. At the same time, the corrosion
product film on the steel surface is slowed or undermined. As a result, the corrosion
product film is not fully covered and non-protective. In addition, cavitation resulting from
the collapse of bubbles in the slug flow was also assumed to contribute to the breakdown
of the corrosion product film [14,15]. Differences in the protectiveness of corrosion film on
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the local area of the steel surface could then cause localized corrosion due to the galvanic
effect [16].

Gas-liquid intermittent flow shares the same unsteady feature as the slug flow, but
it has not been able to draw so much attention from the researchers. For one thing, it
is because the gas-liquid intermittent flow is not well defined. Herein, we refer to the
state that the gas and liquid alternatively flow past the pipeline surface as the intermittent
gas-liquid flow. Under gas flow conditions, the pipeline surface is not dry but covered by
a thin water film. From this aspect, the pipeline surface experiences a flow that changes
between bulk flow and thin water film in gas flow. Until now, no suitable parameters have
been used to describe this flow condition. For another, the gas-liquid intermittent flow
emerges as a portion of the slug flow in horizontal or slightly inclined pipelines or happens
at the climbing section of the water accumulation zone of wet gas pipelines. Although
corrosion in the climbing section is more severe than that in the other sections [1,17,18],
previous studies always neglect the gas-liquid intermittent flow condition and try to
explain the phenomenon with parameters commonly used in steady flow conditions. The
experimental setup and the corrosion testing methods used can also not support systemic
and detailed studies. By referring to the wet—dry cyclic corrosion in atmospheric conditions
and marine corrosion in the splash zone, it is essential to consider the unsteady feature,
i.e., the alternation of bulk flow and thin water film. According to previous studies, the
thin water film has a distinct effect on the diffusion of species joining in the electrochemical
reactions and corrosion product film formation [19-21]. However, this effect has never been
considered in the gas-liquid two-phase flow, not to mention the gas-liquid intermittent
flow. Studies focusing on the gas-liquid intermittent flow and incorporating all possible
affecting mechanisms are urgently required.

To study the specific gas-liquid intermittent flow, an apparatus that can simulate the
specific flow pattern and enables electrochemical testing is necessary. Given the alternation
of wetting—drying in atmosphere corrosion and marine corrosion, designs used to study
the corrosion in wet-dry cycle conditions can provide helpful guidance for the design of
apparatus for the research work. A review of the literature shows that a commonly used
apparatus in wet-dry cycle corrosion studies can be separated into two types: corrosion
coupons are fixed while the height of the solution is adjusted relative to the corrosion
coupon periodically [22], and corrosion coupons periodically enter and leave the solution by
adjusting its height [23] or moving in a circular motion [24]. The first type is more consistent
with the actual corrosion environment in this work, i.e., gas and liquid intermittently
flow through a pipe section. Yang [25] studied the CO, corrosion of X65 steel under
different surface wetting conditions with a specially designed device, with which the
wetting condition was controlled by adjusting the height of the solution while the steel
sample was fixed. This work is the first trial to explore CO; corrosion in intermittent
wetting conditions, and the results were different from those in conventional full immersion
conditions. However, this device did not consider the flow condition in an actual pipeline,
so a new design is essential for the experimental study of steel corrosion in a real gas-liquid
intermittent flow.

In this work, a testing device that enables controlling temperature, flow velocity, and
especially the intermittent flow of gas and liquid was assembled. A unique design was
utilized to simulate the gas-liquid intermittent flow by letting the water solution and
gas take turns flowing separately in the testing section so that the gas-liquid intermittent
frequency/gas-liquid ratio is controllable. This design was then combined with electro-
chemical corrosion tests and corrosion morphology observations to study the CO; corrosion
behavior of X70 steel under typical gas-liquid intermittent flow conditions.

2. Experimental
2.1. Material

High-strength pipeline steels, such as X80 and X100, have been produced for a long
time, but they are only used in isolated projects or installed for demonstrations. X70
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steel, however, keeps extending its application worldwide in the oil and gas industry due
to its relatively higher strength, lower cost, less manufacturing requirement, and better
weldability. So, X70 steel was used as the working electrode material, and its chemical
composition is shown in Table 1. The X70 steel was machined into a cylindrical shape with
a diameter of 10 mm and a height of 10 mm. The electrode was then used in electrochemical
tests and corrosion morphology characterization. A carbon rod with a diameter of 25 mm
was used as the counter electrode. A high-purity zinc (99.98%) wire with a diameter of
1 mm was used as the reference electrode, as its potential was found to become stable very
quickly after exposure to the CO;-containing solution [19].

Table 1. Chemical composition of X70 steel (wt. %).

Element Content
C 0.058
Si 0.425

Mn 1.418
Nb 0.049
Ti 0.009
Mo 0.146
Cr 0.146
Ni 0.038
P 0.011
S 0.002

The X70 steel electrode was first welded to a copper wire, then solidified with the
high purity zinc electrode by epoxy to form an assembly electrode. The assembly electrode
had a working surface area of 0.785 cm?, and the distance between the working electrode
and the zinc reference electrode was 2 mm. The assembly electrode was grounded by
waterproof abrasive papers from 200 sequentially up to 1000 grit, and then it was cleaned
with acetone and deionized water, dried with flowing cold air, and stored in a desiccator
before being used.

2.2. Solution

The solution used in the tests was 1 wt% NaCl, which was made of deionized water
(its resistivity was 0.78 M()-cm) and analytical grade agent NaCl. Gas bubbling for the
solution with pure CO; gas (99.95%) was performed at least 4 h before all the tests and
maintained throughout the test.

2.3. Experimental Setup

A testing device that enables CO, corrosion electrochemical tests under gas-liquid
intermittent flow conditions was designed and assembled, as shown in Figure 1. The device
includes a corrosion electrochemical testing cell, an environmental chamber, a gas pump, a
timing controller, a liquid pump, a supersonic flow meter, a heating element, a temperature
controller, and pipes and fittings that connect each component. The timing controller was
frequently switched between the liquid pump and gas pump so that only one works at a
time and creates the intermittent gas-liquid flow that flows through the testing cell. The
electrochemical testing cell enables in situ 3-electrode electrochemical tests under different
flow conditions. The dimension of the cross-section of the electrochemical testing cell was
20 mm x 20 mm. The inclination angle of the electrochemical testing cell is adjustable
between —30° and 30°, and a 0° inclination angle (i.e., the electrochemical testing cell is
horizontally placed) was maintained for the experimental study in this work. The heating
element, the thermal sensor, and the temperature controller can control the temperature
according to the specific requirement of an experimental test.
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Figure 1. A schematic diagram of the testing device.

2.4. Experimental Procedure and Corrosion Tests

Various experimental studies were performed with the testing device. According to
the standard NACE SP0110, wet gas is defined as gas containing condensable hydrocarbons
or water below their dew points (i.e., free liquids exist) [17]. This work currently only
considers free water that accumulates and flows in the horizontal pipeline. The liquid flow
rate was initially set to 0.5 m/s and increased (to 1 m/s, 1.5 m/s, and 2 m/s) when required.
The gas flow velocity was always controlled to be the same as the liquid. In each cycle,
the water solution would first flow through the testing cell for a particular time, and then
it was switched to the gas flow. The time ratio for gas flow and water solution flow was
treated as the gas-liquid ratio. Four ratios were studied in this work, including 5:1, 2:1,
1:1, and 0:1. The total time for each cycle was initially set to 30 min to simulate a relatively
low-frequency gas-liquid intermittent flow, and the whole time for each experiment was
12 h. The temperature was maintained at 40 °C [26]. Electrochemical tests and corrosion
morphology observation were performed after each experiment.

Electrochemical tests include open circuit potential (OCP), Electrochemical Impedance
Spectroscopy (EIS), and potentiodynamic polarization. A stable potential, which varied
within 2 mV over 5 min, was obtained during the OCP test. A perturbation amplitude of
10 mV was applied in the EIS test, and the test frequency range was 10~2~10° Hz. The scan
range for potentiodynamic polarization tests was —0.25~0.25 V (versus OCP), and the scan
rate was 0.333 mV/s.

After gas-liquid intermittent flow condition exposure tests, steel samples were taken
out and dried carefully, and then, a Nova Nano SEM 450 Scanning Electron Microscope
(SEM) was used to observe the corrosion morphology of the sample working surface, and
an Energy Dispersive X-ray Spectroscopy (EDS) was used to characterize the composition
of the corrosion product.

3. Results and Discussion
3.1. Potentiodynamic Polarization Test

Potentiodynamic polarization tests of X70 steel under different gas-liquid ratios were
performed; the results are shown in Figure 2. At the low liquid flow velocity, i.e., 0.5 m/s,
the liquid ratio significantly affects both anodic and cathodic current density. However,
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only cathodic current densities are affected by the gas-liquid ratio at the liquid flow velocity
of 2 m/s. For all conditions, the anodic behavior is featured as being under activation
control. The diffusive limiting cathodic current density is observed over a specific cathodic
potential range. This result means the mass transfer of cathodic reactive species is the
rate-determining step in the corrosion process. At the liquid flow velocity of 0.5 m/s, the
diffusive limiting cathodic current density increases with the increasing gas-liquid ratio. At
the liquid flow velocity of 2 m/s, the diffusive limiting cathodic current density, however,
decreases on the whole as the gas-liquid ratio increases.

Potential(V vs.SHE)

Potential(V vs.SHE)

Logli|(A/cm?) Logli|(A/lcm?)
(a) (b)

Figure 2. Potentiodynamic polarization plots of X70 steel under different gas-liquid ratios and at the
liquid flow velocity of (a) 0.5 m/s and (b) 2 m/s.

3.2. EIS Tests

Figure 3 shows the EIS plots of X70 steel under different gas-liquid ratio conditions
at the liquid flow velocity of 0.5 m/s and 2 m/s, respectively. For all test conditions,
the plots include a capacitive loop in the high-frequency range and an inductive loop in
the low-frequency range, so the corrosion mechanism for all conditions is, by and large,
the same. The size of the capacitive loop varies with gas-liquid ratios. This shows that
corrosion velocities are different under different conditions. For the liquid flow velocity of
0.5 m/s, the largest capacitive loop is seen with the gas-liquid ratio of 0:1, and the smallest
one is seen with the gas-liquid ratio of 5:1. For the liquid flow velocity of 2 m/s, however,
the largest capacitive loop is seen with the gas-liquid ratio of 1:1, and the smallest one is
seen with 0:1.
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Figure 3. EIS plots of X70 steel under different gas—liquid ratios and at the liquid flow velocity of
(a) 0.5 m/s and (b) 2m/s.
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To further quantitively study the corrosion behavior, the EIS plots were fitted with the
equivalent circuit diagram shown in Figure 4. In this figure, Rg is the solution resistance
between the reference electrode and the working electrode. CPE is the constant phase
element and can be calculated as Zcpg = Yo (jw)’l. Rt is the charge transfer resistance.
L is the inductance, and Ry, is the inductance resistance. R is inverse to the corrosion rate,
so a large Rt corresponds to a low corrosion rate.

R, CPE
Jr— NN\
| v
Ret
L Ru
—m T

Figure 4. Equivalent circuit diagram.

The fitting result of Figure 3, i.e., R, is plotted versus the gas-liquid ratio, as shown
in Figure 5. It shows that R at the liquid flow velocity of 0.5 m/s is always larger than that
at the liquid flow velocity of 2 m/s, indicating that the corrosion rate at the flow velocity of
0.5 m/s is lower. In addition, at the liquid flow velocity of 0.5 m/s, R.t decreases with the
gas-liquid ratio. The trend is slightly different at the liquid flow velocity of 2 m/s. When
the gas-liquid ratio increases, R increases first and then decreases, so the effect of the
gas-liquid ratio on the corrosion behavior also depends on the flow velocity.

140 - ——0.5m/s

s —e—2m/s

0:1 11 2:1 5:1
Gas-liquid ratio

Figure 5. Fitting result of EIS plots under different gas-liquid ratios.

Figure 6 shows EIS plots of X70 steel under different fluid flow velocities at the
gas-liquid ratios of 5:1 and 0:1, respectively. For the gas-liquid ratio of 0:1, the size of the
capacitive loop decreases when the flow velocity increases. This result is attributable to the
enhanced mass transfer [27] at the steel surface and the high wall shear stress at a higher
velocity. For the gas-liquid ratio of 5:1, however, the size of the capacitive loop decreases at
first and then increases with the increasing flow velocity, so both the gas-liquid ratio and
the flow velocity affect the corrosion behavior.



Metals 2023, 13, 1239

7 of 15

-Z"(Q-cm?)

100

80

60

40

20

= 05mis 140 : 2;”‘5/5
1
: 1.5m{:/s 120 A ;.5 /m/s
v 2m/s v m s
—— Fitting-0.5 m/s 100 - —— Fitting-0.5 /s
— Fitting-1 m/s - — F!tt!ng-l m/s
—— Fitting-1.5 m/s| NE 80 — F!tt!ng-l.s m/s
— Fitting-2 m/s o 60 —— Fitting-2 m/s
m = ", & [
n H
N a0}
2 20 -
ol
L L : : : =20, . . . . . . .
20 40 60 80 100 0 20 40 60 80 100 120 140 160
Z'(Qcm’) Z"(Q-cm?)
(a) (b)

Figure 6. EIS plots of X70 steel under different liquid flow velocities and gas-liquid ratios: (a) 5:1 and
(b) 0:1.

EIS plots in Figure 6 were also fitted, and the fitting result of R versus the flow
velocity is shown in Figure 7. For the gas-liquid ratio of 0:1, R¢; decreases monotonously
with the increasing flow velocity. This illustrates that corrosion rate is enhanced at a higher
flow velocity. For the gas-liquid ratio of 5:1, R¢t decreases at first and then increases, so
the effect of flow velocity on corrosion rate can be reshaped by the gas-liquid intermittent
flow. In addition, except for the liquid flow velocity of 2 m/s, at other flow velocities,
Rt for the gas-liquid ratio of 0:1 is always larger than that of 5:1, showing that a higher
gas-liquid ratio is capable of enhancing the corrosion rate to some extent at relatively small
flow velocities.

140F 5 —— 01
—— 5:1
120
g 100
S
2 80
=]
60
-~ -
40 F T~
0.5 1 1.5 2

Flow velocity (m/s)
Figure 7. Fitting result of EIS plots under different fluid flow velocities.

3.3. Corrosion Morphology Observation

Figure 8 shows the SEM plots of X70 steel under the liquid flow velocity of 0.5 m/s
and different gas-liquid ratios. It is seen that corrosion products are formed on the steel
surface. However, the morphology of the products on the steel surface depends on the
gas-liquid ratio. For the gas-liquid ratio of 5:1, corrosion products on the steel surface
are relatively uniform but seem very porous. Corrosion products formed on the steel
surface at the gas-liquid ratio of 0:1 are not uniform over the entire area; i.e., some areas
are covered with corrosion products while others are not. Moreover, cracks are found in
the corrosion products.
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Figure 8. SEM plots of X70 steel under the liquid flow velocity of 0.5 m/s and different gas-liquid
ratios: (a,b) 5:1 and (c,d) 0:1. (Note: (b) and (d) are the enlargement of local area of (a,c), respectively,
as indicated by the red rectangle. The purple rectangles in (b,d) represent EDS detection area).

When the liquid flow velocity was increased to 2 m/s, the SEM plots of X70 steel under
different gas-liquid ratios are shown in Figure 9. It shows that corrosion products formed
on the steel surface are much less than at the liquid flow velocity of 0.5 m/s. This could
be due to the erosion effect of water flow on the corrosion film. For the gas-liquid ratio of
5:1, the corrosion products in different areas vary in quantity and compactness. Craters are
found to exist between the corrosion products in a localized area. For the gas-liquid ratio
of 0:1, the bare substrate with minor corrosion products on the surface is seen.

EDS results of the corrosion product on the steel surface (for the detection area, refer
to the purple rectangular area in Figures 8 and 9) are shown in Table 2. It shows that Fe,
C, and O are the major elements of the corrosion product film on the steel surface, and
Na and CI constitute the balance. Different elements” atomic number percentage varies at
different velocities and gas-liquid ratios. For the gas-liquid ratio of 5:1, the ratio of O to C
is always around 3, indicating that FeCOj could be the corrosion product. However, for
the gas-liquid ratio of 0:1, the ratio is only a bit larger than 1, which indicates the corrosion
product could be a mix of FeCO3 and Fe;C.
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Figure 9. SEM plots of X70 steel under the velocity of 2 m/s and different gas-liquid ratios:
(ab) 5:1 and (c,d) 0:1. (Note: (b) and (d) are the enlargement of local area of (a,c), respectively,
as indicated by the red rectangle. The purple rectangles in (b,d) represent EDS detection area).

Table 2. Atomic number percentage under different flow conditions.

Liquid Flow  Gas-Liquid Atomic Number %
Velocity Ratio C (0] Fe Na +Cl
0.5m/ 5:1 711 25.5 67.39
D m/s 0:1 2217 37.09 37.91
Balance
2m/ 5:1 14.86 52.31 29.88
m/s 0:1 29.95 31.37 36.12

The X70 steel samples, after exposure to various flow conditions, were chemically
cleaned with hydrochloric acid and hexamethylene tetramine solution [28] and observed
with a stereomicroscope. The morphology of the steel surface is shown in Figure 10 (note
that the reddish-brown color is the color of the steel matrix after chemical cleaning and
drying in the air). For the liquid flow velocity of 0.5 m/s, corrosion craters are found on a
local area of the electrode working surface at the gas-liquid ratio of 5:1. At the gas-liquid
ratio of 0:1, corrosion craters are relatively uniformly distributed on the entire electrode
working surface. Furthermore, the size of craters at the gas-liquid ratio of 0:1 seems smaller
than that at the gas-liquid ratio of 5:1. This phenomenon is more profound for the velocity
of 2 m/s. At the liquid flow velocity of 2 m/s and the gas-liquid ratio of 0:1, the corrosion
morphology is typical of uniform corrosion. At the same liquid flow velocity but a higher
gas-liquid ratio, i.e., 5:1, the corrosion morphology denotes a sign of localized corrosion
with deeper and non-uniformly distributed craters.
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Figure 10. Surface morphology of the samples substrate after exposure to different flow conditions:
(a) 0.5 m/s-5:1, (b) 0.5 m/s-0:1, (¢) 2 m/s-5:1, (d) 2 m/s-0:1.

4. Discussion
4.1. CO, Corrosion Mechanism

For the corrosion of X70 steel in the saturated CO, environment, the anodic reaction is
the oxidation of iron, and the chemical reaction is as follows:

Fe —2e~ — Fe?T (1)

In this oxidation process, FeOH, 45 is formed as the intermediate product [20] and is
responsible for the occurrence of the inductance loop in the EIS plots. Cathodic reactions in
the saturated CO, environment depend upon the solution pH. As the solution pH is 3.98,
the reduction of hydrogen ions and carbonic acid could be the dominant cathodic reactions
as [29]:

2H' +2¢~ - Hp 2)

2H,CO3 +2¢~ — Hy + ZHCO; 3)
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The reduction reaction of hydrogen ions and carbonic acid is so fast that the relatively
slow transportation process of hydrogen ions and carbonic acid from the solution to the
metal surface becomes the rate-controlling process. This is responsible for diffusive limiting
current density at the cathodic branch of the potentiodynamic polarization curves.

A comparison of potentiodynamic polarization curves under intermittent flow (gas—
liquid ratio of 5:1) and full immersion flow (gas-liquid ratio of 0:1) shows that the inter-
mittent flow will not affect the electrochemical reaction mechanism but affect the reaction
kinetics or the corrosion rate. The extent of effect depends on the flow velocity and the
gas-liquid ratio.

Formation of iron carbonate scale (FeCO3), as shown in Equation (4), is the process
that makes CO, corrosion complicated [30].

Fe’™ + CO3™ < FeCOs )

FeCOj; will not form only if the product of [Fe?*] and [CO%‘] exceeds the solubility
of FeCO;3 (Ksp) or the supersaturation of FeCOj3 (Speco,) [31] is greater than 1. As the
formation of FeCOj film includes two consecutive subprocesses [32], i.e., nucleation and
growth, the rate of each subprocess is also dependent on the value of Sgeco,. The formation
rate and morphology of the corrosion film and its protection on the steel corrosion rate can
be different for different values of Sreco,. For the rapid formation of FeCOj film on the
steel in bulk solution, a high temperature, e.g., 80 °C or higher, is necessary. However, for
the thin water film conditions, FeCOj film can be formed more quickly [33,34] as FeCOs3
has a higher formation rate for the same supersaturation level. Equation (5) [35] was used
to represent the formation rate (Ry) of FeCO3, which is a function of the activation energy,
the surface area-to-volume ratio (S/V), Ksp, and Sreco, (FeCOj3 film can form only when
SreCo, is larger than 1). Due to the small volume of thin water film, S/V for a thin water
film condition could be much higher than that for the bulk water solution.

Rp = ¢ T 2K (Speco, — 1) 5)
p_e V sp FECO3

where A and B are constants, R is the gas constant, and T} is the temperature.

Once formed, FeCOj3 could be destroyed by mechanical forces and/or chemical dis-
solution [36,37]. Many discussions have been about whether water flow can destroy the
corrosion film. Corrosion film may be locally removed by micro-turbulence, by which
localized corrosion would then be initiated [38]. However, Li et al. [39] showed that even
for the slug flow, the highest measured values were the orders of 100 Pa (the maximum
wall shear stress value was about 2 to 4 times higher than the mean wall shear stress),
which is insufficient to damage the protective FeCOs3 film mechanically. Han et al. [38]
believed that the chemical “grey zone”, in which the electrode surface area maintains a
state that is neither highly supersaturated nor undersaturated, is essential for the localized
corrosion to propagate. Singer [33] stated that the condensation rate could control the
corrosion and the overall aggressiveness of the environment by resulting in fluctuation in
the water chemistry, during which the corrosion product formation rate and continuity
are affected. The alternation of gas and liquid flow will also lead to a state similar to the
water condensation process [40]. As a result, the water chemistry in the vicinity of the steel
surface could be significantly affected, thus affecting the FeCOj3 film on the steel surface.

4.2. Effect of Flow Velocity

Under steady flow conditions, there exists a diffusion sublayer [29], the thickness of
which is inversely proportional to flow velocity and could be the main factor affecting the
mass transfer rate. A thinner diffusion sublayer benefits the fast mass transfer and thus a
high cathodic reaction rate. As a result, the corrosion rate at high flow velocities is higher
than that at smaller flow velocities, which is the reason for the experimental result seen
in Figure 7. Moreover, a high flow velocity is also associated with a higher mass transfer
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rate and wall shear stress, which is adverse to the rapid formation of compact FeCOj film.
By comparing Figures 8 and 9 at the full emersion condition (gas-liquid ratio of 0:1), it is
apparent that less and porous corrosion film is seen for high flow velocity conditions. For
the gas-liquid intermittent flow with a gas-liquid ratio of 5:1, the corrosion rate of X70 steel
follows the same trend for the gas-liquid ratio of 0:1 on the whole; i.e., the corrosion rate
increases with the increasing liquid flow velocity. Nevertheless, the corrosion rate decreases
when the liquid flow velocity continually increases to 2 m/s. For this phenomenon, the
effect of intermittent flow should be considered.

A correlation analysis was made by which the Spearman correlation coefficient be-
tween Rt and flow parameters was determined, using the package scikit-learn (Version
1.2.0) with Python, as shown in Table 3. It shows that Rt negatively correlates with the flow
velocity and the gas-liquid ratio. Based on each correlation coefficient’s absolute value,
flow velocity has a more profound effect on the Rt and the steel corrosion rate than the
gas-liquid ratio.

Table 3. Correlation coefficient between Rt and flow parameters.

Rct
Flow velocity —0.779
Gas-liquid ratio —0.357

4.3. Effect of Gas—Liquid Ratio

In this work, the gas-liquid ratio was arbitrarily used to quantitively describe the state
of the gas-liquid intermittent flow. The flow regime affects the CO, corrosion behavior of
the X70 steel. Furthermore, this flow regime can be separated into two stages, i.e., bulk
water solution flow and gas flow. For the flow of bulk water solution, the steel surface is
fully immersed in the solution. A thin water film exists on the steel surface when gas flows
in the pipe. As indicated in previous studies, in terms of mass transfer [19,21] and water
chemistry [41], corrosion behavior in the water film can be very different from that in the
bulk flow. Undoubtedly, the alternation between bulk water and thin water film leads to
more complex corrosion that is different from the corrosion in a single flow condition.

As shown in Figure 2, the gas-liquid ratio could affect the cathodic and/or anodic
reactions depending on the flow velocity. The enhanced cathodic reaction rate is associated
with the enhanced mass transfer of reactive species, i.e., H" and HyCOj3. The thin water
film at the steel surface and the stirring effect during the alternation between bulk water
flow and gas flow could contribute to the enhanced mass transfer. At the low flow velocity,
due to the formation of Fe;C and FeCOj3 on the steel surface [11], the local anodic reaction
rate was accelerated due to the galvanic effect [42]. Additionally, this galvanic effect may
also be responsible for pits on the steel surface. At the high flow velocity, the enhanced
mass transfer and high wall shear stress hinder the formation of FeCOj scale and remove
the isolated Fe;C on the steel surface, so the corrosion products are less on the steel surface.
The corrosion rate is always very high, with fresh substrate directly exposed to the corrosive
solution. Nonetheless, at high gas-liquid ratios, FeCO3 could also form at the local area of
the steel surface, providing some protection to the steel and reducing the corrosion rate at
the high flow velocity.

Due to the alternation of bulk water and thin water film, except for the varied wall
shear stress and mass transfer, water chemistry in the vicinity of the steel surface is also
considerably influenced. For the thin water film condition, FeCOj3 can get saturated more
quickly due to the high anodic dissolution rate and small volume of solution, promoting
the growth of FeCOj scale on the steel surface. When the thin water film condition is
changed to the bulk water solution condition, the ion concentration will be diluted, and the
formed FeCOj scale could be dissolved with a small FeCOj3 supersaturation. Thus, growth
and dissolution of FeCOj are repeated during the gas-liquid intermittent flow, FeCO3 only
forms at the local area of the steel surface. As a result, the area formed with FeCOj; is
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protected, while the other area with no FeCO3 can experience an enhanced corrosion rate
resulting from the galvanic effect between the two areas.

5. Conclusions

With the self-designed and -assembled testing device, CO, corrosion of X70 pipeline
steel in the simulated typical gas-liquid intermittent flow was studied with electrochemical
tests and corrosion morphology observations. The conclusions were drawn as follows:

(1) The flow velocity has a more profound effect on the corrosion rate than the gas-liquid
ratio. Overall, the corrosion rate of X70 pipeline steel increases with the flow velocity,
with the highest gas-liquid ratio (i.e., 5:1) studied in this work as an exception.

(2) The effect of gas-liquid ratio on the corrosion rate of X70 pipeline steel depends on
the flow velocity. At a low flow velocity, the corrosion rate always increases with
the gas-liquid ratio, as both the anodic and cathodic reaction rates are enhanced at
higher gas-liquid ratios. At a high flow velocity, the corrosion rate appears to slightly
decrease with the gas-liquid ratio on the whole, and the smallest corrosion rate is
seen with the gas-liquid ratio of 1:1.

(3) An intermittent flow with a high gas-liquid ratio promotes localized corrosion, re-
gardless of the flow velocity.

(4) The intermittent flow with high gas-liquid ratios promotes the non-uniform formation
of FeCOs scale on the steel surface. The Galvanic series, once formed between the
surface with compact FeCQOj scale and the bare steel substrate, stimulates the anodic
reaction rate on the steel surface and leads to localized corrosion.
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