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Abstract:

The effect of flow on corrosion behaviour of carbon steel under intermittent
oil/water wetting was investigated by a newly-modified “alternate wetting cell”,
combining with the use of potentiostatic polarisation, in-situ visualisation,
contact angle measurements and scanning electron microscopy (SEM). The
oil/water wetting time was determined by the formation of a thin oil/water film
on the electrode surface after the transition of immersion state. A short alternate
oil/water immersion period and low flow velocity can increase the ratio (oil to
water wetting time) and efficiently mitigate the corrosion, proposing a logistic
regression tendency between corrosion mitigation efficiency and oil/water
wetting time.

Keywords: Carbon steel, CO; corrosion, Current-time curve, Wetting hysteresis

1. Introduction

In the oil and gas industry, the cost of corrosion of downhole strings and
transportation pipelines is significant and involves the replacement of
construction materials, downtime, and potential environmental pollution [1, 2].
To better understand and control corrosion of the materials exposed to multiphase
oil/water corrosive media, significant research [3-15] has been conducted, it has
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reported that the presence of oil can reduce the corrosion rate of steel via forming
a protective oil film on the surface, acting as a barrier to restrict the corrosive
species pathway. Other mechanisms for mitigating against corrosion include
soluble chemical portioning [13-14] and water entrainment [4-12, 15].

The cut (or fraction) of water within the flow strongly influences the degree of
corrosion. At water cuts below 50%, the formation of the water-in-oil emulsion
is typical, which substantially mitigates corrosion due to the low conductivity of
the continuous oil phase [16]. The corrosion morphology of steel under such
circumstances can exist in the form of localised corrosion [4, 8-9, 14-15], which
implies that a small amount of water can wet the steel surface and initiate the
corrosion locally. When the water cut increases up to 90% and water becomes the
continuous phase, the corrosion rate greatly increases and mesa-type localized
corrosion occurs on the steel surface [4, 10-11, 14-15]. The observed grinding
marks after corrosion tests illustrate that the oil droplets/films locally covered the
steel surface and greatly prevent corrosion [10-11]. The wetting of the steel
surface in the multiphase oil/water flow is complicated and significantly
influences corrosion behaviour.

Previous research [4, 10] has identified the critical water cut of 50% based on the
measurement of corrosion rate in the oil/water emulsion, but there is a need to
further understand the complex effect of wetting behaviour on corrosion. The
type of oil/water emulsion is determined by the liquid-liquid (oil-water)
interaction, however, wetting behaviour depends on liquid-liquid-solid (oil-
water-steel) interaction [3]. It is suggested that the corrosion behaviour of carbon
steel exposed to the multiphase oil/water flow is determined by various wetting
factors. The wetting state within a transportation pipeline mainly consists of three
types: oil-wetting, water-wetting and intermittent oil/water wetting [17-20].
Intermittent wetting is a common wetting state which occurs within the pipelines
and this depends on the exact flow pattern within the pipe. For example, the
pipeline surface near the oil/water interface with the wavy stratified oil/water
flow is alternate oil/water wetting [21]. However, for the oil/water slug flow, the
top side of the pipeline is intermittently wetted [22]. With a water-in-oil emulsion,
the bottom of the pipeline is alternately wetted by the water droplet or globule
[17-20].

Key studies [19, 21, 23-25] have given a good insight into the corrosion of carbon
steel under intermittent wetting. Nesic et al. [23] devised a horizontal rotating
cylinder (HRC) for studying the effect of water wetting on corrosion of carbon
steel in a multiphase oil/water system. Their immersed cylinder sample was half
in the hexane and the other half was in the water. Therefore, when the cylinder
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began to rotate, the steel surface was cyclically wetted by water and oil. The HRC
was used by Tang [19] to investigate the combined effect of dynamic wetting and
surface roughness on the corrosion of mild steel. The experimental results show
that the contact angle under the static condition can not reflect the real wetting
state of the surface. Schmitt et al. [21] simulated intermittent oil/water wetting by
moving test sample up and down in a stagnant and stratified oil/water solution, in
order to investigate the effect of corrosion inhibitor on pitting near the wavy
oil/water boundary region of the pipeline. They found that the increase in the
frequency of the wetting cycles accelerated localised corrosion in the oil/water
interface. Additionally, Babic [24] tested the rotating cylinder electrode (RCE) in
a stratified oil/water solution, which achieved the intermittent wetting of the RCE
sample. They investigated the effect of pre-corroded surface, implying that the
application of RCE is beneficial to record and observe fluidic behaviour. In
addition to the above research, Wang et al [25] systematically investigated the
corrosion behaviour of carbon steel under alternate oil/water wetting processes.
The new “alternate slug model” based on the analysis of experimental observation
[26] of pressure variation in an oil/water flow was put forward. Based on the
model, an “alternate wetting cell” was developed, which consisted of a rotating
disk electrode (RDE), piston, two connected containers and motor. When the
piston moved up and down in one container, the height of the oil/water interface
was adjusted in the other container. Consequently, a controllable intermittent
wetting of the electrode can be achieved. Then the potentiostatic polarization
method was applied, and the results show that the low flow velocity or the
increase in the frequency of alternate wetting contributed to corrosion mitigation.
However, the flow distribution on the surface of the RDE sample increases with
the radius, resulting in the influence of the wetting distribution as well as localised
corrosion on the surface of the sample during intermittent oil/water wetting which
needs further investigation.

During the process of dynamic wetting, wetting hysteresis is a common fluidic
behaviour, which is caused by the small defects of solid surface, that is, the
contact angle obtained by the advancing meniscus over the substrate is larger than
the contact angle for a meniscus that has been receding [28]. Refer to the literature,
the effect of wetting hysteresis on the corrosion behaviour during intermittent
oil/water wetting phenomenon has not been studied in previous research.

Therefore, a simple and newly modified apparatus to simulate intermittent
oil/water wetting, based on Wang’s [25] design of the “alternate wetting cell” was
developed. Compared with the previous rigs [23, 25], the use of RCE in this
current work not only contributing to characterise the peripheral velocity during
the intermittent oil/water wetting but also accurately recorded fluidic behaviour
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at the electrode surface. Furthermore, the potentistatic polarization method was
applied to measure the corrosion behaviour of carbon steel under intermittent
oil/water wetting. During the intermittent wetting process, a camera and KSV-
200 contact angle meter was used to record fluidic behaviour at the material
surface. The current study revealed a synergic effect of flow velocity and alternate
immersion period on the corrosion behaviour, indicating a relationship between
wetting hysteresis and the lifetime of water/oil film at various flow velocities on
the corrosion behaviour, with a combination of statistical analysis of current-time
curve, recordings of fluidic behaviour and SEM images of the corrosion
morphology.

2. Experimental procedure
2.1. Experimental design concept

The intermittent wetting occurs within the pipeline under various flow patterns,
the simplified oil or water slug intermittently contacts with the pipeline surface is
provided in Figure 1. As shown in Figure 1(a), the wetting state of the test point
(red) can be theoretically changed with the alternate switch between oil
immersion and water immersion [29-30]. During this switching process between
oil slug (L,) and water slug (L,,), there exists wetting hysteresis at the test point,
due to the dynamic contact angle at the interface between the fluid and the wall
with a large contact line velocity v. Therefore, the actual wetting time of the test
point can be varied, which is shown in Figure 1(b). In order to better understand
the difference, t, and ¢, are separately defined as immersion period of oil slug and
water slug, whereas ¢,, and #,,, represent the actual wetting times in oil and water,
respectively. This immersion period is a controllable independent variable, but
the actual wetting time is a measured dependent variable, which can be described
through the implementation of potentiostatic polarisation which is an
electrochemical method.

LlW L0

L,: Length of oil slug
L,,: Length of water slug
v: Contact line velocity

Test point

(a)
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Figure 1. An illustration of “alternate oil/water slug model” [25]: (a) a schematic of a
simplified oil/water slug model, (b) the actual wetting behaviour on the surface. The black
solid line represents the contact line position assuming no hysteresis, and the red dash line

represents the actual contact line.

2.2. Material and solution preparation

The chemical composition of the carbon steel specimen is shown in Table 1. X65
carbon steel specimens were machined into the cylinder with an outer diameter
of 12 mm and a height of 10 mm, which could be mounted to the shaft of the RCE
(Figure 2). The RCE electrode was wet-ground up to 600 grit finish using silicon
carbide paper, followed by rinsing with acetone and distilled water and drying
gently with compressed air.

Table 1: Elemental composition of X65 steel (wt.%).

C P Si Cr Mn Ni S Mo
0.12 0.008 0.18 0.11 1.27 0.07 0.002 0.17
Cu B Sn Ti Al Nb \Y% Fe

0.12 0.0005 0.008 0.001 0.022 0.054 0.057 Balance

A mineral oil ( viscosity = 14.71 mPa - s at 25 °C) instead of crude oil was
used within the current study due to the composition of crude oil which can
complicate the corrosion processes at the steel surface. Besides, CO,-saturated 1
wt. % NaCl was used which agrees with the previous intermittent wetting study
conducted by the Institute for Corrosion and Multiphase Technology (ICMT) in
Ohio University [17-20]. In order to deoxygenate the oil and solution, both
mediums were bubbled with CO, gas for more than 12h in advance, as well as
during the entire experiment.

Based on the “alternate oil/water slug” model, an experimental rig that simulates
the intermittent oil/water wetting was designed and can be referred to as an
“alternate wetting cell”. As shown in Figure 2, the whole system mainly consisted
of a rotating cylinder electrode (RCE), a digital gear pump, two hotplates and two
glass beakers (Beakerl was 500 mL, Beaker2 was 1000 mL). Beakerl is used for
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the in-situ electrochemical measurements during the intermittent oil/water
wetting, and Beaker2 contains CO;-saturated solutions. The brine in two beakers
was connected by a gear pump and associated tubes. The experimental procedure
was designed carefully, firstly, 250 mL CO»-saturated solution was added into
Beakerl, then 100 mL oil was gently injected, which allowed the electrode to be
fully immersed in the oil phase. Under the control of Labview, the use of a gear
pump transferred the water phase from one beaker to the other, which enabled the
RCE electrode to be intermittently immersed in oil or water. More technical
details involving apparatus and Labview parameters are provided in Part 1-2 of
the Appendix.

In the present study, the oil immersion period was the same as the water
immersion period, and 5, 10 and 60 s were selected, according to the measurement
of oil/water flow in the pipe [22, 31].

For the dynamic conditions, the rotating speeds of the RCE, 0, 500, 1000 and
1500 rpm were considered, which represents flow velocity of 0, 0.275, 0.597 and
0.971 m/s in a 0.1 m-inside-diameter pipe [17-20, 32] (For details, please see in
Part 3 of the Appendix). At the static condition, it is convenient to record fluidic
behaviour on the surface of the electrode, which contributes to understanding
corrosion characterisation of carbon steel under intermittent wetting. The results
under the static condition are compared with that of dynamic conditions. All the
experiments were conducted at 25°C and each test was repeated at least 3 times.

Rotating Cylinder Electrs Working Electrode

Reference and Countex

X Pum
Gas Bubbler | g B
gy P
K _~" Gas Bubbler
Beaker l\. . . -
TR . " Beaker2
Support Frame pS // y
\‘\ A X 7 P
Hotplatel i ~ " Hotplate2

Figure 2. Schematic of “Alternate wetting cell”.
2.3 Electrochemistry measurements

As shown in Figure 2, a standard three-electrode cell was used in this study, which
consisted of an RCE electrode made of carbon steel (working electrode, WE), a
saturated Ag/AgCl electrode (reference electrode, RE) and a platinum electrode
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(counter electrode, CE). The RE and CE were immersed in the CO;-saturated
solution during the intermittent wetting processes.

As for the electrochemical methods, open circuit potential (OCP) of the RCE
electrode in the CO,-saturated brine was firstly measured for at least 10 mins until
it became stable. Then the potentiostatic polarization method was used to measure
the current of WE for 240 min under intermittent oil/water wetting. The applied
potential was at + 10 mV vs. OCP, which allows a current to be monitored without
greatly damaging the steel surface. In order to precisely measure the time of oil
or water wetting, sampling time was set at 0.1s. The electrochemical
measurement was conducted using an Ivium-n-stat.

2.3.1 Link the current-time curve to the wetting behaviour

To process the current-time curves obtained by the potentostatic method, the
numerical fitting with the equivalent circuit was analysed from EIS data (AC
excitation amplitude of 10 mV and frequency range from 10 KHz to 0.1 Hz)
where the RCE electrode is immersed in water or oil (Figure 3a). The equivalent
circuit that fitted the impedance curve consists of solution resistance (Rs), charge
transfer resistance (R.;) and double layer capacity (Cq). The equivalent circuit can
be regarded as a circuit with a switch under a constant potential (+10 mV vs.
OCP).

According to the proposed circuit, the fundamental unit of current-time curves
can be easily understood. As shown in Figure 3(b), when the sample is wetted by
an oil slug, the current is 0 mA. However, when the sample changed from oil
wetting to water wetting, the current surges to a peak then drops to a steady-state.
Such current behaviour is a result of the charging process of the double layer of
the sample in the CO,-saturated solution. A positive current not only represents
water wetting but also reflects the corrosion process of the electrode. However, it
should be noted that the peak current is a non-Faradic current, which does not
involve any chemical reaction [25].
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Figure 3. Analysis of fundamental unit of the current-time curve. (a) EIS of

RCE electrode immersed in the water slug and circuit model represents the
whole system during the oil-water transition, (b) a current-time curve during the
oil-water transition. Shadow area represents oil immersion state, the blank area
represents water immersion state.

2.4 Surface analysis

SEM images of the sample surface after the experiment were acquired using a
Carl Zeiss EVO MA15 scanning electron microscope (SEM), where a 20 keV
accelerating voltage were used. A camera was used to record the fluidic behaviour
of the RCE electrode. A KSV CAM 200 contact angle meter was also applied to
record the wetting behaviour of the RCE electrode under static conditions, which
was alternately immersed in an oil/water slug in a transparent plexiglass box.

2.5 Statistical analysis of the current-time curve

In order to quantitatively study the corrosion behaviour of carbon steel under
intermittent wetting phenomenon, three metrics were applied. The proposed
dissolution mitigation efficiency (DME, #) was used in the present paper. As
shown by Eq. (1), DME was introduced to reflect the mitigation of anodic current
in the intermittent oil/water wetting phenomenon compared to its corresponding
one in the aqueous solution [33].

(1= O N o0n |
n - tl—oto foto Io(t) 0 ( )

t

where 1y is the time when the intermittent wetting began, ¢, is the time at the end
of the whole electrochemical test, Iy(?) is the measured anodic current of an
electrode immersed in the solution at initial 60s, and I(z) represent the anodic
current measured under intermittent wetting. The measured peak current was
replaced by the average current for the same immersion period because that
reflects non-Faradic current instead of anodic dissolution of the electrode.

The extent of corrosion mitigation is dependent on the wetting state of the
electrode during the intermittent wetting process. Therefore, the ratio between oil
wetting time and water wetting time (6) was calculated below:

_ _toil 2)

twater

where t,; is the sum of time when the current is 0 mA during the whole process
of intermittent wetting, and t,,,;., represents the sum of time when the current
1s above 0 mA. If there is no wetting hysteresis, the ratio is 1. According to the
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recording of fluidic behaviour of the RCE electrode (Figure 5 and Videol-7 of
the Appendix), wetting hysteresis under intermittent oil/water wetting is caused
by the existence of the oil or water film after the transition between different
immersion states. The lifetime of the liquid film plays an important role in the
wetting state of the electrode, which consequently influences corrosion behaviour.
Therefore, the lifetime of the liquid film will be analysed through Eq. (3) and (4):

Lifetime of oil film =

to/w — tn When current becomes positive during nt" water immersion period
t, when current keeps 0 during n'" water immersion period

3)
Lifetime of water film =
tw/o — tn When current becomes 0 during nt" oil immersion period
{ t, when current keeps positive during n'* oil immersion period
(4)

where t,/,, represents the time when the current becomes positive from 0 mA,
tw/o represents the time when current drops to O mA from the positive one
(Figure 1(b)), t,, is the start time of the n oil or water immersion period, t,
and t,, separately represents oil immersion and water immersion period. The

above data analysis method was conducted by combination analysis of Excel and
MATLAB.

3. Results
3.1. Validation of the testing rig

The electrochemical potentiostatic polarisation data of the RCE test in the CO,-
saturated solution under different rotating speeds were measured. Figure 4(a)
indicates that the current of the sample immersed in the CO,-saturated solution
was about 220 uA for 240 mins under the static condition. As shown in Figure
4(b), the steady current-time curves were also observed at various rotating speeds,
the currents have no significant influence at various rotating speeds, which is in
good agreement with previous research [25, 34]. The steady-state OCP of the
electrode under the static condition was -0.675 V (vs Ag/AgCl) at 25°C. As the
increase in the rotating speed, the OCP values rise to the ranges between -0.655
V and -0.660 V.
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Figure 4. Current-time curves of the RCE electrode immersed in the CO»-
saturated solution. (a) the current-time curve at O rpm, (b) average current and
OCP of RCE electrode at different rotating speeds.

Figure 5 indicates the typical current-time segments of carbon steel exposed to
alternate oil/water wetting. As shown in Figure 5(a), the characteristic of the
current-time curve was an instant on-off mode, more specifically, when the
sample changed from water immersion to oil immersion, the currents sharply
dropped to 0 mA. Under the contrary transition from oil immersion to water
immersion, resulting in the current instantly risng. The above current-time curve
indicates that the wetting state of the sample changes with the transition of
immersion state. Based on visual observations obtained by the camera, the water
wetting sample was covered by oil droplets of various sizes (Photo 1 of Figure
5(a)), leading to a small reduction of anodic current. More details can be observed
in Video 1 in Part4 of the Appendix.

As shown in Figure 5(b), the sample changed from oil immersion to water
immersion at the 4" minute, the current remained 0 mA for 10 s, suddenly
increased to the peak and then dropped to the steady-state. It is interesting to note
that the current was measured at 0 mA for the whole alternate immersion period
(60s) at the 6" minute. The recording of fluidic behaviour at the sample surface
after the transition helps to interpret current behaviour. As shown in Photo 2 of
Figure 5(b) and Video 2 in Part 4 of the Appendix, though the sample was
immersed in the CO;-saturated solution after the transition, the sample was still
fully covered by a thin oil film, which prevented the corrosion of the surface.
Therefore, the oil wetting time was thereby extended. However, due to the surface
tension and molecular forces in the oil/water/steel three-phase system [35], the
oil film ruptured, and the sample instantly contacted with the CO,-saturated
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solution, which switched on the circuit, causing the current to immediately
become positive.

The measured current was extended after the transition from water immersion to
oil immersion as shown in Figure 5(c), the current dropped to 0.02 mA instead of
0 mA after the 70s. Observation of the fluid during the transition process (Photo
2 of Figure 5(c) and Video 4 in Part4 of the Appendix) shows the remaining water
film formed on the sample surface still allowed current flow. The results reveal a
strong correlation between the measured current and wetting state of electrode
surface using the present rig, which helps to understand the corrosion behaviour
of the sample.\
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Figure 5. Typical transient current-time segment and recording of fluidic
behaviour of RCE electrode at O rpm in oil/water alternate wetting of different
alternate immersion period. (a) Instant on-off mode at 60s, (b) On-off mode
with hysteresis caused by an oil film at 60s, (c) on-off mode with hysteresis
caused by water film at 10s.

3.2 Current-time curves of X65 carbon steel under different rotation speeds
and alternate immersion periods

Figure 6 shows the typical current-time curves of the RCE electrode for alternate
oil/water immersion under the static condition and various alternate immersion
periods. As shown in Figure 6(a-c), the current-time curve obtained by 240 min
potentiostatic polarisation can be explained by the frequency of current spikes.
The spikes indicate that the measured current is larger than 0 mA, suggesting that
the sample was in a water wetting state, otherwise, the measured current is 0 mA,
which means that the sample surface was covered by an oil slug or film.
Compared with the current-time curves under an alternate immersion period of
60 s, the frequency of current spikes was smaller under the immersion period of
Ss and 10s, suggesting that the surface of the RCE electrode was easier to be
covered by the oil film under a short alternate immersion period. The above
observation is consistent with the magnified view (Part 5 of the Appendix) of the
current-time curves at different time.
h ||\ w
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Figure 6. Typical current-time curves of the RCE electrode at the static

condition in alternate oil/water slug with the alternate wetting periods of (a) Ss,
(b) 10s, (c) 60s.

The current-time curves of the RCE sample at 500 rpm are shown in Figure 7.
The characteristic of current-time curves at 500 rpm indicates a similar trend to
that at the static state (Figure 6), suggesting that the low rotating speed has little
influence on the wetting behaviour.

When the rotating speed was increased to 1000 rpm, the frequency of current
spikes dramatically increased (Figure 8). It can be seen that no evident 0 mA
current segments existed under the intermittent oil/water wetting with alternate
immersion periods of 10 s and 60 s (Figure 8(b-c)). However, when the
immersion period was dropped to 5s, 0 mA current areas appeared again (Figure
8(a)). The phenomenon implied that the rotating speed of 1000 rpm was high
enough to change the wetting behaviour at the surface of the RCE electrode.
However, a short alternate immersion period plays an important role in the
wetting state of the sample during the alternate oil/water wetting process. With
further increase of the rotating speed to 1500 rpm, there was no area of 0 mA
current under the alternate wetting periods of not only 10s and 60s but also 5s
(Figure 9). Even though the RCE electrode was immersed in an oil phase, the
current was still above O mA. For more details of current-time curves, please see
Part 5 of the Appendix, which shows the magnified view.
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Figure 7. Typical current-time curves of the RCE electrode at 500rpm in alternate oil/water
slug with the alternate wetting periods of (a) Ss, (b) 10s, (c) 60s.
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Figure 8. Typical current-time curves of the RCE electrode at 1000 rpm in the alternate
oil/water slug with the immersion periods of (a) 5s, (b) 10s, (c) 60s.
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Figure 9. Typical current-time curves of the RCE electrode at 1500rpm in the alternate
oil/water slug with the immersion periods of (a) 5s, (b) 10s, (c) 60s.

3.3. Corrosion morphology of X65 carbon steel under alternate oil/water
wetting phenomena

Figure 10 indicates the SEM images of surface morphology on the surface of the
RCE sample after 240 mins immersion in the CO,-saturated solution (Figure
10(a)) and CO;-saturated oil phase (Figure 10(b)) under the static conditions. The
surface of the RCE electrode immersed in the CO,-saturated solution was
corroded after 240 mins (Figure 10(a)). However, as for the morphology of the
electrode immersed in a CO,-saturated oil phase, no corrosion was observed, and
the grinding marks still appeared on the surface after 240 mins of exposure
(Figure 10(b)).

(a) (b)

Figure 10. Top-view SEM images of RCE electrode at Orpm after 240 mins immersion test in
the individual solution. (a) The CO;-saturated aqueous solution, (b) CO»-saturated oil.

Figure 11 shows the SEM images of surface morphology on the RCE sample
surface under alternate oil and water immersions at various rotating speeds with
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the same alternate immersion period (10s). When the rotating speed was 500 rpm,
the grinding marks were still visible on the surface (Figure 11(a)). The grinding
marks became less apparent with the increase of rotating speed to 1000 rpm
(Figure 11(b)). With further increase of rotating speed to 1500 rpm, polishing
marks were disappeared, and the surface of the electrode suffered severe
corrosion attack (Figure 11(c)). It is interesting to note that less corroded areas
were observed randomly on the surface. Tying in with the earlier observation of
fluidic behaviour of sample during intermittent wetting (Figure 5), this suggests
that localised retained oil droplet can exist for a long time under turbulent
condition.

Mag= 600X WD=80mm  2000kV SE1 @
Width =801.7 pm —

(a)

Y N e L
wanenm

(©)

Figure 11. Top-view SEM images of RCE electrode at different rotating speed in the
intermittent oil/water slug with the immersion periods of 10s (a) 500 rpm, (b) 1000 rpm, (c)

1500 rpm.

4. Discussion

4.1 A combined effect of flow velocity and alternate immersion period on the
corrosion behaviour of carbon steel under alternate oil and water processes
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Figure 12(a) shows a DME (Eq.1) comparison of the RCE electrode at different
rotating speeds and alternate immersion periods. The higher DME represents
more efficient corrosion mitigation. Under alternate oil/water wetting at the
immersion period of 5s, the calculated DME at the static state was 98.7%,
indicating that corrosion was significantly mitigated by the protective oil film on
the surface. With the increase of rotating speed to 500, 1000 and 1500 rpm, DME
sequentially reduced to 93.2%, 70.0% and 55.1% respectively, suggesting that
the increase of flow velocity leads to more severe corrosion. When the alternate
oil/water immersion period increased to 10s, DME at the static condition and
1500 rpm slightly dropped to 89.3% and 48.7% respectively and the DME at 1000
rpm dramatically reduced to 58%, suggesting that the lifetime of oil film on the
surface becomes shorter as the increase in the flow speeds and resulting in a high
corrosion rate. It should be noted that DME at 500, 1000 and 1500 rpm is
consistent with corrosion morphology (Figure 11).

Besides, with the further increase of the alternate oil/water wetting period to 60s,
DME at the static condition and 500 rpm dropped to 60%, and DME at 1000 and
1500rpm remained at 50%. The results indicate that the corrosion behaviour of
carbon steel under alternate oil/water wetting processes is determined by the
combined effect of rotating speeds and alternate oil/water immersion periods. A
low rotating speed, resulting in the efficiently mitigated corrosion under a short
alternate oil/water wetting period, such as 5s. However, when the rotating speed
is high (1500 rpm), the corrosion mitigation efficiency under different immersion
periods is similar.

Figure 12(b) illustrates the ratio between oil wetting time and water wetting time
(8, Eq.2) under different rotating speeds and immersion periods, which reflects
the wetting state of the electrode under the intermittent oil/water wetting. When
the alternate oil/water immersion period was 5s, 6 of 23.48 was calculated at the
static condition, which was larger than that of 6 at other rotating speeds. The
values of 8 at 500 and 1000 rpm were bigger than 1, indicating that the oil
wetting time was larger than the water wetting time. On the contrary, 6 at 1500
rpm was 0.98, suggesting that the high corrosion rate is attributed to the long
water wetting time.

With the increase of the alternate oil/water immersion period to 10s, 8 at 500
rpm increased to 21.43, however, 6 at the static condition and 1000 rpm
decreased to 5.9 and 1.3 respectively. When the alternate oil/water immersion
period further increased to 60s, 6 at different rotating speeds were close to 1.
Figure 12(c) shows a correlation between DME and 6 obtained in the present
research, which was established by using logistic regression analysis [36]. The
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calculated R-square number was 0.908, suggesting a strong correlation between
corrosion behaviour and the wetting state of the electrode in intermittent wetting.
When 6 was located in the region from O to 8, the DME significantly increased
to about 100% with the rise of 8. When 6 was above 8, the DME slightly
approached 100%.

According to the histogram of the oil or water film lifetime (Part 6 in Appendix),
the increase in the rotating speed or extension of the alternate oil/water immersion
period, resulted in the decrease of the lifetime of the oil film formed on the surface,
which consequently reduces the DME and 6. Therefore, the corrosion behaviour
under the long-term intermittent oil/water wetting phenomenon is determined by
the lifetime of oil/water film after each transition of the immersion state.
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Figure 12. Statistical data of RCE electrode under alternate oil/water wetting with different
flow conditions. (a) DME as a function of the alternate oil/water wetting period and rotating
speed, (b) ratio between oil wetting time and water wetting time () as a function of alternate
oil/water wetting period and rotating speed, (c) correlation between DME and 6 obtained at

all flow condition.
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4.2 Wetting hysteresis under alternate oil/water wetting processes

Figure 13 shows the oil/water interface around a static RCE electrode under
intermittent wetting. Firstly, the concave meniscus of the oil/water interface
under the equilibrium state indicates that carbon steel was hydrophilic at the static
state (Figure 13(a)). With the rise of the oil/water interface, the meniscus shape
has changed to convex with the increase of contact angle (Figure 13(b)), which
leads to the entrainment of oil in the water slug (Figure 13(d), Video7 in Part4 of
the Appendix). On the contrary, when the oil/water interface dropped, the
meniscus shape became convex and more water was trapped in the meniscus
(Figure 13(c)). According to previous research [35, 37-41], the observed thin film
1s called Landau-Levich film, which is formed under a large contact line velocity.
The contact line velocity in the present experiment is 8 mm/s, which is smaller
than near-wall flow velocity in an oilfield pipeline [42-43]. Therefore, it is
reasonable to propose that the thin-film exists in the inner surface of the pipe.

Champougny’s research [35] found that the lifetime of thin-film is proportional
to the critical thickness of the film, and the thickness of oil/water film increases

with Capillary number (Ca = %) [41]. In the present paper, contact line velocity

V and surface tension between oil and water y are constant, the viscosity of
water or oil is different. Therefore, the large viscosity of oil leads to a longer
lifetime of oil film on the surface as well as the oil wetting time under intermittent
oil/water wetting. Besides, when the rotating speed increases, high shear stress
lead to a thinner oil film thickness and results in the reduction of the lifetime of
the protective oil film formed on the surface.

Besides, when the sample was pre-wetted by the oil film, the meniscus of the
oil/water interface became convex at the equilibrium state (Figure 13(e)). The
pre-wetted oil film caused the receding contact angle larger than that of without
pre-wetted oil film (Figure 13(f), Video7 of the Appendix), suggesting a pre-
wetted oil film renders the surface more oleophilic and promotes long lifetime of
the oil film during alternate wetting.

RCE

electrode

Imm
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Figure 13. Observation of meniscus shape near a static RCE electrode at
different flow state. (a) equilibrium state, (b) rise of oil/water interface, (c) drop
of oil/water interface, (d) after transitioning from oil immersion to water
immersion, (e) equilibrium state when electrode pre-wetted by an oil film, (f)
drop of oil/water interface when electrode pre-wetted by an oil film.

4.3 Corrosion characterisation of carbon steel under intermittent oil/water
weltting

The statistical analysis as shown in Figure 12 indicates that the current-time
curves under various rotating speeds and immersion periods reflect the corrosion
behaviour of carbon steel. The corrosion mitigation efficiency indicates a
proportional correlation to the ratio between oil wetting time and water wetting
time. The observation of corrosion morphology (Figure 10) confirms that the
corrosion reactions are mainly contributed from the water film covered on the
surface during the intermittent wetting processes.

However, water wetting time on the surface is strongly affected by the wetting
hysteresis under intermittent oil/water wetting. According to the observation of
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fluidic behaviour, wetting hysteresis is attributed to the formation of thin
oil/water film on the surface during the transition between oil immersion and
water immersion. The present research shows that the alternate oil/water
immersion periods and flow velocities affect the lifetime of the water/oil films on
the surface. Besides, statistical data of the current-time curve of carbon steel
under alternate oil/water wetting processes with different immersion periods
(Figure S7 in Part 6 of the Appendix) shows that a short immersion period can
change the lifetime of the films on the surface. For example, the peak lifetime of
the oil film formed on the surface of the electrode under the static condition at an
alternate oil/water immersion period of 60s was in the ranges of 0-1s, compared
with that of the oil film for S5s at the period of 5s (Figure S7(a) in Part 6 of the
Appendix ).

A short alternate oil/water immersion period increases the lifetime of the oil film
due to the formation of the oil film is easier to coalesce with the bulk oil,
stabilising the oil film on the surface. The above hypothesis can be ascertained
by the current-time curves. When the alternate oil/water immersion periods are
10s and 60s, the peak lifetime of the oil film on the surface was calculated in the
ranges of 3-4s. With the reduction of the alternate oil/water wetting period to Ss,
the peak lifetime increased to 4-5s. However, when the rotating speed is too high,
the alternate oil/water immersion period doesn’t affect the lifetime of the thin-
film formed on the surface.

5. Conclusion

The corrosion behaviour of carbon steel under intermittent oil/water wetting at
different rotating speeds and alternate oil/water immersion periods were
systematically investigated by a new and simple “alternate wetting cell”.

1. Wetting hysteresis under intermittent wetting is caused by the formation of
thin oil/water film on the surface during the transition between oil immersion and
water immersion.

2. When the ratio () between oil wetting time and water wetting time was
smaller than 8, the DME significantly increased to about 100% with the rise of
6. When 6 was above 8, the DME slightly approached 100%.

3. The corrosion behaviour of carbon steel under intermittent wetting was
controlled by the lifetime of oil film, which is formed by the dynamic movement
of the contact line on the steel surface. The lifetime is dependent on the combined
effect of the rotating speeds and alternate oil/water immersion periods.

4. Compared with a low rotating speed (0 or 500 rpm), higher shear stress at
1000 and 1500 rpm leads to a shorter lifetime of oil film on the surface, which
therefore decreases corrosion mitigation efficiency.
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5. The observation of corrosion morphology suggests that small un-corroded
islands can exist, highlighting a local tenacity of oil film even under turbulent
intermittent oil/water wetting.
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