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Abstract:  15 

The effect of surface roughness on corrosion behaviour of carbon steel under 16 

intermittent oil/water wetting with different flow conditions was investigated by 17 

an “alternate wetting cell”, combining with potentiostatic polarisation, contact 18 

angle measurement, and computational fluidic dynamics (CFD) analysis. Under 19 

static flow conditions, the rough surface increased the oil film lifetime and 20 

consequently mitigated the corrosion as the oil film has good adhesion and acted 21 

as a blocking barrier. However, under dynamic flow conditions, the smooth 22 

surface of 6 Micron shows the longest oil film lifetime and highest corrosion 23 

mitigation efficiency, caused by small turbulence eddies and low shear stress. 24 

Keywords: Carbon steel, CO2 corrosion, Surface Roughness, CFD, Intermittent oil/water 25 

wetting 26 

1. Introduction 27 

In the oil and gas industry, the safe and efficient transportation of hydrocarbons 28 

via transmission pipelines is important to achieve the greatest value from the 29 

extraction of oil reservoirs [1]. To maximize flow efficiency and prolong life, the 30 

optimization design of pipelines has been widely implemented in the petroleum 31 

industry. Surface roughness is a vital design parameter that influences the flow 32 
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efficiency through the pressure and energy loss caused by friction [2]. In 33 

engineering, the optimized surface roughness is often determined by the Moody 34 

diagram, which relates friction factor to Reynolds number for different roughness 35 

under various flow conditions. Meanwhile, surface roughness also influences 36 

corrosion, a significant factor determining the working lifetime of pipelines. 37 

Therefore, investigating the effect of surface roughness on corrosion behaviour 38 

under various working conditions can contribute to a better design of pipelines. 39 

Under static or laminar flow conditions, a rough surface not only increased the 40 

general corrosion rate [3-8] but also accentuated the pitting corrosion [3-4]. 41 

Previous research has attributed the above phenomenon to the effect of surface 42 

roughness on surface electron work function (EWF), representing the minimum 43 

energy to remove an electron from the metal surface [3, 5, 8]. The average EWF 44 

of a rough surface was low, therefore, a high corrosion rate was recorded [3-6] 45 

and the corrosion inhibitor was hard to be adsorbed on the surface [7-8]. Besides, 46 

fluctuation of local EWF increased with surface roughness, promoting the 47 

formation of the microelectrode and inducing the pitting corrosion on the surface 48 

[3-5]. 49 

Under turbulent flow conditions, the corrosion rate increased with surface 50 

roughness due to the near-wall flow characteristics around steel surface [8-10]. 51 

In the near-wall flow, large turbulence eddies induced by the rough surface 52 

accelerating the mass transfer and corrosion process [11-12]. Besides, Evgeny et 53 

al. [8] pointed out that turbulent eddies in cavities of the rough surface could 54 

erode the inhibitor film and decrease its adsorption stability. The previous 55 

research [3-10] gave a good insight into the effect of surface roughness on 56 

corrosion behaviour in a single-phase flow, however, rare research has been 57 

conducted in an oil/water flow. 58 

Compared with water-wetting and oil-wetting states, the intermittent oil/water 59 

wetting state complicates the corrosion process of oil/water transmission 60 

pipelines [13-15]. Schmitt et al. [13] found that high-frequency wetting cycles 61 

accelerated the localized corrosion of carbon steel near the oil/water interface. 62 

Wang et al. [14] revealed that low flow velocity and high wetting frequency 63 

mitigated the general corrosion of carbon steel. Tang [15] pointed out that the 64 

static contact angle for the rough surface couldn’t accurately reflect the actual 65 

wettability of that under low-frequency dynamic wetting. Despite the above 66 

contribution to further understanding the corrosion behaviour of carbon steel 67 

under intermittent wetting, the effect of surface roughness under such working 68 

conditions was still unclear. Besides, the corrosion behaviour of carbon steel 69 

under intermittent oil/water wetting was found to be controlled by the lifetime of 70 
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the oil film formed on the surface, and a long lifetime or a stabilised oil film can 71 

reduce the corrosion rate via acting as a blocking barrier [16]. Surface tension, 72 

hydrodynamic condition, and intermolecular interaction play key roles on the 73 

stability of the oil film on steel surface [17-19]. Different surface roughness can 74 

change the surface tension and intermolecular interaction among oil/water/solid 75 

[20]. The investigation of the lifetime of the oil/water films on the surface at 76 

various surface conditions helps to reveal the stability of the films under 77 

intermittent oil/water wetting with different flow conditions. 78 

To fill the above knowledge gaps, the “alternate wetting cell” designed in our 79 

previous research [16] was applied. Based on the statistical analysis of current-80 

time curves measured by potentiostatic polarisation, the relationship between 81 

surface roughness and corrosion behaviour of carbon steel under intermittent 82 

oil/water wetting at different flow velocities and immersion periods was 83 

systematically studied, providing the fundamental insight to the engineer for the 84 

safe design and economic pipelines. Additionally, the lifetimes of the oil/water 85 

films for different surface conditions were also calculated via the measured 86 

current-time curves, the results were linked with equilibrium contact angle and 87 

CFD simulation. Finally, the formation and rupture mechanisms of the oil film 88 

under static and dynamic flow conditions were proposed, to interpret the 89 

corrosion behaviour of carbon steel under intermittent wetting. 90 

2. Experimental procedure 91 

2.1. Material and solution preparation 92 

Test specimens were machined from X65 carbon steel into the cylinder with an 93 

outer diameter of 12 mm and a height of 10 mm, which could be mounted to the 94 

shaft of the rotating cylinder electrode (RCE) (Figure 1). Table 1 shows the 95 

chemical composition of carbon steel. To obtain different surface roughness, the 96 

specimens were separately wet-grounded to 60/600 grit silicon carbide paper or 97 

abraded with a Kemet 6-micron diamond suspension, followed by rinsing with 98 

acetone and distilled water and drying gently with compressed air. To avoid 99 

surface oxidation, the experiment was immediately carried out after sample 100 

preparation. Besides, the above surface conditions were separately named as 60 101 

Grit, 600 Grit and 6 Micron in the following context. 102 

A mineral oil (viscosity=14.7 mPa∙s at 25 °C) and 1 wt. % NaCl solution was 103 

used in the present research. Both mediums were bubbled with CO2 gas for more 104 

than 12h in advance, as well as during the entire experiment. 105 

Table 1 106 
Elemental composition of X65 steel (wt.%). 107 

C P Si Cr Mn Ni  S Mo 
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0.12 0.008 0.18 0.11 1.27 0.07 0.002 0.17 

Cu B Sn Ti Al Nb V Fe 

0.12 0.0005 0.008 0.001 0.022 0.054 0.057 Balance 

 108 

2.2 Intermittent Oil/Water Wetting Experimental Method 109 

Figure 1 presents the schematic of the “alternate wetting cell”, which was 110 

designed to simulate intermittent oil/water wetting in our previous research [16]. 111 

250 mL CO2-saturated brine was added into Beaker1 (500 mL), then 100 mL oil 112 

was gently injected, making the working electrode (WE) fully immersed in the 113 

oil slug. Beaker 2 (1000 mL) contained CO2-saturated brine, which was 114 

connected to the brine in Beaker 1 by the gear pump and associated tubes. Under 115 

the control of Labview, the pump transferred the brine between two beakers and 116 

the height of the oil/water interface changed, so the WE was alternately immersed 117 

in the oil or the brine slug. 118 

In the present study, the oil immersion period was the same as the water 119 

immersion period, 10 and 60 s were separately selected to represent short- and 120 

long-term intermittent wetting phenomenon. For rotating speeds of the RCE, 0 121 

and 1000 rpm represent static and dynamic flow conditions respectively, which 122 

could be converted to flow velocity of 0 and 0.597 m/s in a 0.1 m-inside-diameter 123 

pipe of the Institute for Corrosion and Multiphase Technology (ICMT) [15, 21-124 

23]. Besides, all experiments were conducted at 25℃ and each test was repeated 125 

at least 3 times. 126 
 127 

 128 

Figure 1. Schematic of the “alternate wetting cell”. 129 

2.3 Electrochemistry measurements 130 

The standard three-electrode cell was applied, as shown in Figure 1. The WE on 131 

the RCE shaft was under intermittent wetting, but a saturated Ag/AgCl electrode 132 
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(reference electrode, RE) and a platinum electrode (counter electrode, CE) were 133 

immersed in the CO2-saturated solution during the whole experiment. 134 

Firstly, the open circuit potential (OCP) of the WE in the CO2-saturated brine was 135 

measured for at least 10 mins until it became stable. Then the potentiostatic 136 

polarisation (+10mV vs. OCP) method with 0.1s sampling rate, was used to 137 

measure the current of the WE under intermittent oil/water wetting for 1h. The 138 

electrochemical measurement was conducted using an Ivium-n-stat. 139 

2.4 Surface analysis 140 

NPFLEX 3D optical non-contact profilometry was employed to determine the 141 

surface roughness. 2.0 mm line on the outer surface of the RCE electrode was 142 

scanned to assess the roughness. 50× objective was used to scan at 1 × speed. 143 

And the surface roughness parameter Ra (arithmetical mean height) and R3z (third 144 

maximum peak-to-valley height) were calculated by the software Vision 64. 145 

Technical details about roughness parameters can be seen in the Intra, Form 146 

Talysurf Operator’s Handbook [24]. 147 

The oil-in-water contact angle was measured at room temperature using KSV 148 

CAM 200 contact angle meter. 2 µL oil was carefully dropped onto the top 149 

surface of the cylinder sample in a transparent plexiglass box. Then the CO2-150 

saturated 1 wt. % NaCl solution was pumped underneath the top surface at 500 151 

mL/min to completely submerge the oil. The whole process was recorded, and 152 

the equilibrium oil-in-water contact angle was measured. 153 

2.5 Statistical analysis of current-time curve 154 

Three metrics were proposed to quantitatively study the corrosion behaviour and 155 

the wetting behaviour of carbon steel under intermittent wetting phenomenon, 156 

based on the statistical analysis of current-time curves measured by the 157 

potentiostatic polarisation. For the whole intermittent wetting process, the 158 

dissolution mitigation efficiency (DME, η) and the ratio between oil wetting time 159 

and water wetting time (𝜃) were applied. The equation of DME is shown by Eq. 160 

(1). 161 𝐷𝑀𝐸 = (1 − ∫ 𝐼(𝑡)𝑡1𝑡0𝑡1−𝑡0𝑡0 ∫ 𝐼0(𝑡)𝑡00 ) × 100%                                 (1) 162 

Where t0 is the time when the intermittent wetting began, t1 is the time at the end 163 

of the whole electrochemical test, I0(t) is the measured anodic current of an 164 

electrode immersed in the solution at initial 60s, and I(t) represent the anodic 165 

current measured under intermittent wetting.  166 
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The ratio between oil wetting time and water wetting time (𝜃) was calculated 167 

below: 168 𝜃 = 𝑡𝑜𝑖𝑙𝑡𝑤𝑎𝑡𝑒𝑟                                                     (2) 169 

Where 𝑡𝑜𝑖𝑙 is the sum of time when the current is 0 mA during the whole process 170 

of intermittent wetting, and 𝑡𝑤𝑎𝑡𝑒𝑟 represents the sum of time when the current is 171 

above 0 mA. 172 

A large DME and 𝜃 values represent high efficient corrosion mitigation or a long 173 

oil wetting time. The DME and 𝜃 are fundamentally determined by the oil/water 174 

film caused by the transition between water/oil immersion states. Therefore, the 175 

average lifetime of oil/water film during the whole experiment was calculated, 176 

which helps to further understand the corrosion process under intermittent 177 

wetting. The above data analysis method was conducted by a combined analysis 178 

of Excel and MATLAB. More details about the DME and 𝜃 can be seen in our 179 

previous study [16].  180 

2.6 Computational fluidic dynamics 181 

In this study, computational fluidic dynamics (CFD) simulation of the single-182 

phase flow around the RCE shaft at 1000 rpm in Beaker1 was performed, using 183 

ANSYS FLUENT Academic Research R 19.1. The CFD simulation results are 184 

used to investigate flow characteristics at the steel surface with different surface 185 

roughness. 186 

A 3D geometry of the inner dimensions of the Beaker1 was constructed. The 187 

structured hexahedral mesh was generated (ANSYS-ICEM) and y+ was set 0.1, 188 

to accurately reflect near-wall flow characteristics (mesh results seen in Figure 189 

S2). Through comparison among different mesh sizes and turbulence models, 190 

359652 cells and the SST k-w model with low-Re corrections were chosen 191 

(Figure S3 and Table S2). The boundary condition of the shaft of the RCE was 192 

set with a rotating speed of 1000 rpm and an equivalent sand-grain roughness 193 

model (Details seen in Table S1). The roughness height was equal to the average 194 

Ra measured by NPFLEX 3D. Contrarily, boundary conditions of other solid walls 195 

of simulated geometry were stationary and without sand-grain roughness. The 196 

shear stress and turbulence eddy frequency on the electrode surface were obtained, 197 

to quantitatively analyse the effect of surface roughness on near-wall flow 198 

characteristics.  199 

The random peaks or valleys of the actual engineering surface have a significant 200 

impact on the near-wall flow, which are neglected by the sand-grain roughness 201 

model in the 3D simulation. Therefore, a 2D rectangular with a length of 100 μm 202 
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and a width of 40 μm was built to observe the near-wall flow around the actual 203 

surface profile obtained by NPFLEX 3D (Figure S7). More description about the 204 

CFD simulation can be seen in Part 3-4 of the Appendix. 205 

3. Results 206 

3.1. Surface Analysis 207 

3.1.1 Surface characterization 208 

Figure 2 shows the characterization of surface roughness of RCE samples 209 

finished with different sandpapers. As shown in Figure 2(a), the 2D surface 210 

profile consisted of arbitrary grooves, the depth of which significantly decreased 211 

with finer polishing. The quantitative analysis of surface roughness (Figure 2(b)) 212 

indicates that average Ra decreased from 1.775 µm for 60 Grit surface to 0.096 213 

µm for 6 Micron surface, implying that roughness decreased with the particle size 214 

of sandpaper. Compared with the average Ra, the average R3z was larger for the 215 

same surface condition due to its sensitivity to reflect the high peak or deep valley. 216 

The average R3z for 60 Grit surface (6.485 µm) was larger than those of other 217 

surface conditions, which is consistent with the 2D surface profile. 218 

 219 

        220 

(a)                                                                         (b) 221 

 Figure 2. Characterization of surface roughness of sample obtained by different polishing 222 
methods before corrosion. (a) The typical 2D surface profile of the RCE sample, (b) Ra and 223 

R3z of the RCE sample. 224 

3.1.2 Equilibrium contact angle for different surface roughness 225 

Figure 3 shows the equilibrium contact angle of the oil-in-water droplet on the 226 

carbon steel with different surface conditions. The contact angles on steel 227 

surfaces with different roughness were larger than 90° , illustrating that the 228 

wettability of all surfaces was water-wet. The contact angle for 60 Grit surface 229 
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was the smallest (114°), that for 600 Grit surface was the largest (135°
). As for 230 

the 6 Micron surface, the contact angle was 130°
. Therefore, 60 Grit surface was 231 

less water-wet and easier to adhere to oil, based on the analysis of contact angle 232 

in Part1 of the Appendix. Besides, videos of dewetting process of the oil in water 233 

(seen in Part2 of the Appendix) indicate that the process of changing from oil film 234 

to a steady oil droplet on a rougher surface required a longer time, caused by the 235 

pinning effect of peak or valley of surface profile [25]. 236 

       237 

                        (a)                                              (b)                                            (c) 238 

Figure 3. Oil-in-water contact angle on carbon steel with different surface conditions. (a) 60 239 
Grit (b) 600 Grit (c) 6 Micron. 240 

3.2 Current-time curves of carbon steel with different surface roughness at 0 241 

rpm under intermittent oil/water witting 242 

Figure 4 shows the typical current-time curves of the RCE electrode with 243 

different surface roughness at the static condition in an alternate oil/water slug. 244 

When the alternate immersion period was 10s, the frequency of the current spike 245 

increased with a decrease in surface roughness (Figure 4(a)). As the immersion 246 

period increased to the 60s, the current spike frequency for 60 Grit surface was 247 

less than those for smooth surface conditions. The current spike represents that 248 

the carbon steel is wetted by water and the anodic metal dissolution occurs, 249 

therefore, the results suggest that the rough surface can prolong the oil-wetting 250 

time under intermittent oil/water wetting at static conditions. 251 

60 Grit 

Steel 
600 Grit 

Steel 

6 Micron 

Steel 

Water 

Oil 

Water 

Oil 

Water 

Oil 



9 

 

           252 

(a) 0 rpm, 10 s                                                 (b) 0 rpm, 60 s 253 

Figure 4. Typical current-time curves of the RCE electrode with different surface roughness 254 
at the static condition in alternate oil/water slug with different alternate wetting periods of (a) 255 

10 s (b) 60 s. 256 

3.2.1 Statistical analysis of current-time curves of carbon steel at 0 rpm under 257 

intermittent oil/water wetting  258 

Figure 5(a) shows the DME and 𝜃 of the RCE electrode with different surface 259 

roughness under intermittent oil/water wetting at static conditions. When the 260 

immersion period was 10 s, DME and 𝜃 increased from 88.83% and 7.4 to 91.69% 261 

and 11.90 for the increase of surface roughness from 6 Micron to 60 Grit. A large 262 𝜃 for the rough surface represents a long time of oil wetting on the steel surface, 263 

which consequently mitigates the corrosion process and increases the DME value.  264 

With the increase of immersion period to 60 s, 𝜃  and DME for all surface 265 

conditions descended, suggesting a reduction of oil wetting time and corrosion 266 

mitigation efficiency. DME for 60 Grit was 70.31%, which was larger than those 267 

of smooth surfaces (57.32% and 58.39% for 600 Grit and 6 Micron, respectively). 268 

When surface roughness decreased, 𝜃 decreased from 2.28 (60 Grit) to 1.52 (600 269 

Grit) and 1.72 (6 Micron). The results indicate that corrosion processes on a rough 270 

surface can be efficiently mitigated under intermittent oil/water wetting at a long 271 

immersion period of the 60s. 272 

Figure 5(b) illustrates the average lifetime of oil/water films for different surface 273 

roughness at static conditions. When the immersion period was 10 s, with the 274 

decrease of surface roughness from 6 Micron to 60 Grit, the oil film lifetime 275 

slightly increased from 8.05 to 8.70 s, but the water film lifetime decreased from 276 

0.54 to 0.45 s. The results show that the oil film lifetime was longer than the water 277 

Current spike Current spike 
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film lifetime, suggesting that the oil film plays a more important role in corrosion 278 

behaviour and the wetting state of carbon steel under intermittent wetting. 279 

Besides, the difference between the lifetime of the oil film (range from 8.05 to 280 

8.70 s) and the total immersion period of 10 s was small, implying that the oil 281 

film was hard to rupture under intermittent wetting for a short immersion period, 282 

consequently leading to a high oil wetting time and corrosion mitigation 283 

efficiency in Figure 5(a). 284 

With the rise of the immersion period from 10 to 60 s, the lifetime of the oil film 285 

on the surface was doubled, but the lifetime of the water film had no significant 286 

influence. The lifetime of the oil film for 60 Grit was the longest (23.63 s), and 287 

those for 600 Grit and 6 Micron were 13.15 and 16.30 s, respectively. The 288 

difference between the oil film lifetime and the total immersion period of 60 s 289 

was large, a large difference suggests that the oil film was easy to rupture under 290 

intermittent wetting for an immersion period of 60 s, resulting in a small 𝜃 and 291 

DME (Figure 5(a)). 292 

    293 

(a)                                                               (b) 294 

Figure 5. Statistical analysis of current-time curves of RCE electrode with different surface 295 
roughness at the static condition in alternate oil/water slug. (a) DME and Theta (b), the 296 

lifetime of the oil/water films. 297 

3.3. Current-time curves of carbon steel with different surface roughness at 298 

1000 rpm under intermittent oil/water wetting 299 

Figure 6 shows typical current-time curves of the RCE electrode with different 300 

surface conditions at 1000 rpm during the alternate oil/water slug. Compared with 301 

static conditions (Figure 4), the frequency of current spikes at dynamic conditions 302 

was increased, implying that the carbon steel is easier to be water-wetting in the 303 

dynamic flow. Under the dynamic conditions, the frequency of the current spike 304 

had no significant difference for various surface conditions, therefore, a clear 305 

relationship between surface roughness and corrosion behaviour of carbon steel 306 



11 

 

at dynamic conditions requires a statistical analysis of current-time curves and 307 

the detailed analysis are provided in the following context. 308 

         309 

                    (a) 1000 rpm, 10 s                                                (b) 1000 rpm, 60 s     310 

Figure 6. Typical current-time curves of RCE electrode with different surface roughness at 311 
1000 rpm in alternate oil/water slug with the alternate wetting periods of (a) 10 s (b) 60 s. 312 

3.3.1 Statistical analysis of current-time curves of carbon steel at 1000 rpm 313 

under intermittent oil/water wetting 314 

Figure 7(a) shows the DME and 𝜃 of the RCE electrode with different surface 315 

roughness at dynamic conditions. For immersion periods of 10 and 60 s, the DME 316 

and 𝜃 for 6 Micron were the largest (67.75%/1.58 and 55.91%/1.10 for 10 s and 317 

60 s, respectively), those for 600 Grit were the smallest (52.84%/0.92 and 318 

48.79%/1.02 for 10 s and 60 s, respectively). The results suggest that corrosion 319 

mitigation and oil wetting time increased on a smooth surface, which is contrary 320 

to the observation at static conditions (Figure 5(a)). Moreover,  𝜃  and   DME 321 

measured at dynamic conditions were smaller than those at static conditions, 322 

suggesting that high flow velocity decreased the oil wetting time and accelerated 323 

the corrosion. 324 

Figure 7(b) illustrates the average lifetime of the oil/water films on the RCE 325 

electrode with different surface roughness at dynamic conditions. Compared with 326 

data measured at static conditions, the lifetime of the oil film for all surface 327 

conditions at dynamic conditions was substantially shorter, suggesting that the 328 

dynamic flow accelerated the rupture of the oil film on the surface. Moreover, for 329 

both immersion periods of 10 and 60 s, the lifetimes of the oil film for 6 Micron 330 

(3.41 s and 3.25 s, respectively) were longer than those for rough surfaces (600 331 

Grit and 60 Grit), and the lifetimes of the water film for 6 Micron (0.35 s and 0.28 332 
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s, respectively) were the shortest. The results indicate that the oil film on the 333 

smooth surface is more stable at the dynamic flow condition, leading to the 334 

increase of oil wetting time and corrosion mitigation efficiency (Figure 7(a)). 335 

      336 

(a)                                                                       (b) 337 

Figure 7. Statistical analysis of current-time curves of RCE electrode with different surface 338 
roughness at the static condition in alternate oil/water slug. (a) DME and Theta (b) Average 339 

lifetime of oil and water film. 340 

3.4. CFD simulation 341 

Figure 8 shows the velocity streamlines near the actual profiles for different 342 

surface conditions. The turbulence eddies were observed in the cavity for 60 Grit 343 

and 600 Grit (Figure 8(a-b)), but no turbulence eddies were observed for 6 Micron 344 

(Figure 8(c)). The size of the eddy increased with the surface roughness, 345 

suggesting that a rough surface led to high turbulence in the near-wall flow. 346 

   347 

(a) 348 

Turbulence Eddy 
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   349 

(b) 350 

   351 

(c) 352 

Figure 8. Velocity streamlines near the profile for different conditions. (a) 60 Grit, (b) 600 353 
Grit, (c) 6 Micron. 354 

Figure 9 reveals the effect of surface roughness on the shear stress and turbulence 355 

eddy frequency of the rotating RCE electrode in the oil phase obtained by the 356 

CFD simulation. With the decrease of surface roughness from 60 Grit to 6 Micron, 357 

shear stress decreased from 6.53 to 6.45 Pa, the turbulence eddy frequency 358 

increased from 2.75×105 to 2.81×105 s-1 (Shear stress streamlines and turbulence 359 

eddy frequency contours shown in Figure S4-5). The rise of turbulence eddy 360 

frequency represents that the size of eddy near the surface decreased with surface 361 

roughness, which is in accordance with the above result in Figure 8.  362 

Turbulence 

Eddy 

No Evident 

Turbulence Eddy 
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 363 

Figure 9. Shear stress and turbulence eddy frequency on the electrode surface with different 364 
surface conditions in CFD simulation of RCE in the oil phase. 365 

4. Discussion 366 

4.1 Corrosion mechanism of carbon steel under intermittent oil/water wetting 367 

A schematic diagram of the whole corrosion process of carbon steel under 368 

intermittent oil/water wetting is provided in Figure 10. The corrosion process of 369 

carbon steel is significantly affected by the wetting states between oil and water. 370 

When the carbon steel is covered by the oil (Stage (1-3) in Figure 10), no 371 

corrosion occurs and the measured current is 0 mA. For the water wetting, the 372 

water becomes saturated with CO2 via Reactions (3-4); 373 

CO2(g)↔ CO2(l)                                              (3) 374 

The hydration of carbonic acid and followed by the dissociation of carbonic acid, 375 

bicarbonate ion, and water (Reactions (4-7)).  376 

CO2(l)+H2O↔ H2CO3(l)                                        (4) 377 

H2CO3(l)↔H+(l)+HCO3
- (l)                                           (5) 378 

HCO3
- (l)↔H+(l)+ CO3

2-(l)                                             (6) 379 H2O↔H+(l)+OH-(l)                                                (7) 380 

The presence of H+ ions enable the hydrogen evolution (Reaction (8)), which is 381 

the dominant cathodic reaction of carbon steel exposed to a low pH CO2-saturated 382 

solution [26-27]. As shown in Reaction (9), the anodic reaction is the dissolution 383 

of iron, which is ascertained by the SEM observation of the carbon steel surface 384 

after intermittent wetting tests (Figure S8 and S9). It should be noted that the 385 
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measured anodic current was not significantly influenced by the surface 386 

roughness at both static and dynamic conditions (seen in Part 6 in the Appendix), 387 

despite that the corrosion process in the present research is controlled by mass 388 

transfer process [16, 28]. 389 

2H++2e-→H2                                                  (8) 390 

Fe→Fe2++2e-                                                 (9) 391 

Under intermittent oil/water wetting, the oil immersion period is the same as the 392 

water immersion period, as shown in Figure 10. However, the actual calculated 393 

oil wetting time is not equal to the water wetting time due to the formation or 394 

stability of the oil/water films on the surface caused by the wetting hysteresis 395 

under static or dynamic conditions. As shown in Stage (3) in Figure 10, the 396 

presence of the oil film on carbon steel can extend 0 mA current segment, 397 

suggesting that the oil wetting time is prolonged and the corrosion process can be 398 

blocked due to the protective oil film. On the contrary, the presence of water film 399 

on the surface extends the anodic current segment (Stage (6) in Figure 10). 400 

Furthermore, referring to the previous research about wetting hysteresis theory 401 

[29-32], the results in this study indicate that the lifetime of the oil film is longer 402 

than that of the water film, which prolongs the total oil wetting time and lowers 403 

the corrosion rate.  404 
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 405 

Figure 10. Corrosion mechanism of carbon steel during intermittent oil/water wetting 406 
process. The yellow part represents oil, the blue part represents water. And the shadow area 407 

represents the oil immersion state, the blank area represents the water immersion state. 408 

4.2 Effect of surface roughness on corrosion behaviour of carbon steel at static 409 

conditions under intermittent oil/water wetting 410 

The data in Section 3.2 demonstrates that metal dissolution processes for a rough 411 

surface condition were mitigated under intermittent wetting at static conditions 412 

for the immersion periods of 10 and 60 s. 413 

According to the corrosion mechanism described in Section 4.1, the corrosion 414 

behaviour of carbon steel with different surface conditions under intermittent 415 

wetting at static conditions is determined by the formation and rupture of the oil 416 

film. As shown in the formation process of the oil film (Figure 11(a)), the 417 

thickness of the oil film is proportional to the Capillary number (Ca) to the power 418 

2/3 based on the Landau-Levich model [33]. The Ca is calculated as below: 419 

Oil  

Slug 

Water 

Slug 
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Ca= μV
γ

                                                      (10) 420 

where μ is the dynamic viscosity of the liquid, V is the contact line velocity and γ 421 

is the surface tension between oil and water. The observation in previous research 422 

[34-35] indicated that the thickness of the oil film increased with surface 423 

roughness, and consequently a stable oil film formed on the surface. 424 

The rupture of the oil film in water at the static conditions is governed by the 425 

force balance among gravity, pressure, viscous force, and surface tension (Figure 426 

11(b)) based on the theoretical studies about the stability of the films [36-37]. To 427 

simplify the model, the Bond number (Bo, shown in Equation (11)) and Ca, which 428 

separately reflect the importance of gravitational force and viscous drag force 429 

compared to surface tension, are calculated. 430 

Bo= ∆ρgL2

γ
                                                    (11) 431 

where ∆ρ is the density difference between the two phases, g is the acceleration 432 

due to gravity, L is the characteristic length that is the oil film thickness in the 433 

present research, and γ is the surface tension between oil and water. The thickness 434 

of the oil film is 0.1 mm for 600 Grit according to the observation, Bo is 435 

2.275×10-4
. Besides, the contact line velocity is 0 m/s in the initial stage, so the 436 

calculated Ca is 0. In the Bo and Ca are << 1 condition, surface tension plays an 437 

important role in the stability of the oil film on the surface. 438 

As shown in Figure 11(b), the surface tension of the oil film can be decomposed 439 

into γso (steel-oil surface tension) and γwo (water-oil surface tension). The γwo is 440 

constant for the present oil/water system, therefore, the γso  determines the 441 

stability of the oil film in water. A large γso represents that the steel surface is less 442 

adhesive to the oil film, the film is consequently easier to breakdown into the oil 443 

droplets as shown in Figure 11(c). As described in Results 3.1, the contact angle 444 

of oil-in-water on carbon steel with different surface conditions suggests that γso 445 

for 60 Grit is the smallest, and the oil film is stable. Therefore, the oil wetting 446 

time and corrosion mitigation efficiency for 60 Grit are the largest at the static 447 

condition, as demonstrated in Figure 5. 448 
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             449 

                   (a)                                                 (b)                                             (c)            450 

Figure 11. Schematic of the formation and rupture of the oil film in water at static conditions. 451 
(a) Formation of the oil film in water during intermittent wetting (b) Force analysis of the oil 452 
film in water (c) Rupture of the oil film in water. The yellow part represents oil, the blue part 453 

represents water. 454 

4.3 Effect of surface roughness on corrosion behaviour of carbon steel at 455 

dynamic conditions under intermittent oil/water wetting 456 

The data in Section 3.3 demonstrates that at dynamic conditions, the corrosion 457 

process at the material interface (smooth surface condition) was mitigated 458 

efficiently for both short and long immersion periods under intermittent wetting, 459 

which is different from the results found at static conditions.  460 

Compared with static conditions, the reduction in the oil film lifetime and the area 461 

of the un-corroded island can be recorded via a combination of electrochemical 462 

measurements (Figure 7(b)) and the SEM images as shown in Part 5 in the 463 

Appendix, the results suggest that the shear stress and turbulence eddy can 464 

decrease the stability of the oil film on the surface at the dynamic conditions [38-465 

39]. In the oil film formation process, the near-wall flow around the RCE 466 

electrode is continuous in bulk oil and the oil film (Figure 12(a)), based on the 467 

visualisation of the Landau-Levich flow field [40]. The stability of the film is 468 

determined by the shear stress between the oil film and bulk solution (Figure 12(b 469 

and c)). As shown in the magnified view of near-wall interface (Figure 12(b)), 470 

small shear stress and turbulence eddy size on a smooth surface (seen in CFD 471 

simulation results in Figure 8-9) can contribute to a thick and stable oil film. 472 

Therefore, the lifetime of the oil film for the smooth surface is long, and the oil 473 
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wetting time and corrosion mitigation efficiency increases as demonstrated in 474 

Figure 7. 475 

 476 

           (a)                              (b)                            (c)                           (d)  477 

Figure 12. Schematic of the formation and rupture of oil film at dynamic conditions. (a) 478 
Formation of the oil film during the transition from oil immersion to water immersion (b) 479 

Magnified view of near-wall turbulent vortex in Region1 (c) Force analysis of the oil film in 480 
water (d) Rupture of the oil film in water. The yellow part represents oil, the blue part 481 

represents water. 482 

5. Conclusion 483 

The effect of surface roughness on corrosion behaviour of carbon steel under 484 

intermittent oil/water wetting at the rotating speeds of 0/1000 rpm and alternate 485 

oil/water immersion periods of 10/60 s were systematically investigated by a 486 

new-modified “alternate wetting cell”. From this study, the following conclusion 487 

can be made: 488 

1. When the rotating speed was 0 rpm, the DME for 60 Grit was the largest than 489 

that for other smooth surfaces at the immersion period of 10 and 60 s, implying 490 

that a rough surface contributes to the corrosion mitigation under intermittent 491 

oil/water wetting. 492 

2. At the static conditions, surface tension is the key factor for the stability of oil 493 

film on the surface, and the reduction in corrosion process can be contributed 494 

to the small surface tension under intermittent wetting, especially for a long 495 

immersion period of the 60s.  496 

3. When the rotating speed was 1000 rpm, the DME for 6 Micron was the largest 497 

for both short and long immersion periods (10 s and 60 s), illustrating that a 498 

smooth surface can mitigate corrosion efficiently. 499 

4. At the dynamic conditions, the shear stress and turbulence eddy determine the 500 

stability of oil film and corrosion behaviour under intermittent wetting. A 501 

smooth surface can decrease the shear stress and size of turbulence eddy, 502 

Region1 
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which consequently increases the lifetime of the oil film on the surface and 503 

mitigates the corrosion process. 504 
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