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With the rapid increase of sand content in crude oil, erosion corrosion has gradually become the key 

factor of pipeline failure, especially for the elbow. Therefore, in this paper, the corrosion rate, corrosion 

morphology, electrochemical experiment and numerical simulation were investigated to study the 

erosion-corrosion behavior of 90° elbow. The results showed that with the increase of experiment time, 

the corrosion rate of Q235 steel at different angles showed increased linearly, while the max pitting 

depth basically remained unchanged. In the inlet section of θ=0-45°, Q235 steel was subjected to the 

joint action of erosion and impact. With the increase of angle, the breakage degree of corrosion product 

layer on Q235 steel surface became more serious. In the outlet section of θ=45°-90°, Q235 steel was 

only affected by erosion, and the distribution of corrosion products and holes had obvious 

directionality. The pure erosion process can be divided into three stages of the formation of erosion 

morphology, development in the longitudinal direction and general erosion. Under the conditions 

studied in this paper, the current density of pure erosion was only 42.16% of that of erosion-corrosion. 

The reason was mainly that the loose FeO(OH) can promote the electrochemical process and also 

accelerate the diffusion of products. 

 

 

Keywords: Erosion-corrosion behavior; Q235 steel; Liquid-solid flow; Electrochemical method; 

Numerical simulation 

 

 

1. INTRODUCTION 

 

Erosion-corrosion is one of the main causes of pipeline corrosion and perforation in petroleum-

petrochemical field. Because the erosion damage is affected by many factors such as material 

properties, fluid mechanics conditions and the environment, the research process of erosion-corrosion 

is complicated [1-3]. Among these, the liquid-solid two-phase flow erosion-corrosion is representative 

of the multiphase-flow erosion-corrosion [1-4]. Erosion and corrosion is a relation of mutual influence, 
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in which the study on erosion-corrosion of the pipe wall should not only consider the mechanics under 

the repeated impact, but also focus on the electrochemical reaction process. Therefore, the material 

total loss caused by erosion-corrosion is often greater than the sum of that caused by pure erosion and 

pure corrosion [5-9]. 

In detail, the interaction of erosion-corrosion included the influence of erosion on corrosion and 

the influence of corrosion on erosion [10]. Generally speaking, the interaction of on corrosion was 

mainly that through high-speed erosion, the surface mass transfer process was accelerated to promote 

depolarization agent reaching the material surface, and then the stripping of corrosion products was 

accelerated [11-13]. Moreover, particle impact will destroy or rapidly thin the passive film on the 

surface of the material, resulting in the exposure of the new active metal surface, and then increase the 

electrochemical corrosion reaction area, thus accelerating the corrosion rate. From the other aspect, 

through chemical reaction or electrochemical reaction, the surface of the material became loose and 

porous, promoting the diffusion of the protected corrosion product [14,15]. The interaction between the 

two processes was synergy, which can be expressed as positive synergy and negative synergy for 

different research systems. Compared with negative synergistic effect, most research results showed 

positive synergistic effect, that is, further increased the degree of erosion-corrosion damage [16]. 

Focusing on the synergistic effect, Islam et al. [17] designed a test device to obtain the total loss 

rate of API X70 steel as well as the components of erosion, corrosion and their synergistic effects. The 

results showed that scour and corrosion promoted each other and produced a positive synergistic effect 

[18-21]. Joshua et al. [22] conducted immersion experiment at a flow rate of 20 m/s in 2 wt.% NaCl 

containing particles with an average diameter of 250 µm in 1000 mg/L at 60℃ in pH=4.7, and found 

that the erosion-corrosion rate promoted by the corrosion a accounted for 20% of total erosion-

corrosion rate. The microstructure morphology showed that corrosion promoted the fatigue crack 

propagation and accelerated the material damage. Raheem et al. [23] studied the interaction between 

erosion and corrosion of 90° elbow of 1018 steel. The results showed that the erosion effect of particles 

can be improved by increasing the velocity and concentration, thus the erosion-corrosion rate of the 

elbow can be increased. The synergistic effect was 56% at 2.5 m/s, while the synergistic effect 

decreased to 11% at 4 m/s [24]. Zhou et al. [25] used a rotating cylindrical electrode system for 

electrochemical measurement to study the synergistic effect of erosion and corrosion on low carbon 

steel in carbonate-bicarbonate solution. The results showed that erosion significantly increased the 

corrosion rate, and the influence mechanism of corrosion on erosion changed with the application of 

potential. In addition, Tan et al. [26] used conventional weight loss measurement and electrochemical 

noise technology to identify and quantify the synergistic effect, and their study proved for the first time 

that there was a correlation between the standard deviation ratio of electrochemical current noise and 

erosion weight loss data. Therefore, in this paper, based on the combination of experimental and 

simulated method, the corrosion rate, corrosion morphology, electrochemical test and numerical 

simulation were investigated to study the erosion-corrosion behavior of 90° elbow. 
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2. EXPERIMENTAL SETTINGS 

2.1 Erosion-corrosion experiment 

An erosion-corrosion test device was designed, including water tank, centrifugal pump, 

frequency converter, flow meter, cooling system, valve, thermometer, pressure gauge, pipe and test 

elbow, as shown in Figure 1. The device adopted a detachable test elbow, and the inner wall of the test 

elbow was provided with a plurality of grooves for placing test samples, so as to realize the weight loss 

measurement of erosion-corrosion of the test elbow. The experimental device can be used to simulate 

the actual working conditions of pipelines, study the change law of erosion-corrosion characteristics of 

different parts of elbow with time, and reveal the mechanism of scour corrosion failure of elbow. 

 

 
 

Figure 1. Erosion-corrosion test device 

 

 

In this paper, 7 test pieces were encapsulated at different angles outside the elbow, as shown in 

Figure 2. The material of the test pieces was Q235 steel with the size of 7×7×2 mm3, the main 

components were shown in Table 1. The inner diameter of the elbow was 0.051 m, and the flow rate 

was set at 3 m/s. The solid was quartz sand with a particle size of 100-110 mesh and a sand content of 

2% [27]. The experimental solution was 3 wt.% NaCl solution prepared by analytically pure NaCl and 

deionized water, and the experimental temperature was 20℃. 

The erosion-corrosion experiment under different experiment time was carried out, and 5 

groups of parallel experiments were set. The experiment period was 30 h. A group of test pieces were 

taken out every 6 h, and the erosion-corrosion morphology of Q235 steel surface was observed by 

SEM. The weight loss test was carried out after removing the corrosion products on the surface. The 

maximum pit depth of Q235 steel was measured by 3D microscope.  
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Figure 2. Position distribution of the Q235 samples of the experimental elbow 

 

 

Table 1. The main component of Q235 steel (mass fraction, wt. %) 

 

C Mn Si S P Fe 

0.20 1.4 0.35 0.045 0.045 Ceq 

 

The cathodic protection with the potential of -1.0 V (vs. saturated calomel electrode) was 

applied to Q235 steel samples at different positions to simulate pure erosion environment [28]. The 

changes of current density with time of Q235 steel samples at different locations in pure erosion and 

erosion-corrosion environments were tested, and the corrosion products were analyzed to reveal the 

mechanical-electrochemical effect of erosion-corrosion. 

 

2.2 Numerical simulation of erosion-corrosion on 90° elbow 

In this paper, the Fluent software was used to simulate and calculate the hydrodynamics 

parameters of erosion-corrosion of elbow at a flow rate of 3 m/s with the sand content of 2%. 

Considering the stable flow state of the fluid in the elbow to facilitate full diffusion of sand in 

the fluid, a straight pipe section in the length of 1 m was added to the inlet section of the elbow, and a 

straight pipe section in the length of 1 m was added to the outlet section of the elbow. The inner 

diameter (D) of the elbow was 0.051 m, and the radius (R) of curvature was 0.0765 m (i.e. 1.5 D) [29]. 

Gambit software was used to carry out structural mesh division of the geometric model, in which the 

mesh interval was 0.0032 m and the total number of meshes was 371582, ensuring the quality of 

meshes to meet the requirements. DPM (discrete phase) model was used to simulate the erosion model 

of liquid-solid two-phase flow in the elbow, and the particle trajectory was simulated [30]. The liquid 

phase was 3 wt.% NaCl solution, and the solid phase was sand. The inlet condition was velocity inlet, 

and the outlet was free outflow. The k-ε turbulence model was selected, and the convergence criterion 

was 0.000001. 
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3. RESULTS AND DISCUSSION 

3.1 Corrosion rate 

Figure 3 showed the variation of corrosion rate (i.e. erosion-corrosion rate) and max pitting 

depth of Q235 steel at different angles with time. As can be seen from the Figure 4(a), the corrosion 

rate of Q235 steel at different angles increased linearly with the increase of experiment time [31], as 

shown in Table 2.  

 

 

 

 
 

Figure 3. The variation of corrosion rate and max pitting depth of Q235 steel at different angles with 

time: (a) Corrosion rate (i.e. Erosion-corrosion rate), (b) Max pitting depth, and (c) Corrosion 

rate and Max pitting depth at 30 h 

 

It can be seen from the Figure 4(c) that with the increase of angle (θ), the increase rate of 

corrosion rate and corrosion rate all firstly increased and then decreased, reaching the maximum at 

θ=45°. Generally speaking, the increase rate in θ=45-90° was slightly smaller than that in θ=0-45°, 

namely, 0.1617 (θ=90°) < 0.1717 (θ=0°), 0.1833 (θ=75°) < 0.1883 (θ=15°), and 0.2650 (θ=60°) < 

0.2717 (θ=30°) [32-35]. On the contrary, the corrosion rate at 30 h in θ=45-90° was slightly greater 

than that in θ=0-45°, namely, 6.77 (θ=90°) > 6.51 (θ=0°), 7.15 (θ=75°) > 7.03 (θ=15°), and 9.58 

(a) (b) 

(c) 
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(θ=60°) > 9.44 (θ=30°) [36,37]. However, with the increase of the experiment time, the maximum 

pitting depth of Q235 steel at different angles basically remains unchanged, as shown in Figure 4(b). 

Taking the max pitting depth at 30 h as an example, it can be seen from Figure 4(c) that the max pitting 

depth firstly increased and then decreased with the angle, and also reached the maximum (251.634 μm) 

at θ=45° [38]. And similarly, the max pitting depth at 30 h in θ=45°-90° was slightly greater than that 

in θ=0-45°, namely, 177.524 (θ=90°) > 169.112 (θ=0°), 188.991 (θ=75°) > 184.637 (θ=15°), and 

219.319 (θ=60°) > 209.889 (θ=30°) [39]. Therefore, based on the results of corrosion rate and max 

pitting depth, it can be seen that the corrosion degree of pipe in θ=45°-90° was comprehensively in 

θ=45°-90° greater than that in θ=0-45°. 

 

 

Table 2. Fitting equations of corrosion rate (y) and experiment time (x) of Q235 steel at different 

angles 

 

Angle Fitting equation  R2 

θ=0° y=0.1717·x+1.23 0.9908 

θ=15° y=0.1883·x+1.23 0.9673 

θ=30° y=0.2717·x+1.23 0.9880 

θ=45° y=0.3367·x+1.23 0.9801 

θ=60° y=0.2650·x+1.35 0.9969 

θ=75° y=0.1833·x+1.44 0.9444 

θ=90° y=0.1617·x+1.23 0.9692 

 

3.2 Corrosion morphology  

Figure 4 showed the variation of microscopic morphology of Q235 steel at different angles 

with time.  

As can be seen from the figure, at the initial experiment stage of 6 h, the corrosion product 

layer on the surface of Q235 steel was relatively intact at different positions, and there were obvious 

cracks and fractures at θ=45° compared with other positions. With the increase of experiment time, 

under the condition in this paper, the Q235 steel at θ=0° and θ=90° was less affected by the erosion, 

due to that these two positions can be considered horizontal with the direction of liquid-solid two-

phase flow [40]. However, the roughness of corrosion product layer of Q235 steel at θ=0° was much 

larger than that at θ=90°, while there were obvious pits on the surface of Q235 steel at θ=90°, which 

was mainly caused by the difference of solid particles' sharpness [41]. 

In the inlet section of θ=0-45°, Q235 steel is subjected to a combination of erosion and impact, 

in which the greater the angle was, the greater the impact force of the vertical effect on Q235 steel was, 

the more serious breakage of corrosion product layer was. For example, corrosion product layer of 

Q235 steel at θ=30° was dispersed [42-45]. In addition, the impact momentum component of solid 

particles was equal to the erosion momentum component. The corrosion product layer on Q235 steel 

surface was densely covered with small holes and obvious directivity. In the outlet section of θ=45°-

90°, Q235 steel was only affected by erosion. From the corrosion morphology, it can be seen that the 

distribution of corrosion products and holes showed obvious directivity, and the larger the angle was, 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 221184 

  

7 

the less obvious the directivity was, indicating that the erosion effect was less [46]. For another aspect, 

the erosion effect on the outlet section was greater than that on the inlet section [47], so the corrosion 

rate and the max pitting depth in Figure 4 were larger. 

 

 

 
 

Figure 4. The variation of microscopic morphology of Q235 steel at different angles with time 

 

3.3 Electrochemical test 

Figure 5 showed the variation of current density of Q235 steel at different angles with time 

under pure erosion and erosion-corrosion conditions. As can be seen from the figure, under pure 

scouring condition, the current density fluctuated between 0.296-0.430 μA/m2, which can be divided 

into three stages [48]. At 0-24 h, with the increase of pure erosion time, the current density of Q235 

steel at different angles increased, which was mainly because the erosion morphology was forming at 

this time, indicating that the surface roughness of Q235 steel increased, and the metal weight loss rate 

became faster [49-52]. At 24-48 h, at this time, the surface erosion morphology of Q235 steel had been 

formed, and the erosion morphology developed in the longitudinal direction. The development of local 

characteristics led to the reduction of the general current density of Q235 steel. When the erosion 

lasted for 48-72 h, the current density increased, which was caused by the transition from local erosion 

to general erosion [53]. In addition, the larger the angle was, that is, the closer to the exit position, the 

greater the variation of current density was. It was worth noting that, in the process of pure erosion, the 

current density generally presented a similar sinusoidal variation law with the change of time. Taking 

the average value of Ic = 0.36 μA/m2 as the base, the maximum was 0.43 μA/m2 at 24 h, and the 

minimum value was 0.29 μA/m2 at 48 h, indicating that the current density was realized to be 

approximately symmetric distribution. 

Under the erosion-corrosion condition, the current density of Q235 steel at different angles 

6 h 

12 h 

18 h 

24 h 

30 h 

θ=0°           θ=15°           θ=30°          θ=45°          θ=60°           θ=75°          θ=90° 
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increased with experiment time, showing the mutual promotion of electrochemical general corrosion 

and locally erosion. However, at the initial time of 6 h, the current density of Q235 steel at different 

angles was less than that of pure erosion. When the erosion-corrosion time reached 72 h, taking Q235 

steel at θ=45° as an example, the current density of pure erosion was only 0.430 μA/m2, while the 

current density of erosion-corrosion was 1.020 μA/m2, indicating that mechanical-electrochemical 

processes promoted each other, and the pure erosion process only took up 42.16% [54]. Moreover, in 

the erosion-corrosion process, the erosion-corrosion current density at different positions was located 

between that of θ=45° and θ=90°. By fitting two curves of current density with time, the slopes were 

0.0157 at θ=45° and 0.076 at θ=90°, respectively. It can be approximated that pure erosion accounted 

for 0.076/0.0157=48.41% of erosion-corrosion, which was basically consistent with the above example 

of 42.16%. 

 

 
Figure 5. The variation of current density of Q235 steel at different angles with time: (a) Ie was the 

current density of pure erosion, and (b) Ie-c was the current density of erosion-corrosion 

 

 

 
 

Figure 6. The corrosion products of Q235 steel at θ=45° and t = 72 h: (a) pure erosion, and (b) 

erosion-corrosion 

 

Taking Q235 steel at t = 72 h and θ=45° as an example, the main components of products on 

the surface under pure erosion and erosion-corrosion conditions were analyzed, as shown in Figure 7. 

It can be seen that under pure erosion condition, the product was consisted of Fe and few FeO(OH) 

(a) (b) 

(a) (b) 
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[55]. Under the erosion-corrosion condition, the content of FeO(OH) increased significantly. FeO(OH) 

with the loose and porous characteristic [55,56] can promote the diffusion of corrosive medium to the 

surface of Q235 steel and then promote the electrochemical corrosion process of Q235 steel, thus 

aggravating the erosion-corrosion effect. 

 

3.4 Numerical simulation 

In order to reveal the erosion-corrosion mechanism of 90° elbow, the flow characteristics and 

erosion characteristics of the elbow under the liquid-solid two-phase flow condition with sand content 

of 2% and flow rate of 3 m/s were calculated by CFD numerical simulation. Figure 10 was the results 

of numerical simulation. It can be seen that there were great differences in the flow characteristics of 

liquid-solid two-phase flow at different parts of the elbow, as well as in the distribution of sand 

concentration. 

Figure 7(a) was the velocity nephogram at different angles. Due to the curved geometry 

structure of the elbow, the mixed fluid in the elbow was forced to change its flow direction by 

centrifugal force, and the fluid in the center of the elbow was thrown near the outer wall of the elbow, 

resulting in greater fluid pressure near the outer wall and smaller fluid pressure near the inner wall. 

Therefore, in the inlet section of the elbow, the max velocity at different angles tended to the outside, 

and the distribution of the velocity of each section was basically an eccentric circle [58]. Under this 

circumstance, due to the influence of elbow geometry and secondary flow, the max velocity in θ=30°-

90° gradually deviated to the outside of the elbow, and the velocity distribution of the section at 

different angles became more complicated [58]. Figure 7(b) was velocity vector nephogram at different 

angles. At θ=0°, the fluid was less affected by the elbow structure and the velocity distribution was 

more uniform. The phenomenon of secondary flow appeared from the pipe section at θ=15°, and the 

secondary flow developed with the increase of angle. The intensity of secondary flow reached the 

maximum at θ=90°. This was because under the action of centrifugal force, the pressure near the outer 

wall of the elbow was higher, while the pressure near the inner wall was lower, so the pressure gradient 

was generated perpendicular to the mainstream direction, resulting in that the central fluid flowed not 

only along the axis of the pipeline, but also perpendicular to the axis of the elbow. Due to the 

continuity of fluid flow, the fluid near the outer wall of the elbow was forced to flow near the inner 

wall, so two vortices will be generated in the elbow, and the rotation direction was opposite, that is, the 

formation of secondary flow. Figure 7(c) was the sand concentration nephogram at different angles. 

Due to the influence of gravity, the sand concentration at different angles was obviously stratified. The 

concentration distribution can be roughly divided into two regions, including the low concentration 

area in the upper part of the elbow and the high concentration area in the lower part of the elbow. In the 

inlet section of θ=0-45°, due to the little influence of the elbow geometry structure, the sand stratified 

in upper and lower sections of the elbow [59], and the symmetrical distribution of sand concentration 

appeared in inner and outer sections. In θ=30°-90°, with the increase of angle, the distribution of sand 

concentration became more complex, presenting an asymmetrical distribution in inside and outside 

sections, in which the high concentration area at the bottom gradually shifted to the outer wall of the 

elbow [60]. This was because there was a density difference between liquid and solid phase, and the 
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liquid and solid phase was separated under the action of inertia force and centrifugal force. The sand 

with high density tended to the outside of the elbow, increasing the concentration of sand near the outer 

wall.  

Figure 8 was the erosion-corrosion nephogram. The pipe section with severe erosion-corrosion 

occurred in the bottom of the 90° elbow, the outside wall and the outlet section in θ=45°-90°. 

Especially, the lower part of the elbow was more seriously eroded than the upper part [61,62], which 

was completely consistent with the area where the erosion rate of the 90° elbow was serious measured 

in the experiment test. 

 

 

 (a) (b) (c) 

θ=0° 

   

θ=15° 

   

θ=30° 

   

θ=45° 

   

θ=60° 
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θ=75° 

 

  

θ=90° 

   
 

Figure 7. The results of numerical simulation: (a) Velocity nephogram, (b) Velocity vector nephogram, 

and (c) Sand concentration nephogram 

 

 

 
 

Figure 8. Erosion-corrosion nephogram of 90° elbow: (a) Vertical view, and (b) Bottom view 

 

 

4. CONCLUSION 

In this paper, the corrosion rate, corrosion morphology, electrochemical experiment and 

numerical simulation were investigated to study the erosion-corrosion behavior of 90° elbow. The 

following conclusions were drawn. 

(1) With the increase of experiment time, the corrosion rate of Q235 steel at different angles 

showed increased linearly, while the max pitting depth basically remained unchanged. The corrosion 

rate and the max pitting depth of the outlet section were all greater than those of inlet section at the 

corresponding angle, reaching the maximum at θ=45°.  

(2) In the inlet section of θ=0-45°, Q235 steel was subjected to the joint action of erosion and 

impact. With the increase of angle, the breakage degree of corrosion product layer on Q235 steel 

surface became more serious. At θ=0-45°, the corrosion product layer of Q235 steel surface was 

(a) 
(b) 
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densely covered with small holes with obvious directivity. In the outlet section of θ=45°-90°, Q235 

steel was only affected by erosion, and the distribution of corrosion products and holes had obvious 

directionality, and the larger the angle was, the less obvious directionality was. 

(3) The pure erosion process can be divided into three stages of the formation of erosion 

morphology, development in the longitudinal direction and general erosion. Under the conditions 

studied in this paper, the current density of pure erosion was only 42.16% of that of erosion-corrosion. 

The reason was mainly that the loose FeO(OH) can promote the electrochemical process and also 

accelerate the diffusion of products. 

(4) The numerical simulation results showed that due to the effect of the elbow geometry 

structure, secondary flow was formed in the pipe section of θ=30°-90°, and sand concentration was 

concentrated in the outer and lower part of the elbow, resulting in serious erosion-corrosion, which was 

consistent with the experiment results. 
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