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Abstract

:

A periodic pigging operation performed to clean off sediment and provide operators with detailed health information for a pipeline is mandatorily required. The research on pigging-induced issues for the steel catenary riser (SCR), one of the key parts in offshore hydrocarbon recovery pipelines between the floating production system and the seabed, has been scarce until now. As a result, there is an urgent need for theories to guide the pigging operation to ensure safe pigging is achieved in deepwater risers. In this paper, a study aiming to determine the effects of the pigging impact load and the pigging-induced slugging load on the dynamic response of the riser is reported. A SCR pigging model was established and proposed based on the finite element analysis (FEA) method. The stress distribution and displacement of the SCR were investigated under the pigging conditions, with the consideration of the effects of waves, currents, and floating platform movements. It was found that the pigging load has large effects on the stress and displacement of the touchdown zone (TDZ), especially the touchdown point (TDP). The displacement of the TDZ in the Y (vertical) direction is more significant than that in the X (horizontal) direction under pigging conditions, and the maximum displacement of the TDZ in the Y direction is proportional to the weight of the pig, as well as the length of the pigging-induced slugging.
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1. Introduction


The use of pipelines is the most economic and efficient method of offshore oil and gas transportation. It is crucial to maintain oil and gas transportation pipelines with sound integrity and high efficiency. However, impurities such as wax and hydrates can build up after the long-term operation of the pipeline, leading to flow assurance issues. The flow line integrity can also be another major concern due to the corrosion and erosion that occurs in the pipe walls. To mitigate the issues above, a periodic pigging operation, which cleans off these sediments and provides operators with detailed health information for a pipeline, is mandatorily required.



A flexible riser such as a steel catenary riser (SCR) is frequently encountered in deepwater production systems, including as a connection between the floating production storage and offloading (FPSO) system and the production lines [1]. The SCR is joined via a sag bend section to a flow line that is placed on the seabed, and the touchdown point is the boundary between it and the SCR [2], as shown in Figure 1. The heave–pitch motions of the floating platform and the random motion of the waves can cause alternating movements of contact and separation between the touchdown zone (TDZ) of the riser and the seabed. This reciprocating motion often generates a large bending stress on the TDZ, leading to a high risk of fatigue damage [3,4]. Pigging of the SCR, especially the TDZ, in such conditions will increase the risk of riser failure and becomes a very tricky problem.



Most of the early studies on steel catenary risers were based on experiments and can be divided into two categories, which are full-scale experiments and small-scale experiments. Furthermore, 2H Offshore Engineering maybe was the first company to investigate the interactions between the soil and pipes in the TDZ of a steel catenary riser with a full-scale model experiment [5]. Full-scale experiments can have advantages when simulating the actual conditions. However, they are impractical to carry out due to their high cost and time-consuming nature. The relatively low cost of small-scale experiments allows the flexibility to conduct more extensive experimental analyses and to also ensure a level of repeatability. Hodder and Byrne [6] conducted an indoor three-dimensional large-scale model test to investigate the groove formation mechanism. Elliott et al. [7,8] explored the pipe–soil interaction mechanism between a steel catenary riser and seabed by using a centrifuge model. It was found that groove formation can reduce the pipe bending stress and tensile stress so that the riser fatigue life can be improved. An experimental investigation was conducted by Gao et al. [9] to express the dynamic response of vortex-induced vibration on a flexible riser with helical strakes. Wang et al. [10] conducted an indoor large-scale model experiment and investigated the response of a truncated SCR under top vessel motion. Yao et al. [11] carried out a small-scale three-dimensional experiment in a water tank to obtain the stress variations in the pipeline under different types of top riser motion. Bai et al. [12] developed a test device based on an SCR scaled model to study the effects of the excitation frequency and seabed stiffness on the riser motion. Yu et al. [13] proposed a novel experimental platform to conduct dynamic loading tests on a truncated model steel catenary riser (SCR) within the touchdown zone (TDZ).



The development of the finite element method has made numerical simulations an important means of investigating deepwater risers. Finite element software programs such as ABAQUS, ANSYS, and ORCAFLEX can provide great convenience for research on SCR. Li and Low [14] studied the effects of the low-frequency motion of ships on the fatigue response of a steel catenary riser at the touchdown point. Guo et al. [15] established a hybrid truncated model of a deepwater riser and the reliability of the model was proven by finite element simulation and experimental tests. Shiri [16] investigated the effect of the formation of a seabed trench on the fatigue resistance of steel catenary risers. Yang and Xiao [17] revealed the non-linear dynamic responses of a top-tensioned riser (TTR) under the combined action of multi-frequency parameter excitation and vortex excitation. Elosta et al. [18] studied the influence of a submarine trench and geotechnical parameters on the dynamic response of a semi-submersible integrated riser. Dong and Sun [19] discussed the fatigue damage of an SCR in the touchdown zone based on the plastic seabed. Thorsen et al. [20] studied the fatigue damage from a time domain simulation under the combined effects of in-line and cross-flow vortex-induced vibrations. Bai et al. [21] took the pipe–soil interaction effect into consideration and studied the dynamic response of an SCR via numerical simulation. Kim and Kim [22] compared the dynamic behaviors of a traditional steel catenary riser and lazy-wave steel catenary riser under the same deepwater conditions. Zhang et al. [23] presented a parametric instability analysis of a top-tensioned riser (TTR) considering the variations in tension along the length. Gong and Xu [24] investigated the effects of pipe–soil interactions on the dynamic characteristics of a deepwater S-type riser under random sea conditions. Wang et al. [25] proposed a non-linear dynamic model for a characteristic analysis of an SCR under pipe–soil contact by using the Aqua module in ABAQUS. Sun et al. [26] investigated the static and dynamic characteristics of an SCR under an irregular seabed using a finite element method. Dong and Shiri [27,28] studied the node response and overall response of a non-linear contact model of a steel catenary riser with the seabed. Liu and Guo [29] studied the effects of the riser’s internal flow and wave current on the dynamic response of an SCR based on the slender model. Liu [30] proposed a method involving bypass pigs to mitigate the influence of severe slugging on the pigging process, and focused on the slug flow characteristics in the effects of the inlet mass flow rates and pig bypass fractions. Lucile et al. [31] proposed a framework for the design of SCRs, which has the potential to simplify the estimation of the SCR fatigue life within the touchdown zone. A dimensional analysis of SCR behavior was conducted to facilitate sensitivity analyses of any given parameters that govern SCR behavior.



The researches cited above were mainly focusing on the dynamics and fatigue damage analyses of the riser regarding the effects of environmental loading and platform or FPSO system movement. However, studies on the effect of the pigging loads, including the pigging impact load and the pigging-induced slugging, on the dynamic response of the riser are rare, and there are still many problems that must be solved in order to ensure a safe pigging operation being achieved in deepwater risers. Particularly, there is an urgent need for theories to guide the pigging operation [32].



In order to evaluate the pigging risks under different conditions, a steel catenary riser pigging model was established. The stress distribution and displacement of the SCR, especially the TDZ, were numerically investigated under pigging conditions with the combined action of waves, currents, and floating platform movements.




2. Materials and Methods


2.1. Model Introduction


A SCR pigging model was established in ABAQUS 6.14, as shown in Figure 2. The parameters of the SCR and ocean environment are shown in Table 1. In ABAQUS, the B21 beam element is used to simulate the riser and the plane strain element is used to simulate the seabed. Both ends of the riser are hinged, and hard contact is applied between the riser and the seabed.



A grid independence analysis was then conducted to ensure the quality of the mesh was good enough to have no effect on the simulation accuracy. A condition was randomly set up for the grid independence analysis. The weight of the pig of 20 kg was applied on the node 1000 m away from the top of the riser, and the stress values of node 1190 within four cycles were extracted and averaged (node 1190 is the TDP). The stress values obtained from the model with different grid sizes are shown in Table 2. After the gird independence analysis, the SCR was divided into 1200 units (1201 nodes), with a length of 1 m for each unit. The seabed was divided into 2800 units at 2 m per unit in the contact area between the riser and the seabed, and a gradually increase from 2 m to 4 m for the meshing size was used in the area without contact.



The general form of the steel catenary riser was first calculated in a quasi-static manner using the catenary theory, ABAQUS, and OrcaFlex (https://www.orcina.com/orcaflex/) to preliminarily check this model. In ABAQUS, a vertical upward displacement load was applied to the top of SCR until it reached a height of 850 m, and then it was hinged to form a catenary shape. In OrcaFlex, the catenary shape of the riser was obtained by setting the distance between the two ends of the riser in the horizontal and vertical directions and applying a hinged boundary condition to both ends of the riser. The results are shown in Figure 3.



It can be seen from Figure 3 that the catenary posture of the riser obtained by the theoretical calculation is very close to that obtained by ABAQUS and OrcaFlex, and the deviation of these results is not large (2.9% relative error for ABAQUS and 3.9% relative error for OrcaFlex (point to point error)).



The stress and displacement of the steel catenary riser is affected by the pigging load, ocean currents, waves, gravity, FPSO system motion, and the riser’s own gravity and buoyancy. The force applied on the steel catenary riser is shown in Figure 4. The characteristics of the ocean current are as follows: the distance between the hinged point and seabed is 862 m, the acceleration of gravity is 9.8 m/s2, and the density of the fluid is 1021 kg/m3. The velocity of the ocean current is 0.3 m/s at 300 m above the seabed, 0.68 m/s at 600 m above the seabed, and 0.98 m/s at 862 m above the seabed. The wave is a Stokes wave. The wave amplitude is 1.2 m with a period of 8 s. The wave phase angle is 54.03° and the propagation direction is horizontally to the left. The settling motion and horizontal motion of the FPSO system are replaced by a sine function with an amplitude of 1.2 m and period of 8 s.



The pigging load consists of the pigging impact load and the pigging-induced slugging load. The pigging impact load on the riser can be divided into the load from its gravity and the load from the transient impact of the pig due to the sudden change in speed. The impact load (Fpig) was applied tangentially along the riser and the gravity load (Gpig) was applied in the vertical direction, as shown in Figure 5. Here, Fslug shown in Figure 5 represents the impact load resulting from the slug in front of the pig and Gslug represents the gravity load of the slug. Similar to the pigging impact load, Fslug was also applied tangentially along the riser.




2.2. Model Validation


In order to verify the simulation results, a truncated and scaled-down experimental model of an SCR under pigging conditions was designed, as shown in Figure 6. This experimental rig consisted of an aluminum space frame (for modeling the pigging load), nylon tube (for modeling the SCR), two-dimensional motion control slide (for modeling the movement of the TDZ), fiber optic measurement system (for stress measurements), high-speed camera system (for displacement measurements), and data acquisition system. In order to assess the real motion of the TDZ in the experiment, the motions of node 990 were extracted from ABAQUS and entered into the two-dimensional motion control system to simulate its movement. Considering the experimental environment and the possibility for the acquisition of experimental materials, an experimental model was truncated first and then scaled down, and the scaling ratio selected in this experiment was 24.1 according to the calculation.



The top tension data from the experiment were compared with the simulation data, as shown in Figure 7. It can be found that the experimental and simulation data agree with each other and are consistent with the sinusoidal motion law. Figure 8 shows the maximal von Mises stress values of six nodes along the SCR under pigging conditions obtained by the FBG (fiber Bragg grating) strain sensor. Compared with the experimental results, the numerical simulation results have a maximum error of 16.6% but a minimum error of 1.2%, which is acceptable at this stage.





3. Simulation Results


Since the SCR pigging model was proven to be effective in predicting the dynamic response of the riser, different conditions are discussed in the following sections.



3.1. The Effect of the Pigging Impact Load on the SCR Stress Variation with no Pigging-Induced Slug Load


The pigging impact load is the impact load on the riser during pigging operation, and the load resulting from the pigging-induced slug is not considered in this case (Section 3.1).



In the riser pigging model, the pigging impact load applied on the riser can be simplified to be a nodal load, since the length of the pig is extremely small compared to the entire riser (0.07% of the overall length of SCR), and the pigging impact load consists of the pig’s gravity and the impact load on the riser during the movement. The maximum mass of the pig is estimated to be 80 kg according to the size of the riser, and the impact load of the pig is calculated by assuming that the initial speed of the pig decelerates to 0 m/s within 0.1 s. Pigging speeds of 1 m/s, 2 m/s, 3 m/s, 4 m/s, and 5 m/s were considered (the speed of the pig is usually within 1–5 m/s). As a result, the impact load of the pig can be predicted and applied on the riser. Five nodes (nodes 990, 1090, 1190, 1290, and 1390) located from the 990 m to 1390 m pipe section of the riser touchdown zone were selected to investigate the effect of the pigging impact load on the stress variations of the riser, as shown in Figure 4, and the loads applied on the riser are shown in Table 3.



The pigging process in a steel catenary riser is a dynamic and continuous process, and it is difficult to evaluate the pigging velocity at different positions. To solve this problem, it was assumed that the pig would stay in a certain position on the riser for a relatively long time (100 cycles of waves and FPSO motions) in the simulation to explore the extreme cases of equivalent stress changes at this point during the pigging process. The direction of the pig impact load is along the tangential direction of the riser node where the pig is located. In the simulation of steel catenary riser pigging, the top of the riser needs to be lifted to a predetermined position within 0–120 s. After the riser reaches the predetermined position, the above boundary conditions and loads are applied to simulate the riser pigging state, and the calculation time range is 120–1920 s. From 120 s to 920 s, the pig with different initial velocity rates and a mass of 80 kg passes through 5 nodes (nodes 990, 1090, 1190, 1290, and 1390) of the touchdown zone of the riser to study the stress and displacement variations in these nodes. Figure 9 shows a comparison of the equivalent stress variations of five research nodes in the TDZ of the riser with and without the impact load of the pig. The black solid line represents the equivalent stress variation without considering the pigging impact load, i.e., the original model, and the red dotted line represents the riser model of the equivalent stress variation considering the pigging impact load, i.e., the pigging model. It can be seen from Figure 6 that the equivalent stress values of different nodes in the riser TDZ increased certainly due to the pigging impact load. The closer to the touchdown point, the more obvious this trend is, and a 49.3% maximum stress increase can be found at node 1090. However, the periodic variation law of the equivalent stress due to the waves and FPSO motion is not affected by the pigging impact load.



In order to further investigate the variations in the equivalent stress values of the node in the effects of different pigging impact loads (different pigging velocity), the equivalent stress was extracted, as shown in Figure 10. It can be found that the pigging impact load has a larger effect on the left part of the touchdown point (nodes 990 and 1090) compared with the right part (nodes 1290 and 1390) at the 1 m/s and 2 m/s pigging velocity rates. Here, a 30.5% maximum increase occurs due to the pigging impact load on nodes 990 and 1090. However, a small increase can be found when the pigging velocity increased from 2 m/s to 5 m/s, due to the touchdown point shifting to the left. Nodes 990 and 1090 gain support from the seabed. For the right part of the touchdown point, a slight increase in the riser stress occurs with the increase in the pigging impact load.




3.2. The Effect of the Pigging Impact Load on the SCR Displacement Variation with no Pigging-Induced Slug Load


There are initial displacements at different nodes during the lifting of the SCR from horizontal riser to the catenary riser (0–120 s in the simulation). After applying the pigging impact load, the SCR will shift further based on the initial displacement. In order to study the displacement variations in the SCR riser’s TDZ under the coupling action of wave currents, a floating production platform, and the pigging impact load, the displacements of five nodes (nodes 990, 1090, 1190, 1290, and 1390) in the touchdown zone were investigated and the absolute displacements of these nodes were extracted, as shown in Figure 11. The black solid line represents the absolute displacement resulting from the original model (without the pigging impact load) in the X direction (the X/Y axis is shown in the upper left corner of Figure 5) and the red dotted line is the absolute displacement in the X direction from the pigging model. The blue solid line and the green dotted line represent the absolute displacements in the Y direction resulting from the original model and the pigging model, respectively.



It can be seen from Figure 11 that the TDZ shows an offset trend to the right in the X direction with the effect of the pigging impact load. The offset of the TDP and its left nodes are relative larger than its right nodes. For the left nodes, the farther away from the TDP, the greater the displacement of the node, while this is not applicable to the nodes on the right of the TDP due to the support of the seabed. In the Y direction, the displacement deviation of the SCR is significantly larger than that in the X direction. The displacement of the nodes in the left part of the TDP undergoes a large offset and fluctuates regularly. The displacement of the right part of the TDP is quite small and undergoes irregular changes due to the support of the seabed.



In order to investigate the variations in the node displacements at different pigging velocity rates, the displacement data were extracted and are shown in Figure 12 and Figure 13. Figure 12 shows the variations in the average and maximum displacement values of the TDZ in the X direction at different pigging velocity rates. With the increase in the pigging velocity, the mean absolute displacement of the nodes on the right of the TDP in the X direction undergoes a small increase, as well as the maximum displacement. The effect of the pigging impact load on the absolute displacement variation of the right part of the TDP is quite small due to the support of the seabed. Here, a 7.37 m absolute displacement in the X direction and 47.74 m absolute displacement in the Y direction can be found at node 990 when the pigging velocity is 5 m/s. The analysis in Figure 13 indicates that the pigging impact load only brings about 1–2 m increments in the Y direction




3.3. The Effect of Multiple Loads on the SCR Stress Variation, Considering the Pigging-Induced Slug Load


Differing from the pigging of a pipeline onshore, it is inevitable to encounter slug flow in front of the pig during riser pigging (a pigging-induced slug), which will aggravate the stress and displacement variations of the riser. In this section, the stress distribution and displacement of the SCR are investigated, with consideration of the effects of the waves, currents, floating platform’s movements, and pigging load (including the pigging impact load and pigging-induced slug load).



The pigging-induced slug load is applied on the riser in the same way as the pigging impact load. Figure 14 shows a schematic diagram of the impact of the pig and the slug loads on the riser when the pig runs to the 990 m position of the riser. Among them, Gpig represents the gravity load of the pig itself; Fpig represents the impact load of the pig on the pipeline, which can be decomposed into concentrated loads along the X and Y directions; Gslug represents the gravity load of the slug flow in front of the pig; Fslug represents the impact load of the slug flow in front of the pig. In order to ensure the computational efficiency of the model, the direction of the impact load resulting from the slug on the riser is approximately the same for every 2 m; that is, the slug load every 2 m is a computational unit. Here, Fslug-unit represents the slug load of the above calculation unit (represented by Fs-u in Figure 14). Similarly, Fs-u can be decomposed into concentrated loads in the X and Y directions.



In order to further study the influence of the slug load in front of the pig on the stress variation of the SCR during the pigging process, a pig with initial velocity of 1 m/s and mass of 80 kg passing through five nodes (nodes 990, 1090, 1190, 1290, and 1390) was investigated. The slug load was applied on the section between the corresponding research node and the riser end at the same time (with slug lengths of 410 m, 310 m, 210 m, 110 m, and 10 m, respectively), and the initial velocity of the slug was the same as the pig (1 m/s). The pigging loads are compared to the slugging loads applied on the riser in Table 4. The equivalent stress values of different nodes of the riser were extracted and are shown in Figure 15. The black solid line represents the riser model without considering the pigging load, i.e., the original model, and the red dotted line represents the riser model considering slug flow and pig impact load, i.e., the pigging model.



It can be found from Figure 15 that the effect of the slug load on the riser stress of the touchdown zone is larger than the effect of the pigging impact load (Figure 9). The stress values of these nodes all increase, with a 106.76% maximum increment in stress occurring at node 1090. However, the absolute increment is 47.62 MPa, leading to the largest stress value of 95.42 MPa, which is still below the allowable stress of the material.



Variations in the mean and maximum equivalent stress values of the TDZ at different pigging loads are shown in Figure 16. Here, the 0 m/s pigging velocity and 0 m/s slug flow velocity in Figure 16 mean that there is no pigging load, which represents the original model. It can be found that the effects of the slug load with different velocity values on the riser stress of the TDZ are similar to the effect of the pigging impact load (Figure 10). Almost all nodes undergo a slight increase in stress with the increment in the slug velocity. Here, a 66.7% maximum stress variation can be found at node 1090 when the pigging velocity increases from 0 m/s to 5 m/s.




3.4. The Effects of Multiple Loads on the SCR Displacement Variation, Considering the Pigging-Induced Slug Load


Th analysis in Figure 17 indicates that compared with the original model, the nodes on the left side of the TDP of the pig model considering the slug load show a left offset trend in the X direction, while the nodes on the right side show a right offset trend due to the superposition of the slug load, which is different from the trend for the effect of only the pigging impact load. A large offset in the Y direction for nodes on the left side of the TDP can be observed (nodes 990 and 1090). A 10.05 m maximum offset in the Y direction occurred at node 990. However, this trend is not obvious for nodes 1290 and 1390 due to the seabed support.



The variations in displacement at different nodes of the TDZ with different pigging velocity values were further studied, and the displacements in the X and Y direction were extracted and are shown in Figure 18 and Figure 19. It can be found in Figure 18 that with the increase in pigging velocity, the average and maximum displacements of the nodes on the left of the TDP in the X direction decrease monotonously, which means that with the effects of multiple loads, these nodes experience an offset to the left (as for the X and Y directions shown in Figure 5). On the contrary, the nodes on the right of the TDP undergo an offset to the right, and the offset increases with the increment in the pigging velocity.



Figure 19 shows that with the increase in velocity of the pig and slug flow, the average displacement of the five nodes in the Y direction decreases monotonously, and the maximum displacement decreases as well, indicating that the velocity of the pig and slug flow is positively correlated with the downward offset of the nodes around the TDZ in the Y direction. With the increase in velocity of the pig and slug flow, the displacement offset of the nodes on the left of the TDP becomes significantly greater than that of the nodes on the right. Here, a 2.51 m absolute displacement in the X direction and a 18.29 m absolute displacement in the Y direction occurred at node 990, when the pigging velocity increased from 0 m/s to 5 m/s.



Figure 20 was obtained by extracting the shape of the riser from ABAQUS, revealing the shape of SCR at different pigging velocities when the pig is located at node 990 and when the slug flow is considered. It can be found that when the slug flow is considered, the node near the left of the SCR TDP moves downward due to the pigging load. However, the nodes far away from the SCR TDP move upward due to the deformation of the steel catenary riser. The larger the pigging velocity, the more serious the deformation of the SCR. Fortunately, even a heavy pig moving at 5 m/s stops within 0.1 s and cannot destroy the riser.





4. Conclusions


In this paper, a model was proposed to investigate the pigging process of an SCR based on ABAQUS software. This model was verified by an experiment, and a maximum error of 16.6% with a minimum error of 1.2% were found. Next, the variations in the equivalent stress and displacement values of SCR in the pigging process were investigated under the pigging conditions with the combined action of waves, currents, and floating platform movements. The conclusions are presented below:




	(1)

	
During the pigging of the SCR TDZ, the amplitude of the equivalent stress increased due to the pigging load, and a 106.76% maximum increment was observed. The closer to the touchdown point, the more obvious the trend. However, the periodic variation law of the equivalent stress is not affected by the pigging impact load, which is mainly determined by the effects of the waves, currents, and floating platform movements.




	(2)

	
The displacement of the SCR TDZ in the Y direction was significantly larger than that in the X direction due to the catenary properties. The displacement of the nodes on the left part of the TDP underwent a large offset and fluctuated regularly. The displacement of the right part of the TDP was quite small due to the support of the seabed.




	(3)

	
When the slug flow was considered in the pigging of the SCR TDZ, the displacement of the node on the left the TDP in the X direction experienced an offset to the left, while the nodes on the right of the TDP underwent a right offset. Downward displacements in the Y direction was found for all the nodes and was positively correlated with the initial velocity of the pig. Here, a 2.51 m absolute displacement in the X direction and a 18.29 m absolute displacement in the Y direction were observed at node 990 when the pigging velocity increased from 0 m/s to 5 m/s. The research results indicate that the potential damage of the pigging to the riser was limited, compared with the fatigue failure due to the periodic motion of the SCR.
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Figure 1. Schematic diagram of the SCR structure. 
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Figure 2. Finite element model of an SCR. 
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Figure 3. Comparison of the overall shape of the catenary riser. 
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Figure 4. Force diagram of the SCR pigging process without considering the slug load. 
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Figure 5. Schematic diagram of an SCR applied with the pigging impact load and slugging load. 
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Figure 6. The experimental rig of the SCR under pigging conditions. 
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Figure 7. Time traces of top tension values. 
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Figure 8. Stress values at different nodes. 
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Figure 9. Comparison of equivalent stress values of the SCR with and without the pigging impact load at different nodes. 
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Figure 10. Variations in the mean and maximum equivalent stress values with different pigging impact loads at different nodes. 
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Figure 11. Comparison of the absolute displacements of different nodes with the effects of different pigging impact loads. 
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Figure 12. Variations in the average and maximum displacements of the TDZ in the X direction at different pigging velocity rates. 
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Figure 13. Variations in the average and maximum displacements of the TDZ in the Y direction at different pigging velocity rates. 
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Figure 14. Schematic diagram of the pigging impact load and the pigging-induced slug load on the riser. 
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Figure 15. Comparison of equivalent stress values of the TDZ with and without considering the pigging load. 
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Figure 16. Variations in mean and maximum equivalent stress values of the TDZ with and without slug loads at different nodes. 
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Figure 17. Comparison of the absolute displacement values of different nodes with the effects of different pigging loads. 
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Figure 18. Variations in average and maximum displacements of the touchdown zone in the X direction at different pigging velocity values while considering the slug flow. 
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Figure 19. Variations in average and maximum displacements of the touchdown zone in the Y direction at different pigging velocity values while considering the slug flow. 
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Figure 20. SCR geometrical morphologies at different velocities when the slug flow is considered and the pig is located at node 990. 
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Table 1. Typical parameters of the SCR and ocean environment.
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Physical Model

	
Physical Properties

	
Value






	
SCR

	
Length/m

	
1200




	
Outer diameter/m

	
0.1684




	
Wall thickness/m

	
0.0069




	
Density/(kg/m3)

	
7850




	
Young’s modulus/GPa

	
200.0




	
Poisson’s ratio

	
0.3




	
Yield strength/MPa

	
448




	
Ocean environment

	
Depth of sea water/m

	
850




	
Density of sea water/(kg/m3)

	
1020




	
Seabed stiffness/(kN/m2)

	
200
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Table 2. Grid independence analysis for the simulation model.
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	Unit Size of SCR (m)
	Unit Size of the Seabed (m)
	Grid Numbers
	Stress (MPa)





	2
	10
	740
	63.56



	2
	5
	1160
	63.43



	1
	3
	2601
	51.35



	1
	2.5
	3240
	57.46



	1
	2
	4700
	55.54



	1
	1.5
	7731
	55.75
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Table 3. Pigging loads applied on the riser.
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Pig Weight (kg)

	
Pigging Velocity (m/s)

	
Pigging Impact Load (m × a, kg × m/s2)

	
Number of Nodes Applied on






	
80

	
1

	
80 × 1 × 9.8/0.1

	
990, 1090, 1190, 1290, and 1390




	
2

	
80 × 2 × 9.8/0.1




	
3

	
80 × 3 × 9.8/0.1




	
4

	
80 × 4 × 9.8/0.1




	
5

	
80 × 5 × 9.8/0.1
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Table 4. Pigging loads applied on the riser while considering the slugging loads.
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Pig Weight (m, kg)

	
Slugging Length (m)

	
Velocity of Pig and Slugging (m/s)

	
Pigging Impact Load (m × a, kg × m/s2)

	
Slugging Impact Load (m × a, kg × m/s2)

	
Number of Nodes Applied on

	






	
80

	
410

	
1

	
80 × 9.8 × 1/0.1

	
m × 9.8 × 1/0.1

	
990, 1090, 1190, 1290 and 1390

	




	
310

	




	
110

	




	
10
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