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Abstract

:

Technology for recycling abandoned undersea pipelines is crucial for lowering the cost of installing new submarine pipelines, polluting the ocean less, and improving recycling efficiency. A popular area of study is how to lessen the harm that underwater pipeline recycling instruments do to the inner wall of the pipeline during recycling. In order to recover pipelines, this study examines the anchoring theory and damage process of submerged pipeline recovery equipment. The effect of the contact body’s diameter and radius of the rounded corner on the depth of the pressed-in pipeline and the slip distance is examined using the contact body structure optimization design approach of the underwater pipeline recovery tool, which is based on a multi-objective genetic algorithm. Dynamic simulations of the insertion mechanism as a whole are performed using the Adams simulation program to make sure that the optimized contact body can exert enough contact force on the pipeline’s inner wall. According to the optimization results, the ideal design parameters are D = 57 mm and R = 11.5 mm. While still satisfying the criteria, the improved contact body has higher stability.
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1. Introduction


One of the most popular means of shipping oil and gas by sea is through submarine pipelines, which have clear benefits in terms of reliability, economics, and efficiency [1]. The development of maintenance and operation technologies for underwater pipelines for the transfer of oil and gas has drawn interest from all around the world as maritime resources have grown [2]. Bad weather frequently occurs when laying undersea pipes, necessitating the suspension of operations and lowering the pipeline to the seafloor. When the weather improves, the pipeline must be recovered from the bottom. One key sign of the effectiveness of underwater pipeline installation is the ability of the equipment to retrieve submarine pipelines efficiently. The submarine pipeline recovery tool is typically inserted and locked into the submarine pipeline using a mechanical system. The better the non-destructive performance of the submarine pipeline recovery tool, the less damage the tool causes to the submarine pipeline during the lowering and lifting process. Reducing the undersea pipeline recovery tool’s damage to the pipeline’s inner wall is crucial for maximizing its performance, since this type of tool has gained significant attention in research due to its ability to perform work procedures with high efficiency and minimal damage.



Multiple optimization objectives that are connected to or even contradictory to one another frequently occur in real-world engineering issues, and it is typically hard to find a solution that makes every objective parameter optimal. Unlike single-objective problems, many practical situations include many objective functions that need to be optimized. Based on the resulting Pareto optimum set, designers may therefore choose the best design to solve a variety of multi-objective structural challenges [3]. The following are a few works on structural multi-objective optimization problems. Under the influence of hydrodynamic landslides, Guo X.S. et al. [4] improved the design and drag reduction of an undersea pipeline with honeycomb holes under the effect of hydrodynamic landslides by creating a functional link between the non-simulated parameters and two metrics. Gong H.X. et al. [5] established a design model using ANSYS software to optimize the hydraulic skirt pile gripper body and selected the optimal design using the fuzzy material element method. After optimization, the maximum equivalent force of the body was reduced by 14.75% and the volume of the body was reduced by 4.8%. Hou S.P. et al. [6] established a kriging-based RSM model by simulating a Latin hypercube sampling design using the screening and MOGA methods. Then, the optimal body shape of the vehicle was determined based on the relationship between each design variable of the vehicle and the output parameters of the vehicle. Liu F. et al. [7] developed a parametric finite element model based on the Patran command language code for optimizing the hull structure. The optimization process was executed on the Isight platform. On this basis, a linear dimensionless method was introduced to establish a weighted multi-objective function. Minimization of hull structure support weight and maximization of safety is achieved. To optimize the buoyancy module of a deepwater power umbilical, Yang et al. [8] employed a non-dominated sorting genetic algorithm to obtain a Pareto solution set through an evolutionary optimization process. Intuitionistic fuzzy set theory is applied to select the optimal compromise solution from the Pareto solution set.



ANSYS Workbench simulation software and Isight optimization software were used in this work to perform a multi-objective optimization of the contact body of the undersea pipeline recovery tool based on the Elliptic Basis Function approximation model. The De-sign of Experiments methodology’s Optimal Latin Hypercube was utilized for repeated sampling. Following a non-linear dynamics analysis of these sample points, an approximative model was constructed using the sampling data. The approximation model’s correctness was confirmed. The Pareto solution set was then obtained by optimizing the model with the Non-dominated Sorting Genetic Algorithm (NSGA-II). Ultimately, the multi-attribute decision-making process was used to choose the best compromise option among the Pareto solution set. Using Adams simulation software, the dynamics simulation of the entire insertion mechanism was performed to make sure that the optimized contact body could apply enough contact force to the inner wall of the pipe, ensuring the stability and dependability of the recovery process.




2. The Structure of the Subsea Pipeline Recovery Tool


This study examines the underwater pipeline recovery tool, which includes the primary insertion mechanism, hydraulic system, balancing mechanism, lifting mechanism, and other components. As seen in Figure 1a, the undersea pipeline is raised by the friction between its contact body and the inner wall of the pipeline, which is formed by the outward expansion of the mechanism’s primary insertion. An oblique force-gaining mechanism is used as the primary insertion mechanism to enlarge the pipeline. In order for the piston rod in the main insertion mechanism to force the propeller to move, the pipeline recovery tool initiates the oil source through the ROV. The propeller and contact body create an oblique force-gaining mechanism that causes the contact body to expand outward, making contact with the pipeline’s inner wall and completing the expansion process. The study portion was modeled as indicated in Figure 1b, and the paper’s major focus is the contact between the inner wall of the pipe and the contact body in the main insertion mechanism.




3. Contact Anchoring Theory Analysis


Anchorage theory has figured prominently in many studies. Based on the structural theory of inclined plane reinforcement and elastic-plastic mechanics, Zhang L. et al. [9] finished the anchoring device’s structural design. On the design of anchoring blocks, material choice, anchorage depth between the anchorage blocks and the inner wall of the pipe, and contact stress, theoretical and simulation studies have been done. The anchoring experiment confirms that the theoretical and simulation analysis was accurate. To examine the anchoring and suspension mechanics of slip inserts, Li T. et al. [10] uses the thick-walled cylinder theory and the wedge stress theory. The numerical outcomes demonstrate that the anchoring and suspension stresses (average stresses) of slip inserts can be analyzed using the wedge stress theory and the thick-walled cylinder theory, respectively. The structural strength of the object determines the damage during the anchoring phase of slip, whereas the structural shear strength determines the damage during the suspension period. In this paper, the study also utilizes the anchoring theory in the process of recycling pipes.



3.1. Force Analysis during Loading Stroke


The hydraulic cylinder pulls the pusher, which forces the spherical contact body to travel along the slanting surface and press against the inner wall of the pipeline in order for the underwater pipeline recovery tool to recover the pipeline. Subsequently, as a result of the friction generated between the spherical contact body and the pipeline’s inner wall, the spherical contact body descends along the inclined plane, increasing the friction between it and the inner wall. Figure 2 illustrates the force acting on the contact body during the recovery process, which will be subjected to force analysis.



In Figure 3, n denotes the number of pairs of spherical contact bodies, F denotes the lifting force, Tmax is the tension at this point in time when the pipe is connected to the PRT, λ is the angle of inclination of the sloping surface of the push rod, ρ is the friction angle between the contact surfaces of the push rod and the contact body, ρ′ the friction angle between the contact surfaces of the contact body and the wall of the inner sphere cage aperture, Q is the positive pressure of the pipe wall on the spherical contact body, f is the friction force exerted by the pipe inner wall on the spherical contact body, R12 is the combined force of the pressure of the push rod on the contact body and its friction, R21 is the combined force of the pressure of the contact body on the push rod and its friction; R23 is the combined force of the pressure of the contact body on the ball cage and its friction, and R32 is the combined force of the pressure of the ball cage on the contact body and its friction.



It is necessary to evaluate it in terms of sliding friction because when the spherical contact body is pushed to expand and tighten the pipe, incomplete sliding friction occurs between the pipe and the spherical contact body as well as between the spherical contact body and the pusher. Force polygons, as seen in Figure 3, may be used to achieve the force analysis.



When the pipe is lifted, if the pipe is not dislodged, the friction f between the spherical contact body and the pipe is 1/2n of the total weight of the pipe. From the force triangle I:


   R  12   =  F  2 n s i n  (  λ + ρ  )    .  



(1)







In general, the friction angle and the coefficient of friction μ between materials are related as follows:


  ρ = a r c t a n μ .  



(2)







From the force polygon II:


  Q =  R  21   c o s  (  λ + ρ  )  −  R  32   s i n  ρ ′  ,  



(3)






   R  32   =  1  c o s  ρ ′     (   R  12   c o s  (  λ + ρ  )  − f  )  .  



(4)







Thus, in summary, it can be concluded:


  Q =  F  2 n t a n  (  λ + ρ  )    −  (   F  2 n   − f  )  t a n  ρ ′  .  



(5)







In lifting the pipe, the friction f between the inner wall of the pipe and the spherical contact body is equal to the single-ball lifting force F/2n, so Equation (5) can be simplified to:


  Q =   F / 2 n   t a n  (  λ + ρ  )    .  



(6)







If the ideal state is frictionless, i.e., when ρ = ρ′ = 0, then there is:


    (  F  2 n   )  0  = Q t a n λ .  



(7)







In this working stroke, F is the driving force Q is the load force, and its efficiency is:


  η =     (  F  2 n   )  0     F  2 n     =   t a n λ   t a n ( λ + ρ )   ,  



(8)




where f is the friction force between the contact body and the pipe and is also the main force for the PRT to recover the pipe, with a value of F/2n. If the subsea pipe recovery tool is to achieve an incremental self-locking effect when lifting, the stroke should not self-lock and thus should satisfy η ≥ 0. Based on the demand, it is known that there should be a self-locking between the pipe, the spherical contact body, and the actuator at F = 0:


    Q ⋅ s i n λ   Q ⋅ c o s λ ⋅ t a n ρ   =   t a n λ   t a n ρ   ≤ 1 .  



(9)







Therefore, in accordance with Equations (8) and (9), the actuator’s taper angle can take on the following range of values:


  0 ≤ λ ≤ ρ .  



(10)








3.2. Force Analysis during Unloading


The hydraulic cylinder rod of the subsea pipeline recovery tool recovers and pulls back the push rod, designating this process as the unloading stroke, when the pipeline is lifted back to the ship and clamped with the tensioner in the laying device or other clamps on the ship. The contact body and the inner wall of the pipeline squeeze against each other during the unloading stroke, and the hydraulic cylinder then drives the inner ball cage to lift under the influence of hydraulic pressure, bringing the contact body into contact with the inner ball cage’s bottom hole wall. As the hydraulic cylinder continues to increase pressure, the flange end of the ball cage and the pipeline mouth then make contact with the ball cage, and the contact body that loses the push rod’s sustaining force. Additionally, the contact body loses its force of traction on the pipe’s inner wall, resulting in unloading. Figure 4 displays the force diagram.



For the unloading process, Q is the driving force and F′ is the load force. So F′ is the force that makes the subsea pipeline recovery tool unloadable. The corresponding force polygon is shown in Figure 5.



In force triangle II, by the sine theorem:


   Q  s i n  [  90 ° −  (  ρ − λ  )  +  ρ ′   ]    =    R  12     s i n  (  90 ° −  ρ ′   )    .  



(11)







From the above equation:


   R  21   =  R  12   =   Q s i n  (  90 ° −  ρ ′   )    c o s  (  ρ − λ −  ρ ′   )    .  



(12)







In the force triangle I there are:


     F ′    2 n   =  R  21   s i n  (  ρ − λ  )  =   Q s i n  (  ρ − λ  )  c o s  ρ ′    c o s  (  ρ − λ −  ρ ′   )    .  



(13)







According to Equation (5), the relationship between the friction f and the pressure Q between the inner wall of the pipe and the contact body is:


  f = t a n  (  λ + ρ  )  Q .  



(14)







Therefore, if the effect of locking the pipe is to be achieved, the equivalent coefficient of friction μ″ between the spherical contact body of the pipe and the inner wall of the pipe should be satisfied:


   μ ″  ≥ t a n  (  λ + ρ  )  .  



(15)








3.3. Analysis of Locking Structure


At the start of pipe recovery, the PRT should raise the coefficient of friction between the contact body and the pipe’s inner wall in order to lock the pipe. The tribological theory states that in order to increase the real contact area between the spherical contact body and the inner wall of the pipe, which increases the friction coefficient between the inner wall of the pipe and the ball, a certain amount of pressure must be applied to the spherical contact body. According to the theory of adhesive friction proposed by Bowden et al. [11,12], As can be seen, the friction surface between the spherical contact body and the pipe is in a plastic state, and the friction between the pipe and the spherical contact body when the pipe is locked is the result of the sum of the adhesion effect and the furrow effect. The contact area is thus composed of two parts: the spherical contact body pressed into the pipeline, sliding when pushing the soft material (pipeline wall material), and the ellipsoid surface, where the spherical contact body contact pipe wall adhesion effect occurs. The stress analysis is shown in Figure 6.



So the composition of the friction force F is:


  F = T +  P e  = S  τ b  + A  p e  ,  



(16)




where T represents the shear force, T = Sτb; S represents the actual contact surface area; τb represents the shear strength of the adhesion junction; A represents the cross-sectional area of the furrow, and pe represents the furrow force per unit area.



According to the relevant experimental verification, τb is very close to the shear strength limit τs of the soft material (i.e., pipe inner wall material) in the friction vice, which indicates that the shear of the adhesion junction usually occurs in the inner part of the soft material, resulting in the material migration phenomenon in the wear. the value of pe depends on the nature of the soft material. For a sphere embedded in the inner wall of a pipe, the value of pe is the yield limit of the pipe wall material, σs. Equation (9) can then be written as:


  F = S  τ s  + A  σ s  ,  



(17)




where S is the real contact area between the spherical contact body and the inner wall of the pipe, which can be calculated with the Hertzian contact theory; A is the cross-sectional area of the spherical contact body embedded in the pipe part in the direction of the friction force, and according to the geometrical relationship, there is:


   {    A =  [    a r c s i n  (   x r   )    360 °   π  r 2  − x      r 2  −  x 2     2   ]  −  [    a r c s i n  (   x R   )    360 °   π  R 2  − x      R 2  −  x 2     2   ]      h =  [  r −    r 2  −  x 2     ]  −  [  R −    R 2  −  x 2     ]           x = R g s i n  (   a R   )      ,  



(18)




where R represents the radius of the inner wall of the pipe; r represents the radius of the spherical contact body; h represents the depth of the spherical contact body pressed into the inner wall of the pipe, which can be obtained by the Hertzian contact theory; a represents the long half-axis of the elliptic surface between the spherical contact body and the inner wall of the pipe. At this time, the equivalent friction coefficient between the spherical contact body and the inner wall of the pipe is:


   μ ″  =  F   F N    =   S  τ s  + A  σ s   Q  .  



(19)







So according to Equations (15) and (19), the relationship between the actuator cone angle λ and the depth h of the spherical contact body pressed into the inner wall of the pipe is:


  λ ≤ a r c t a n  (    S  τ s  + A  σ s   Q   )  − ρ .  



(20)









4. Damage Mechanism Analysis


A subsea pipeline recovery tool’s contact body presses against the pipeline when it makes contact with the inner wall of the pipe. It harms the pipeline when it is forced into the surface of the pipe. As a result, a sliding zone forms on the contact surface when the pipe is lifted because tangential contact is formed between the contact body’s surface and the pipe’s inner wall. Figure 7 illustrates how the pipe damage grew deeper and more extensive as the raised pipe section’s length and mass increased. Due to wave stresses, the recycling process also causes cyclic friction between the contact body and the pipe’s inner wall. These wounds might lead to contact damage zones with compressive stress concentrations on the pipeline’s inner surface, along with corrosion, internal pressure, and fatigue damage, all of which would likely turn the pipeline into a very dangerous safety concern.



Compared to the inner wall of the pipe, the contact body’s hardness is significantly higher. The inner wall of the pipe and the contact body are vulnerable to abrasive wear, according to the friction hypothesis [13]. Material will be lost from the surface of the pipeline, and the friction surface will deform as a result of contact and friction between the contact body and the pipeline’s inner wall. This type of abrasion will harm the pipeline’s outer layer and inner layer, which will cause the pipeline to experience stress concentration when exposed to bending moments and reduce the pipeline’s following service life. In order to avoid damaging the inner wall of the pipe, it must be recycled as little as possible.



The wear of the inner wall of the pipe can be categorized as a mix of adhesive and abrasive wear, depending on the manner in which the contact body made contact with the pipe. Adhesive wear [14,15] occurs on the contact surface of the two objects. The adhesive junction on the soft material side is destroyed due to wear brought on by relative sliding. Abrasive wear [16] is a technique that involves pressing a contact body into a friction surface while it is under pressure. As the contact body slides, the plastic material’s surface shears, ploughs, and slices, leaving behind groove-like indentations.



Currently, three basic techniques exist to assess wear: wear ratio, wear resistance, and wear quantity. The wear volume typically controls the amount of wear between the contact body and the inner wall of the pipe [17]. The three basic wear quantities for evaluating material wear are length wear Wl, volume wear Wv, and weight wear Ww. Length wear, which is frequently employed in the wear monitoring of actual equipment, is the amount of change in the dimensions of an object’s surface throughout the wear process. A part or specimen’s change in volume or weight as a result of wear is referred to as weight wear or volume wear. Combined with the working conditions, it can be seen that when determining the wear of the inner wall of the pipe, the volumetric wear amount Wv should be used as the criterion.



Adhesive wear does not result in considerable material loss from the inner wall of the pipe or relocation; rather, it merely causes a few microns of soft material that is present between the contact body and the pipe to stick to the contact body. Additionally, there is no adhesion due to the temperature difference between the inner wall of the pipe and the spherical contact body. on the other hand, abrasive wear is influenced by the contact body’s depth of indentation and the distance swept during sliding. The abrasive cutting mechanism’s straightforward calculating approach, or the Rabinovitch model [18], it is assumed that the abrasive shape is a cone, the half angle is θ, the load is W, the indentation depth is h, the sliding distance is S, the yield limit is σs, and the hardness of the abrasive material is H.



The relationship between the volumetric wear amount, Wv, the indentation depth, h, and the sliding distance, S, is shown in Equation (21).


   W v  = A ⋅ S =   W ⋅ S ⋅ c o t θ   π H   .  



(21)







The wear volume of the inner wall of the pipeline is positively connected with the depth of the indentation h and the sliding distance S during the operation of the submerged pipeline recovery tool because the wear of the contact body on the inner wall of the pipeline is comparable.




5. Simulation and Experimentation


5.1. Grid Division


Table 1 provide the material property parameters for the contact body and pipe. Global meshing is used to split the model into hexahedral meshes. For the areas where the contact body is in contact with the pipe, the mesh is then locally encrypted. It is chosen to be sluggish and excessively large to use the coarse mesh and encrypted mesh. The chosen mesh growth rate is 1.1. The mesh’s minimal size at the point where the load-bearing sphere and pipe come into contact has been fixed at 0.4 mm due to computer restrictions. Around 280,000 meshes and 1,000,000 nodes make up the total number of nodes in the system.




5.2. Boundary Conditions


The outside wall and sides of the pipe model were set as frictionless constraints, and the contact body’s upper surface was set with displacement constraints to limit the contact body’s movement in the y and z directions. A pressure of 20,000 N in a downward direction was placed on the contact body’s upper surface. The tensile force was set at 4000 N in the forward direction in front of the pipe model. Figure 8 displays the loading curves for boundary conditions and forces.




5.3. Simulation Verification Experiment


This study examines the PRT while recovering 12-inch flexible pipes in an environment with a 300-m water depth. At this moment, the 12-inch PRT design index is as follows: 300-m water depth, recovering 12-inch ID, 15.25-inch OD pipes, and a 160-kg design load. Calculations reveal that there are 7 rows, with 8 connections in each row, of spherical contacts in the 12-inch PRT’s insertion mechanism. The spherical contact body has a 60-mm diameter. The experiment makes use of the scaled-down model, with the diameter of the spherical contact body set to 15 mm. For the sake of the experiment, the inner wall of the pipe may be roughly represented as a flat surface because its radius is significantly bigger than the radius of the contact body. To replicate the contact between the contact body and the pipe, the contact between the contact body and the flat metal plate was employed. By monitoring the reduction c in the distance between the two steel plates, a laser displacement sensor may determine the sinking depth d = c/2 of the spherical contact body. Trials using the spherical contact body of the GCr15 bearing steel material and the 45 steel metal plate. The carrier ball caused relatively little deformation while pressing the steel plate since the bearing steel, GCr15, has a substantially higher hardness than 45 steel. The loaded balls were forced to extrude the flat surface using a press, and the displacement change resulting from the force loading was recorded using a laser displacement sensor. The press applied pressure loading to the support block to transfer force to the ball. A pressure sensor was positioned atop the block. With ten flat plates, the load-bearing ball was extruded. The top and bottom of the spherical contact body each included a pair of plates. The experimental steel plates were subjected to forces of 1000 N, 2000 N, 3000 N, 4000 N, and 5000 N, respectively, from the press. Each pair of experimental steel plates had its pit diameter measured in order to reduce experimental error. The pair of plates whose pit diameter matched the pair’s data was considered acceptable. In Figure 9, the experimental technique is displayed.



Finite element analysis was performed on the experimental model, and the boundary conditions were established using the same technique as the simulation mentioned before. It is possible to fit the rigid sphere’s displacement curve using mathematical computation tools. As a result, the experimental simulation mentioned above yielded the experimental-simulation comparison curve connection. Figure 10 compares how the subsidence displacement changes as the load increases from 0 to 1.25 KN. The sinking gradually deepens as the load rises. The modeling yielded a subsidence displacement of approximately 26.7 μm at a 1.25 KN load, while the experiment yielded a displacement of around 28 μm. Furthermore, there is a similarity between the simulation and experimental curves, indicating the greater accuracy and dependability of the previously mentioned simulation and analysis approaches. As a consequence, both the simulation results and the finite element approach we employed in the contact body structure optimization design are accurate.





6. Multi-Objective Optimization Design


Multi-objective optimization is generally characterized by the fact that the different sub-objectives in the problem are mutually contradictory. This means that achieving one sub-objective may result in the other sub-objective performing worse. It is also challenging to achieve multiple sub-objectives at once and arrive at the optimal value; instead, one can only compromise between the sub-objectives in a number of objectives in order to arrive at the best solution possible. A multi-objective optimization issue has several Pareto optimum solutions rather than a single, unique solution. This is the primary difference between multi-objective and single-objective optimization. It is more difficult for relative sliding to occur between the contact body and the pipe when the contact body is deeper into the inner wall of the pipe during the work of the contact body contacting the inner wall of the pipe; that is, the greater h is, the smaller S is. Thus, the design of multi-objective optimization is employed. The optimization process for the contact body of the subsea pipeline recovery tool is shown in Figure 11.



6.1. Parametric Modeling


It is essential to do a multi-objective optimization design for the contact body’s structure and parameterize the contact body model in order to lessen the damage that the undersea pipeline recovery tool contact body causes to the inner wall of the pipeline when it is in operation.



The primary parameters of the contact body were chosen for parameterization after a geometric model of the underwater pipeline recovery tool’s contact body was created using SolidWorks. specifying the cylindrical diameter (D) and the rounded corner (R) of the contact body as the input parameters for structural optimization. Figure 12 illustrates the size of the contact body that has to be optimized. Equation (22) displays the range of values for the design variables.



The input variables contact body fillet R and contact body cylindrical diameter D were chosen to take on a range of values since the contact body diameter of the 12-inch subsea pipe recovery tool was initially intended to be 60 mm:


     D ∈  [  50 mm , 70 mm  ]      R ∈  [  5 mm , 35 mm  ]     .  



(22)








6.2. Design of Experiment Method


An experimental design methodology was used to repeat the sampling in the design space in order to create a rough model. The experiment design in this work utilizes Optimized Latin Hypercube Sampling (OLHS). The Optimized Latin Hypercube, as opposed to a random combination, is the best way to combine the levels of the factors [19]. With this approach, the design space is uniformly divided into sections for each factor. The best method for simulating the actual response is optimized Latin hypercube sampling, which also offers a useful method for forecasting the model’s response properties [20].



The OLHS design was used as the experimental design method in this study, and the design variables were based on a range of values. The OLHS method created 100 sample points. The sample points and the surfaces’ matching values were discovered. Based on these results, an approximate model for each output variable was constructed using the Elliptic Basis Function (EBF) approximation algorithm and Universal Kriging (UK) algorithms, respectively.




6.3. Approximation Model


6.3.1. Sensitivity Analysis


In this paper, the response surface model (RSM) method [21,22] was used to evaluate the sensitivity. In light of the foregoing results, Figure 13a,b depict the response surface model based on the effect of the contactor fillet R and contactor cylindrical diameter D on the contactor indentation depth h and the relative sliding distance S between the contactor and the pipe.



As can be seen from Figure 13a,b, the value of the depth h of the contact body pressed into the pipeline decreases and then increases, and the value of the relative slip distance S between the contact body and the inner wall of the pipeline gradually decreases as the round angle R of the contact body increases. When the value of the round angle R is held constant, the relative slip distance S between the contact body and the inner wall of the pipeline also decreases and then increases, along with the depth h of the contact body pressed into the pipeline as the diameter of the cylinder of the contact body D increases.




6.3.2. Approximate Modeling


To improve the optimization efficiency, multi-objective optimization was performed using approximation models. The EBF approximation model [23] and the UK approximation model [24] were used instead of the simulation model to express the relationship between each design variable and each performance index, respectively. Using the OLHS design of experiments technique, 10 sample points were chosen in the finite element model based on the range of values of each design variable. Using the cross-validation approach, which chose to evaluate the model’s accuracy using the root mean square and the root cubic, the model’s correctness was confirmed. The approximation model with more accuracy was chosen during the optimization phase after comparing the models produced by the two approaches. The root mean square and cube root of the approximations produced by EBF and UK are displayed in Table 2.



Table 2 shows that both of the approximation models created using the two approaches satisfied the accuracy standards, with the EBF approximation model having a greater level of accuracy. As a result, throughout the optimization phase, the EBF approximation model was chosen. The EBF model’s fitting curves for h and S are shown in Figure 14.



Figure 15a,b depict the EBF approximation model for the depth h at which the contact body enters the pipe and the slip distance S between the contact body and the pipe. The degree of the design variables D and R’s impact on the values of h and S was assessed using the optimization design program Isight [25]. All of the chosen factors have an impact on the sub-objectives. Greater than contact body cylindrical diameter D is the overall impact of contact body rounding angle R on contact body indentation depth h. The difference between the two is not obvious, while the global influence of contact body rounding angle R on contact body indentation depth S is higher than that of contact body cylindrical diameter D.





6.4. Multi-Objective Optimization Mathematical Model


The core of the optimization problem is the optimization model. In this study, a multi-objective optimization function was created, and the objective function was normalized and combined using the weighting approach. In order to resolve the optimization model, the optimization strategy was applied.



Using a linear weighting approach, the multi-objective issue is reduced to a single goal in order to discover the required optimal solution from the Pareto solution set. Each sub-objective has two terms before it. One is based on the sub-objective’s significance in real-world engineering. The alternative is to modify the sub-objective values in accordance with the orders of magnitude depicted in Equation (23).


  F  ( X )  =   ∑ i    w i   u i   f i   ( X )            (  i = 1 , 2 , L , q  )      ,  



(23)




where fi(X) is the sub-objective function; wi is the weighting factor of each sub-objective; ui is the standardized term to normalize the value of the sub-objective function. In this paper, the depth h of the contact body pressed into the pipe and the relative slip distance S between the contact body and the pipe is selected as the sub-objectives. The objective function is shown in Equation (24).


  M i n F  ( X )  =  w 1   u 1   f 1   ( X )  +  w 2   u 2   f 2   ( X )  ,  



(24)




where f1(X) is the depth h of the contact body pressed into the pipe; f2(X) is the relative slip distance S between the contact body and the pipe; w1 is the weighting factor of the pressed-in depth H; w2 is the weighting factor of the slip distance; u1 and u2 are the normalization terms of the sub-objective function. The input variables were selected as contact body round angle R and contact body cylindrical diameter D. The optimization problem is formulated as:


   {    m i n H     m i n S     5 ≤ R ≤ 35     25 ≤ D ≤ 70      



(25)








6.5. Multi-Objective Optimization Algorithm


The linear weighting approach employs subjective weights, which are less objective and require more calculation even if they are simple to compute and comprehend. Second, the findings of the assessment are skewed since this approach is unable to capture the important effects of certain evaluation markers. On the other hand, the GA method has better convergence, converges more quickly, and can continuously maintain the convergence state. So, NSGA-II and NCGA were selected to optimize the contact body’s form and structure, respectively. Intelligent optimization methods like the simulated annealing algorithm, the genetic algorithm, the particle swarm algorithm, and others may often be used to acquire the Pareto solution set of a mathematical issue of multi-objective optimization. A popular multi-objective optimization technique today is NSGA-II [26]. The benefit of NSGA-II is that its exploratory performance is better. The Pareto forward ability is strengthened in non-dominated sorting because the Pareto front-proximate individuals are chosen [27]. The NCGA method [28] is derived from the first GA algorithm, which values each objective equally and implements the “neighbor reproduction” process by grouping the crossover after sorting. The computational convergence process is sped up by the higher likelihood of solutions at the Pareto front cross-propagating.





7. Results and Discussion


7.1. Optimization Results Analysis


Finding a representative collection of Pareto optimum solutions that fulfill various criteria was the major goal of the optimization procedure, which used the genetic algorithms NSGA-II and NCGA. The crossover rate is set to 0.9, the population size is set to 100, and the number of hereditary generations is set to 200. Following the computation, the possible solutions satisfying the example’s requirements are discovered, forming the Pareto front solution set curve seen in Figure 16.



In Figure 16, the derived Pareto borders for h and S are displayed. As indicated by a red point, the Pareto ideal solution exists. The Pareto front is made up of all red points, and the green point is the ideal design position recommended by the Isight optimization tool. S is more significant in this optimization. In order to confirm the accuracy of the optimization findings and the correctness of the ideal design, the optimal design point and the four points around it were chosen as the candidate points for simulation computations. The candidate points were chosen within a 10% range of the ideal candidate points’ anticipated values for h and S. Figure 16 depicts the selection of candidate spots. Table 3 and Table 4 provide the values of the goal function at these points as well as the outcomes of the simulation.



Because two approximation models were utilized in the optimization, as can be seen from the findings in Table 3 and Table 4, the errors of h and S are significant. When using the NSGA-II method to optimize, the maximum errors of h and S are 7.02% and 5.33%, and they are acceptable in the optimization process when using the NCGA algorithm, where they are 8.18% and 7.06%. Table 5 demonstrates that when the NSGA-II algorithm was used to optimize the contact body, h grew by 38.3% and S fell by 49.5%, but when the NCGA method was used, h increased by 35.8% and S decreased by 46.3%. Additionally, S has a bigger impact on pipe damage than h. The outcomes of the optimization are viable since the rise in h is likewise within the permitted range. The wear on the inner wall of the pipe is greatly reduced by both improved contact bodies, and NSGA-II achieved superior optimization results compared to NCGA.



The NSGA-II optimization results converge nicely. The convergence stage is where the best results are found, demonstrating that the optimization process does not lead to the local best solution. According to the Pareto results of NSGA-II optimization, it is known that at the optimal design point, D = 57.1 mm, R = 11.82 mm, h = 0.118 mm, S = 0.396 mm. The design variables for the undersea pipeline recovery tool contact body are D = 57 mm and R = 11.5 mm as a result of the proximity theory and mechanical rounding requirements.




7.2. Simulation Verification


An Adams dynamics simulation of the model [29] is required to determine whether the revised model is capable of uniformly tightening the pipe and self-locking recovery of the pipe. The push rod unit was given a continuous 16 s, evenly increasing to 24 KN thrust for simulation in order to see if the ball-cone construction could actually achieve uniform expansion of the pipe. The thrust curve is depicted in Figure 17a. As illustrated in Figure 18a,b, the contact force between each contact body and the inner wall of the pipe after optimization was compared with the pre-optimization. The push rod unit was uniformly increased to 24 KN and then uniformly decreased to 0, and the thrust curve is displayed in Figure 17b to demonstrate the self-locking of the ball-cone construction. We examined the contact force between each contact body and the pipe’s inner wall before and after optimization, as shown in Figure 18c,d. The actuator unit was given a thrust force that lasts for 5 s, increases to 10 KN, and then decreases to 0 after 5 s, and then the pipe was given a displacement opposite to the thrust force with a duration of 8 s and a total displacement of 2 mm. This was done to test the locking of the pipeline recovery tool. Figure 17c depicts the displacement and thrust curves. As illustrated in Figure 18e,f, the simulation yields a comparison of the contact force between each contactor and the inner wall of the pipe between pre- and post-optimization.



It is evident from Figure 18a,b that the pusher construction and optimized contact body can extend the pipe equally. It can be demonstrated that the motion between the optimized contact body and the pusher is more steady during the process of expanding the pipe because the contact force between the pipe and the contact body grows more smoothly as the pipe expands. The contact force between the optimal contact body and the pipe is spread more equally, and the pipe expands more evenly, even though the contact force between each optimized contact body and the pipe differs when compared to the ball-cone construction. The optimized contact body’s average contact force with the pipe is 12,650 N, which is less than the spherical contact body’s average contact force of 13,106 N. Consequently, the contact force between the pipe and the optimized contact body is spread more uniformly in comparison to the ball-cone construction. When compared to an insertion mechanism with a ball-cone shape, the optimized contact body and push rod have less force-generating capability, but their greater stability can make pipe recovery work safer. Most significantly, the improved contact body’s and the push rod’s force-generating capability still satisfy the design specifications.



The improved contact body and actuator construction continue to have self-locking characteristics when the pipe is expanded, as shown in Figure 18c,d. There is greater uniformity in the contact force between the pipe and the contact body. Furthermore, in contrast to the ball-cone structure’s insertion mechanism, the minimum contact force between the contactor and the pipe in this construction is 9028 N, greater than the minimum contact force of 8521 N between the spherical contactor and the pipe in the ball-cone structure.



It is evident from Figure 18e,f that when the pipe is expanded and tightened, the optimum contact body and push rod construction may still lock the pipe. In particular, when the pipe is being displaced, the contact force between the contact body and the pipe is more uniform. While the contact force between the optimized contact body and the pipe has remained stable, the contact force between the spherical contact body in the ball-cone configuration and the pipe will fluctuate significantly. This behavior demonstrates that while expanding and recovering the pipe, the optimized contact body and actuator construction have superior stability.





8. Conclusions


This study examines the anchoring hypothesis, the pipeline’s inner wall damage process during PRT recovery, and the methodology used to describe the inner wall’s degree of damage. Based on this analysis, a dual-approximation model based on a multi-objective genetic algorithm is used to optimize the structural design of the contact body structure of the sub-marine pipeline recycling tool. It also analyzes the effects of the contact body’s diameter and radius of rounded corners on the depth of the press into the pipeline and the slip distance. Additionally, the optimization outcomes of the NSGA-II and NCGA algorithms are also contrasted. Lastly, the dynamics simulation of the entire insertion mechanism is carried out using Adams simulation software, and the following conclusions are drawn:




	
When compared to NCGA, NSGA-II’s optimization results have greater convergence. S reduces by 49.5%, while h rises by 38.3%. The wear issue between the contact body and the inner wall of the pipe is greatly reduced by the improved contact body. The ideal design parameters are D = 57 mm and R = 11.5 mm;



	
In comparison to the pre-optimization, the maximum average contact force between the optimized contact body and the pipe is low at 12,650 N. However, the improved contact body and actuator continue to fulfill the design criteria with regard to force increase capacity, making the pipe recovery operation safer;



	
The minimum value of the optimal contact force between the contact body and the pipe is 9028 N, which is higher than the optimal value of 8521 N. When the pipe is expanded, the improved contact body and actuator structure remain self-locking, and the contact force between the contact body and the pipe is more consistent;



	
The pipe may still be locked when it is expanded and tightened, thanks to the improved contact body and actuator construction. The contact force between the pre-optimized contact body and the pipe varies significantly during the pipe displacement stage, but the contact force between the optimized contact body and the pipe is steady. As a result, when expanding and recovering the pipe, the improved contact body and actuator construction have superior stability.
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Figure 1. Submarine pipeline recovery tool. (a) Holistic model; (b) Contact model of the contact body. 
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Figure 2. Sketch of the force analysis between the actuator and the contact body during the working process. 
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Figure 3. Polygon of forces between the actuator and spherical contact body for the pipe recovery process. 
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Figure 4. Sketch of the force analysis between the actuator and the contact body during the unloading process. 
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Figure 5. Force polygon between the actuator and the contact body during unloading. 
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Figure 6. Force analysis of spherical contact body during pipe lifting. 
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Figure 7. Schematic diagram of the contact between the contact body and the pipe. 
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Figure 8. Force loading curves. 
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Figure 9. Experimental setups. (a) Schematic drawing; (b) Physical drawing. 
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Figure 10. Comparison of experimental result curve and simulation result curve. 
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Figure 11. The optimization process for contact bodies of subsea pipeline recovery tools. 
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Figure 12. Schematic diagram of structural dimensions of the contact body to be optimized. 






Figure 12. Schematic diagram of structural dimensions of the contact body to be optimized.



[image: Processes 11 03166 g012]







[image: Processes 11 03166 g013] 





Figure 13. Surface fit. (a) Effect of contact body rounding angle R and contact body cylindrical diameter D on the depth of contact body pressed into the pipe h; (b) Effect of contact body rounding angle R and contact body cylindrical diameter D on the relative sliding distance S between the contact body and the pipe. 
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Figure 14. Curve fit. (a) Fitted curves of the EBF model for h; (b) Fitted curves of the EBF model for S. 
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Figure 15. EBF approximation model. (a) EBF approximation model for indentation depth h; (b) EBF approximation model for catch slip distance S. 
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Figure 16. Pareto results. (a) NSGA-II optimized Pareto results; (b) NCGA optimized Pareto results. 
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Figure 17. Thrust curve. (a) Thrust curve for pipe expansion uniformity verification; (b) Thrust curves for self-locking verification of ball-cone structures; (c) Push force on actuator unit and pipe displacement curves for PRT locking verification. 
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Figure 18. Simulation results. (a) The plot of contact force between spherical contact body and pipe in the simulation for verification of pipe tightening uniformity before optimization; (b) The plot of contact force between spherical contact body and pipe in the simulation for verification of pipe tightening uniformity after optimization. (c) Contact force profile between contact body and pipe in self-locking verification simulation before optimization of contact body structure; (d) Contact force profile between contact body and pipe in self-locking verification simulation after optimization of contact body structure. (e) Plot of contact force between contact body and pipe before optimization in pipe locking validation simulation; (f) Plot of contact force between contact body and pipe after optimization in pipe locking validation simulation. 
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Table 1. Material performance parameters of contact bodies and pipes.
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	Component
	Metal Grade
	Material Density

(Kg/m3)
	Young’s Modulus

(N/m2)
	Poisson’s Ratio
	Compressive Yield Strength

(MPa)
	Tensile Yield Strength

(MPa)





	Contact Body
	GCr15
	7.85 × 103
	2.11 × 1011
	0.3
	1815
	1902



	Pipe
	X65
	7.85 × 103
	2.05 × 1011
	0.3
	414
	549










 





Table 2. Root Mean Square and Cubic Roots of EBF and UK Generation Approximation Models.
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Sports Event

	

	
Cubic Root (≥0.9)

	
Root Mean Square (≤0.2)






	
EBF-model

	
h

	
0.98983

	
0.028




	
S

	
0.99565

	
0.01776




	
Universal Kriging

	
h

	
0.96325

	
0.05522




	
S

	
0.95476

	
0.06202











 





Table 3. NSGA-II optimization results with numerical results.
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	NSGA-II
	D (mm)
	R (mm)
	h (mm)
	S (mm)





	Optimal design point
	57.1
	11.82
	0.118
	0.396



	Simulation results
	
	
	0.112
	0.417



	Prediction error
	
	
	5.35%
	5.30%



	C1
	57.3
	12.0
	0.117
	0.403



	Simulation results
	
	
	0.110
	0.419



	Prediction error
	
	
	6.36%
	3.97%



	C2
	58.3
	13.8
	0.113
	0.441



	Simulation results
	
	
	0.107
	0.450



	Prediction error
	
	
	5.61%
	2.04%



	C3
	56.7
	12.0
	0.122
	0.394



	Simulation results
	
	
	0.114
	0.415



	Prediction error
	
	
	7.02%
	5.33%



	C4
	56.5
	12.1
	0.125
	0.392



	Simulation results
	
	
	0.117
	0.406



	Prediction error
	
	
	6.84%
	3.57%










 





Table 4. NCGA optimization results with numerical results.
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	NCGA
	D (mm)
	R (mm)
	h (mm)
	S (mm)





	Optimal design point
	57
	11.4
	0.119
	0.397



	Simulation results
	
	
	0.110
	0.421



	Prediction error
	
	
	8.18%
	6.05%



	C1
	57.2
	11.4
	0.117
	0.417



	Simulation results
	
	
	0.109
	0.442



	Prediction error
	
	
	7.34%
	6.00%



	C2
	58.3
	12.0
	0.116
	0.425



	Simulation results
	
	
	0.11
	0.455



	Prediction error
	
	
	5.45%
	7.06%



	C3
	56.7
	12.1
	0.121
	0.398



	Simulation results
	
	
	0.113
	0.415



	Prediction error
	
	
	6.15%
	4.27%



	C4
	56.6
	11.0
	0.129
	0.390



	Simulation results
	
	
	0.120
	0.410



	Prediction error
	
	
	7.50%
	5.13%










 





Table 5. Comparison of initial and optimized results.






Table 5. Comparison of initial and optimized results.





	
Numerical Value

	
Original Form

	
NSGA-II Optimization

	
NCGA Optimization






	
R (mm)

	
30

	
11.72

	
11.4




	
D(mm)

	
60

	
57.1

	
57




	
h

	
Value (mm)

	
0.081

	
0.112

	
0.110




	
Difference (%)

	

	
38.3

	
35.8




	
S

	
Value (mm)

	
0.784

	
0.396

	
0.421




	
Difference (%)

	

	
49.5

	
46.3
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