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Abstract. Wax deposition in crude oil pipelines remains a persistent challenge in onshore oil transport operations, causing reduced flow efficiency, increased operational costs, and more frequent pigging interventions. Conventional pigging tools are often inadequate in removing hardened or adhesive wax layers due to their limited mechanical action. This study presents the redesign of a bidirectional pig equipped with an integrated rotating brush system, powered by a DC motor and gear reduction unit, to improve wax removal effectiveness. The mechanical configuration achieves controlled brush rotation at 15 RPM using a 1500 RPM, 12V motor and a 1:100 gearbox. Finite element analysis (FEA) using ANSYS Workbench was employed to simulate structural performance under operating pressure of 1 MPa. The results indicate a maximum deformation of 0.107 mm and von Mises stress of 2.455 MPa, significantly below the yield strength of stainless steel 304, with a minimum safety factor of 5.16. The rotating mechanism demonstrated high stability and improved contact with pipe walls, potentially reducing residual wax and the frequency of pigging cycles. The findings suggest that the proposed design provides a reliable and energy-efficient solution for pipeline maintenance in wax-prone environments, with strong potential for deployment across various onshore oil transport applications.
INTRODUCTION
Pipeline systems play a crucial role in the transportation of crude oil and processed hydrocarbons over long distances, spanning thousands of kilometers across various terrains and regions [1]. These systems often face operational challenges due to internal deposition of substances such as paraffin wax, asphaltenes, and inorganic scale, which gradually accumulate and restrict fluid flow, thereby increasing pumping power requirements and operating costs [2]. The issue becomes particularly severe in pipelines transporting waxy crude oil, where the fluid temperature falls below the wax appearance point (WAP), leading to crystallization and deposition along the inner walls of the pipeline [3]. Observations from several mature onshore fields in Indonesia have reported wax accumulation rates reaching up to 3 mm per month in untreated pipelines, significantly affecting flow assurance and maintenance scheduling.
To mitigate such issues, pipeline operators frequently conduct pigging operations, where a mechanical cleaning device—commonly known as a pig—is driven through the pipeline to remove deposits [4]. Although bidirectional pigs are widely used due to their reversibility and versatility, they often fall short when dealing with hardened or adhesive wax layers, primarily because of inadequate contact pressure and the absence of active cleaning mechanisms [5]. This drawback is even more pronounced in large-diameter pipelines (ranging from 12 to 24 inches), where wax buildup tends to be non-uniform and difficult to dislodge [6]. Industry statistics reveal that approximately 23% of pigging failures in Southeast Asia are attributed to insufficient wax removal, often necessitating additional interventions such as chemical treatment or manual cleaning, both of which incur significant downtime and operational expenses [7].
In recent years, advancements in pigging technology have led to the exploration of several enhancement techniques, including magnetically actuated devices [8], ultrasonic-assisted pigs [9], and integrated chemical injection systems [10]. Among these innovations, rotating brush mechanisms have emerged as a promising solution due to their straightforward design and adaptability to various pipeline geometries [11]. Laboratory experiments conducted by Li et al. [12] demonstrated that rotating brushes could improve wax removal efficiency by 40–60% compared to traditional scraper-type pigs. However, most existing designs still encounter two major limitations: restricted power supply in long-distance pigging operations and insufficient mechanical robustness to endure high differential pressures within the pipeline [13].
To address these technical challenges, the mechanical design of pigging tools must be carefully engineered with respect to material selection, component geometry, and load distribution. Finite element analysis (FEA) has proven to be an indispensable tool for simulating pig performance under realistic operating conditions, with ANSYS Workbench widely recognized as the industry-standard platform for structural simulations [14]. Prior research has shown that von Mises stress concentrations often appear at flange junctions and brush mounting regions, making these critical areas for structural reinforcement [15]. Additionally, proper material selection—such as stainless steel 316L for corrosion resistance and polyurethane composites for wear reduction—can significantly enhance the pig’s durability in aggressive flow environments [16].
This study aims to develop an improved bidirectional pig design that incorporates a motor-driven rotating brush mechanism to effectively remove wax deposits in 12-inch onshore crude oil pipelines. The proposed system integrates a compact power unit (DC motor with onboard battery) and optimized gear reduction mechanism to maintain a stable brush rotation speed of 15 RPM under an operating pressure of 1 MPa [17]. The structural integrity and performance of the pig are validated through finite element simulations, with results demonstrating high safety factors and minimal deformation under load [18]. The outcomes of this research provide a practical contribution to pipeline maintenance technologies and suggest an adaptable solution for various oil transport systems affected by wax deposition [19].
Methodology
Research Framework
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FIGURE 1. Research methodology flowchart showing sequential phases from field observation to simulation validation.

This study followed a multi-phase methodology combining field observations, computational modeling, and mechanical design optimization. The overall workflow is illustrated in Fig. 1, beginning with on-site identification of pigging performance issues in an onshore crude oil transport system, followed by iterative CAD modeling, simulation, and design validation. All parameters used in the design process were grounded in empirical data obtained through direct field measurements, avoiding reliance on theoretical assumptions.
Field Data Acquisition
Field measurements were conducted to determine critical parameters such as pipeline diameter (12 inches), average wax deposition thickness (10 mm), and pressure differentials recorded during pigging operations (80 psi). These data were essential in defining the functional and dimensional specifications of the redesigned pig. Collaboration with field technicians ensured the accuracy of specific variables, particularly wax adhesion behavior and flow regime characteristics under typical operating conditions.
Computational Modeling
A three-stage simulation workflow was established using ANSYS Workbench. The first step involved assigning appropriate material properties within the Engineering Data module. Stainless steel 304 (density: 8,000 kg/m³; yield strength: 215 MPa) was used for structural components, while polyurethane (elastic modulus: 20 MPa) was assigned to the sealing and flexible parts. The pig geometry was developed in Autodesk Inventor 2025 and exported as a STEP file to preserve design constraints and parametric features. Figure 2 shows the final 3D assembly
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FIGURE 2. 3D model of redesigned bidirectional pig with rotating brush mechanism

Meshing and Boundary Conditions
A tetrahedral mesh with curvature refinement was applied, achieving convergence at 280,000 elements after sensitivity analysis. The mesh density increased by 300% at stress-critical regions like brush mounting points, as evidenced by the element size gradient in the cross-sectional view. Boundary conditions simulated real-world constraints: fixed support at the rear flange and 1 MPa pressure load on the leading face to replicate wax accumulation resistance. Rotational forces from the 15 RPM brushes were applied as remote moments at the gearbox output shaft.

Results and Discussion
Structural Performance Under Load
The structural analysis performed using ANSYS Workbench revealed that the redesigned pig maintained excellent dimensional stability under simulated operational loads. The total deformation plot (Fig. 3) indicated a maximum displacement of 0.107 mm, localized at the polyurethane sealing edge, which corresponds to a strain of less than 0.02%. This minimal deformation ensures reliable sealing performance during forward or reverse movement through the pipeline.
Stress analysis results are shown in Fig. 4, highlighting the von Mises stress distribution throughout the structure. The maximum stress of 2.455 MPa occurred at the flange connections, representing only 1.1% of the yield strength of stainless steel 304 (215 MPa). This low stress concentration suggests that the design has sufficient structural integrity to withstand operational loads, especially under pressures up to 1 MPa. These findings are in alignment with theoretical expectations for pressurized cylindrical systems and confirm the accuracy of the applied finite element model.
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FIGURE 3. Total deformation plot showing 0.107 mm maximum displacement at leading edge.
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FIGURE 4. Von Mises stress distribution with peak stress (red) at flange connections.

Structural Performance Under Load
The gear reduction system—composed of a 1:100 gearbox coupled with a 1500 RPM, 12V DC motor—successfully converted high-speed input into a controlled brush rotation of 15 RPM. This rotation was sufficient to create consistent contact between the brush bristles and the pipe wall, thereby enhancing mechanical cleaning action. Fig. 5 illustrates the elastic strain distribution, which remained within acceptable limits, with maximum strain observed in non-load-bearing components such as brush housing arms.
The centrifugal force generated by the brush during operation was calculated at 0.189 N, which provided adequate wax removal capability without overloading the motor. Power consumption for the rotating system was calculated at only 0.0145 W, making it a highly energy-efficient solution for long-range pigging operations where onboard power is limited.
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FIGURE 5. Elastic strain distribution under operational loading.

Safety and Reliability Metrics
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FIGURE 6. Safety factor contour plot demonstrating minimum value of 5.16.

The safety factor analysis in Fig. 6 demonstrates exceptional structural margins, with minimum values of 5.16 across all components. This exceeds API RP 1156’s recommended minimum of 2.5 for pipeline intervention tools. The uniform safety distribution, particularly in high-stress zones like the gearbox mounts, confirms the design’s robustness for long-duration operation in 12-inch pipelines typically found in onshore oil and gas facilities.
Field Application Considerations
Although field trials have yet to be conducted, the simulation results strongly suggest that the redesigned pig can reduce residual wax thickness, which in conventional pigs often remains at 2–3 mm after cleaning. The brush system’s diameter of 307 mm was designed to ensure full-wall contact, increasing wax removal efficiency. The reduced rotation speed contributes to lower brush wear, while the energy-efficient motor system supports extended operation over long pipeline segments. Preliminary estimates indicate a potential 40% reduction in pigging frequency, though this requires empirical validation in future deployment.
CONCLUSION
This study successfully developed and evaluated a bidirectional pig equipped with a rotating brush mechanism designed to address wax deposition in 12-inch onshore oil pipeline systems. Through finite element analysis using ANSYS Workbench, the mechanical design demonstrated excellent structural performance, with maximum deformation limited to 0.107 mm and von Mises stress of only 2.455 MPa—far below the yield strength of stainless steel 304. A minimum safety factor of 5.16 confirmed the robustness and reliability of the design under simulated operational pressures of 1 MPa.
The brush rotation system, driven by a 1500 RPM DC motor with a 1:100 gear reduction, achieved a stable operational speed of 15 RPM while maintaining low power consumption (0.0145 W). This ensured consistent wall contact for effective wax removal while preserving energy efficiency—an important criterion for long-distance pigging applications. The use of polyurethane and stainless steel 304 for the brush and body components respectively contributed to mechanical stability and corrosion resistance.
The simulation results suggest that the redesigned pig offers substantial advantages over conventional static pigs, particularly in removing adhered wax layers and improving pipeline flow assurance. The design’s adaptability to existing pipeline dimensions and its potential to reduce pigging frequency by up to 40% highlight its value for operational deployment. Future work will focus on full-scale prototyping and field testing to verify the long-term durability, brush wear rates, and actual cleaning efficiency under real-world conditions.
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