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Abstract

:

The in-pipe robot is the most commonly used technique in offshore pipelines. The use of rubber sealing discs is important for in-pipe robots to ensure that the robots are moved by fluid pressures inside offshore pipelines. This paper focuses on the measuring and modeling of the wax–oil gel-breaking process at the soft frictional area between sealing discs and the pipe wall. In this study, a detailed characterization of the gel-scraping process and in situ probing portable microscopy are performed. Two contributions are made in this study. First, a direct observation of wax–oil deposition breaking is employed to detect the minute changes at the in-pipe robot. Second, we find that a simple function is possible to describe the relationship between the wax contents and dewaxing efficiency, in which the debris material removal ratio (DRR) is discussed. Thus, the gel deposition-breaking phenomena are quite different under the influence of rubber sealing discs. This result is further confirmed by the real contact ratio measurements. It is important to research the sealing disc further and apply it more in the petroleum industry, especially in in-pipe robots for deepwater pipeline systems.
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1. Introduction


This paper examines the fundamental mechanisms of the rubbing behavior in waxy oil deposit breaking (essentially the wax–oil gel) in deepwater pipelines. To meet the high reliability requirements, various experimental techniques are used to design the new structures of in-pipe robots [1,2,3,4,5]. A PIG (pipeline inspection gauge) is a cylindrical tool [1] that scrapes deposits from the inside surface, as shown in Figure 1a–d. Failures in the predictions of wax scraping efficiency have been linked with little understanding of the elastomer-on-metal rubbing contact. In addition, the friction and wear of rubber sealing discs are indeed a real challenge during waxy oil scraping operations. Furthermore, there are few studies on the lubrication and wear behavior of complex fluids (solid–liquid mixtures) at the in-pipe robot.



1.1. Literature Review


At present, PIGs are moved by fluid or gas pressures inside offshore pipelines. Specially, knowledge on the soft frictional behavior between rubber seals and steel pipe walls is of great importance for the optimization and design of in-pipe robots. Mohd et al. [2] reviewed the structures for the in-pipe robotic system, including the description of the main structures of the screw-drive-type robot, wheeled robot, inchworm-like robot, legged robot, and fluid pressure differential-driven robot. In recent years, there has also been a lot of academic literature on the sealing methods used for in-pipe robots [6,7,8,9,10,11,12]. Many researchers have conducted extensive experimental and simulation studies in the field of wax deposition and rubber tribology [13,14,15,16,17,18]. However, elastomer materials in soft interface also present in many industrial applications; typical examples include rubber seals, windscreen wipers, wet tires, and tongue–palate contact, etc., among which one of the friction pairs has lower elasticity, such as rubber or gel materials. Thus, there are relatively few investigations of lubricating properties and wax–oil gel-breaking mechanisms using in situ observation techniques in the literature.




1.2. Debris Material Removal Ratio for the Pipe Robot Operations


Rubber sealing discs have been shown in the past to have stick–slip frictional effects at the micro-scale and the macro-scale. In addition, the outer surface of rubber seals is composed of a chain of polymers, as shown in Figure 1c,d. Furthermore, investigations on the soft lubrication effect between the rubber seals of in-pipe robots help us better understand the frictional process in offshore oil flowlines. Throughout our investigation, the term of debris material removal ratio (DRR), η, was used to evaluate the tribological process in the in-pipe robots [19]. As shown in Figure 2, it is defined as


η = (m0 − mr)/m0 × 100%



(1)




where m0 is the nominal mass of the gel deposit ahead of the in-pipe robots before our test, and mr is the real debris residual material after the dewaxing testing of rubber seals. This also suggests that estimating (even approximately) the contributions to the debris material removal ratio may not capture the correct physical or chemical properties of the wax–oil gel. In this process, the debris material removal ratio (DRR) can be expressed as


η = η(vseals, δwl, E′, T′, W)



(2)




where vseals is speed of the rubber discs at the in-pipe robots, δwl is the thickness of the waxy gel deposition inside the steel pipe wall, E′ is the combined elastic modules at the elastomer/pipe contact, T′ is the nominal temperature field of crude oil at the in-pipe robot, and W is the load between the elastomer rubber seals and steel pipe wall.



In this study, the rubber seals play an extremely important role in providing safe supporting conditions for the in-pipe robots inside offshore pipelines. The failure of rubber seals could cause a blockage accident at the in-pipe robots inside offshore pipelines. While various studies have delved into the soft lubrication contact (solid–liquid multi-phase flow), the question of “what is the debris material removal rate (DRR) in the rubber seals of in-pipe robots?” has been rarely discussed, as shown in Figure 1 and Figure 2. It is critical to observe the dynamic behaviors of wax–oil gel breaking, which control the degree of danger of the in-pipe robots [19,20]. The work thus far has been confined to observations of dewaxing to support the concept of soft lubricating processes.





2. Materials and Experiment Methods


This section elucidates the principles of the dewaxing process in offshore pipelines. It simulates the soft lubrication in the mechanical dewaxing process during the operation of pipeline robots.



2.1. Soft Lubrication Testing Rig


The optical in situ observation experimental platform constructed in this study simulates the tribological process of in-pipe robots, as shown in Figure 3a. A self-developed testing rig is used for the frictional experiments. The specific details are as follows: (a) applying a constant load to the control rod of the wax-scraping elastic seals to ensure stability during the motion process; (b) considering the different reciprocating speeds in the experiment, using a servo motor; (c) an LED light is employed as the illumination system during the observation process, along with a portable microscope (SypereysTM A005 model; Shenzhen Deyufu Instrument Technology CO., Ltd., Shenzhen, China) as the image capture device. Details of the optical observations and the contact ratio measurements can be seen in Ref. [21].



Figure 3 shows the photos of the rubber sealing discs, steel pipes and waxy oil gel deposition used in the tribological experiments. The elastic modulus for the steel pipe wall and the rubber seals are 210 GPa and 12.4 MPa, respectively, and the Poisson’s ratios are 0.28 and 0.49. Before each soft frictional testing, the rubber discs and steel pipe samples were cleaned with ethanol to remove impurities and then thoroughly dried for each tribological testing. Figure 3 shows the three-dimension morphology of PU sealing discs, and the surface roughness Rq of the steel pipes and rubber discs were about 10.37 and 1.26 µm, respectively. The in-pipe robots included rubber sealing discs, inspection components and the connecting cables, as shown in Figure 1 and Figure 2. The elastomer sealing discs and rubbing speed were also the main influencing parameters in the wax-scraping applications. Therefore, various speeds (200 mm/min, 1000 mm/min, 2000 mm/min) were used to understand the effects. During the dewaxing process in the offshore pipelines, the waxy oil gel deposition was removed by the elastomer sealing disc, and the rubbing velocities of the seals ranged from a few mm/s in the pipelines to a few m/s in the waxy oil transportation pipelines.




2.2. Preparation of Gel Deposits and Experimental Methods


In order to obtain insight into the soft interface during the wax removal phenomenon, a model waxy gel deposition was studied using rubber sealing discs and the optical microscopy testing rig. The rubber seals testing rig simulated the waxy gel scraping process that occurs inside offshore pipelines. The setup of the rubber seals testing rig and the experimental details are described elsewhere in Ref. [21]. The soft frictional experiments quantify the compression and removal of waxy gel deposition in offshore pipe walls. Thus, knowledge of the soft lubrication or the dewaxing efficiency of waxy oil gel deposits was critical for the safe assurance of technology at offshore pipelines.



In preparation of the waxy oil gel deposition, we chose solid paraffin wax and crude oil (specifically, paraffin crude oil from the Daqing oilfield with a viscosity of 52.2 mPa·s at 20 °C) to create the model oil, simulating waxy gel deposition scenarios in crude oil fields [22,23]. The wax–oil mixture was formulated with 12.5% paraffin wax and 87.5% liquid oil. The experimental setup employed the soft lubricating model illustrated in Figure 3b,c to simulate the dewaxing process. The wax–oil mixture was injected into rough areas on the inner surface of the seals of the in-pipe robot.





3. Experimental Results


The fundamentals of soft interface and soft lubrication of in-pipe robots have not been investigated adequately. The wax scraping efficiency varied widely, which was determined by the elastomer sealing discs in robots and other physical parameters. Based on the obtained results in wax–oil gel breaking, it is conceivable to assume that the wax scraper method would be successfully controlled for pipeline cleaning.



3.1. Rubbing Contact between PU Seals and the Steel Pipe


Figure 4a–l illustrate the dynamic process of wax–oil gel breaking at a sliding speed of 200 mm/min, and areas where gel breaking occurred are observed in Figure 4c–l. In these images of wax scraping (rubbing contact), three distinct areas are evident: the deposit compression area (contact location on the left rear), the soft interface (moving location on the right rear), and the gel-breaking front (entrance location of the soft interface). When the rubber sealing disc was moved, the waxy oil deposit was scraped from the pipe wall immediately. The gel deposition played an essential role in the soft lubrication situations. These three areas exhibited a clear interrelation in the soft frictional contact.



This phenomenon was observed, as shown in Figure 5, with the scraping speed of 2000 mm/min. A comparative study of the various rubbing speed was carried out. How are these gel-breaking chips formed? What is the effect of the soft interface between the rubber and steel pipes? To answer these questions, the gel-breaking process at soft lubrication will be investigated.




3.2. Dewaxing Process during Pure Sliding Contact


Based on the images in Figure 5 and Figure 6, the formation of gel breaking ahead of the soft interface is investigated. In Figure 6, the compressed area separates the gel-breaking region. As indicated in Figure 6(a-1), the friction force and gel-breaking force acting on the waxy oil gel deposition are given. The formation of waxy oil gel chips increases rapidly and then remains at a steady state in the rubber seals. As the PU sealing disc moves, the wax removal initiated by breaking fronts grows gradually, as shown in Figure 5(a–e,a-2–e-2). Increased moving speeds can cause the formation of waxy oil residual material. These results show that the gel-breaking process entails continuous brittle chip formations. However, the gel chips phenomenon in a steady state has no relation to the rubbing speed. Evidently, the effects of the wax contents and surface roughness of the elastomer during the wax debris gel breaking were ignored unfortunately.




3.3. Wax Scraping of Paraffin Deposits by Adding 25 wt% Solid Wax


Different waxy oil liquid environments can cause different contrasts. To explore the impact of wax deposition during the gel-breaking process, in this section, we conducted experiments to prepare depositions with a high wax content containing 25 wt% solid wax. We compared these high-wax-content gel depositions with the molds containing 12.5 wt% paraffin wax from the previous section. Additionally, we considered influencing factors, including the scraping speed.



However, the shapes of gel breaking in the different depositions varied. The dark black region of the gel-breaking front indicates the gradual detachment of the deposit. Such phenomenon was observed at a sliding speed of 200 mm/min, as seen in Figure 7a–l, and a similar occurrence was observed at 1000 mm/min, as seen in Figure 8a–l. When the sliding speed was increased to 2000 mm/min, clear instances of gel breaking and chip formation were prominently observed, as seen in Figure 9a–l. These results suggest that the wax removal phenomenon at the soft contact area is relatively strongly dependent on the debris characteristics and the aging effect of wax–oil depositions.



Here, we discuss the experiments performed on the waxy oil at the soft interface, prepared by the various solid wax content and gel depositions. Experiments were performed with a controlled wax content from 5 wt% up to 25 wt%. Between 12.5 wt% and 25 wt%, the wax deposition chip was observed, where friction on the rubber/steel interface was higher than on the waxy oil deposition.




3.4. Wax Pigging of Deposit Only Adding 5 wt% Solid Paraffin Wax


To understand the low wax content effect on debris removal, we conducted experiments with wax deposits adding only 5 wt% solid waxes. Figure 10 displays the relationship between the wax deposit properties (mainly, the wax content) and gel-breaking fronts when no oil flow is used in dynamic situations. Thus, debris accumulation on the sealing disc is shown in Figure 10(a,a-1,c,c-1). The applied load was 12 N. The strong dependence of friction on the rubber disc was probably due to the presence of solid wax at the soft contact area. However, the dewaxing process involves deep scientific puzzles. This paper deals with the debris residual model in gel-breaking processes, outlining the real contact ratio and soft lubrication. Quantitative results regarding the gel-breaking process will be mentioned in the discussion part.





4. Discussion


The mechanisms of soft lubrication need further analysis and elucidation for the in-pipe robot. In other words, a more in-depth quantitative study of the dewaxing process is required.



4.1. Effect of Contact Ratio at Soft Interface


The constant force mode for rubber sealing discs will influence the efficiency (η) in dewaxing, as presented in Equation (2), which may be oversimplified due to a poor understanding of the dewaxing mechanisms at the elastomer/pipe contact area. The failure in predictions of pigging efficiency has been linked with little understanding of the actual contact ratio. However, what is the influence of elastic rubber and its actual contact ratio? The contact ratio, α, is written as [24,25]


α = Ar/A0



(3)




where A0 is the nominal contact area, and Ar is the real contact area in scraping rubber discs, as shown in the image processing in Figure 11. In addition, the real contact ratio could be understood using Hertz’s contact theory, which presented the nonlinear relationship with the force: α = Ar/A0 & W2/3. It is not surprising that this relationship has been debated during the last few years [25].



In the current study, the elastomer rubber seals of the in-pipe robot were used. It is known that the real contact area is a significant factor for the tribological behavior of rubber seals. Our experiment obtained results from studies of optical measurements when no lubricate was used in the static situation (to the limits of our optical techniques). Figure 12 shows pictures of the real contact area between the glass plate and PU72 discs, where we chose a valley to observe its deformation. This is useful for insights into the sealing characteristics, resulting in the debris material residue phenomena.



In all the figures of Figure 12, the yellow region and the golden one indicate where the two surfaces do or do not have contact with each other, respectively. From Figure 12a–i, it can be observed that as the applied load gradually increases from 2 N to 12 N, the contact area also increases. The contact ratio even reaches 0.69 when the final load is 12 N.



The digital images of the real contact area between the glass disk and rubber discs is shown in Figure 11 and Figure 12, in which the different loads were applied. The variation in the real contact ratio under different elastic modules of the rubber specimen is shown in Figure 13. Hence, the random asperities in soft interfaces cause a much more complicated wax removal process. Using the soft sealing discs and an optimized debris material removal process, the chemical mechanical dewaxing process has been developed quickly. However, the ultimate waxy oil gel deposit material removal method is still unknown and developing. What is the debris material removal rate versus different rubber sealing materials?




4.2. Effect of DRR at the Rubber Discs


There are two core technical options for the dewaxing operations inside offshore pipelines, including wax scraping and melting the waxy gel deposit using heat. As the concentration of solid wax particles at the waxy oil gel deposition increases with time inside offshore pipelines due to aging, the waxy gel deposit becomes harder—i.e., the porosity of waxy gel deposit increases with time, as shown in Figure 10. Hence, the reliability of the waxy gel deposit scraping becomes increasingly difficult with time. As noted earlier, if the porosity and strength of the waxy oil gel deposit becomes too high, then the in-pipe robots may not be a safe and reliable option inside the steel pipelines. Moreover, knowledge of the soft interface of waxy oil gel depositions and the debris characteristics will be essential in choosing the appropriate way to remove the gel deposition.



The rubber sealing disc determines the performance of the dewaxing process. However, the current tribological mechanism of sealing discs is far from perfect. Figure 14 shows the wax pigging efficiency as a function of elastic modules of various elastomer discs. The debris material removal rate (DRR) was measured five times for every gel deposition. It can be seen that the DRR of high wax content is larger than low wax content. Once a wax deposit detaches from a pipe wall, these parameters change over time, as indicated in Figure 2 and Figure 10. In this study, the Figure 2a–d schematically show the decreasing weight of debris. For the elastomer disc less than 8.9 MPa in elastic modules, the removal ratio of PU exists in a steady state (~0.83). For the hardest PU disc, the removal ratio of gel deposit (just adding 5 w.t.% solid wax) is ~0.76. This phenomenon is of particular interest as imposing soft-contact dependency on the dewaxing process can have a profound impact on the wax pigging frequency.




4.3. Effect of Gel-Breaking Forces at the In-Pipe Robots


In this work, a model waxy oil gel deposition has been used to simulate the debris inside steel pipe walls. Since the waxy oil gel formed inner the steel pipe has a limited thickness, the gel-scraping phenomenon could be captured at various rubbing speeds. Based on the orthogonal cutting theory, we proposed a model to predict the cutting force of debris [26]. And, details of the frictional force of in-pipe robots are given as follows:


Fm = (Fhyst + Fadh) = n·f·W



(4)




where, f, Fm, n and W are the frictional coefficient of rubber seals, the horizontal force, the number of rubber seals and the load (as shown in Figure 6(a-1) and Figure 14), respectively [27,28,29]. The above formula is an critical achievement of tribological technology as it could be used to overcome a series of sealing problems in in-pipe robots (friction, wear, leakage and so forth) qualitatively. Therefore, it should be presented that


Fwrf = (δwl)l·π·dpipe·η·τ(C0)



(5)




where the terms dpipe, δwl and τ(C0) are the cross-section size of steel pipelines, the thickness of the waxy gel deposition, and the yield stress of the waxy gel, as shown in Figure 14. And, C0 represents the porosity of gel deposits. Evidently, the waxy gel breaking force, Fwrf, is varied in terms of its linear correlation with the yield stress and the thickness of waxy gel depositions (τ(C0), δwl). Simple equilibrium considerations are as follows:


Ftotal(t) = Fwrf + Fm = (δwl)l·π·dpipe·η·τ(C0) + (Fhyst + Fadh)



(6)




and substituting Equations (4) and (5) in Equation (6) and rearranging them provides the following:


Ftotal(t) − Fm = Ftotal(t) − n·f·W

={π·dpipe·η·τ(C0)}·(δwl)l = K·(δwl)l



(7)




where K = π·dpipe·η·τ(C0). Many parameters, including the dewaxing efficiency, aging effect of the gel deposition and the wax contents, potentially affect the frictional and reliability behavior of the in-pipe robots. The soft lubrication of rubber seals is an important problem in the design and operation of various in-pipe robots in offshore pipelines. Although there are certain differences between the (δwl)l values taken from the theoretical Equations (5) and (7), it has been found that Equation (7) can qualitatively demonstrate the theoretical relationships between the gel-breaking force and thickness of the waxy gel layer. There is a need to establish an appropriate relationship defining the soft interface (dewaxing) for the rubber seals. However, the frictional forces are significantly affected when a wax blockage phenomenon occurs. The aim of experimental tests is to be able to predict the responses of in-pipe robots.



As seen in Equation (7), the gel-breaking force, Fwrf(t), for rubber seals is dependent on the gel deposition and geometrical parameters (τ(C0), η, C0) as well as the operating conditions (dpipe, n). From Equation (7), plotting the quantity (Ftotal(t) − n·f·W) against the thickness of the waxy gel layer, (δwl)l, would result in a straight line, with slope K. Although Ftotal(t) and W could be directly measurable, in general, the frictional coefficient is complex. In the previous work, f was measured by the tribo-meter independently, and Equation (7) was employed to measure the gel-breaking strength of the wax layer. The frictional force was determined by the thickness of the waxy gel layer between the rubber seals and pipe wall [30,31,32,33]. In field in-pipe robot operations, the situations become totally different. The scraped gel chips are accumulated ahead of the elastomer rubber seals inside the steel pipelines, as shown in Figure 1. More quantitative studies will undoubtedly result in improvements of the capability of in-pipe robot operations.





5. Conclusions


The frictional performance of rubber sealing discs was studied for in-pipe robots inside subsea pipelines. The main conclusions are summarized as follows:




	
The friction testing results showed that under room temperature conditions and a loading of 12 N, the gel deposition removal between elastomer rubber and steel pipes is determined by the evolution of gel-breaking instability. Moreover, based on this study, it seems that the scraping velocities do not have an essential effect on the debris material removal ratio. However, the pigging velocity of pipe robots has a determining effect on the economic costs of pipelines, and the probability of wax slugs being formed is increased.



	
It is found that the pipe robot with softer rubber seals showed a better synergistic effect with the dewaxing process. However, the reliability of the wax removal becomes increasingly difficult with time as the hardness and the strength of waxy oil gel depositions become too high. This investigation may be helpful to choose the high-reliability rubber seals and develop an intelligent pigging scheme for in-pipe robots.



	
Soft interfacial behavior at wax–oil gel environments was confirmed to play an important role in the tribo-failure of elastomer discs. These findings observed in this study are useful for better understanding the friction behavior of pipe robots and how the blockage accident phenomenon of rubber seals forms in the soft contact region at the in-pipe robots.
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Figure 1. Common problems of the in-pipe robot in offshore pipelines, showing the interaction of the rubber/pipe interface. (a) The subsea production system, (b) the wax deposition, in-pipe robots inside the pipe wall, (c) main construction of the in-pipe robots, (d) three-dimensional models of rubber sealing disc in the steel pipeline. 
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Figure 2. Lubricating interface and its debris material removal ratio (DRR). (a) Waxy oil depositions ahead of rubber sealing disc and its rubbing contact, and mass of all debris is m0. (b) Wax scraping failure with the dangerous debris residual material phenomenon, mr. And, the build-up debris of adhesion to rubber disc is ma. (c) The inlet regions at lubricated, compliant contact. (R, radius of rubber surface in the worn seals). (d) The different contact pairs at soft lubricating area. 
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Figure 3. Schematic diagram of the soft frictional testing rig in (a). And, (b) the real-time observation setup at the different contact pairs. (c) The force analysis of the rubber sealing disc. (d) Three-dimension morphology of PU disc. Specifically, in (a), prior to switching portable microscopy for optical microscopy (in dark red colors, facing upward to the actual contact regions), the optical windows in the rigid steel pipe specimen are replaced with transparent glass specimens. 
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Figure 4. Waxy oil chip phenomenon at soft contact of the rubber sealing discs. (a–l) are images of the gel-breaking process of the oil deposit mold. (Sliding speed: 200 mm/min, 12.5 wt% solid wax). 
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Figure 5. Dynamic frictional process in wax scraping of the rubber sealing discs at different rubbing speeds. Speed: (a–e) is 200 mm/min; (a-1–e-1) is 1000 mm/min; (a-2–e-2) is 2000 mm/min. Waxy oil gel depositions adding 25 wt% solid wax particles. 
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Figure 6. The process of gel-breaking chip formation under the soft tribological conditions. (a–d) the gel-breaking chips evolution between rubber disc and pipe. (a-1–b-1) the friction force and gel-breaking force are given. And, (c-1–d-1) The arrow (in blue) indicates the complex flow of waxy oil gel chips during the scraping process. The solid wax content of gel deposition may also cause a different loading dependence. 
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Figure 7. Images of gel debris chip formation during the wax-scraping process. (a–l) is mold deposit adding 25 wt% solid wax. Scraping speed: 200 mm/min. Normal squeezing load: 12 N. 
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Figure 8. Images of gel debris during wax-scraping process at much larger sliding speed in our test rig. (a–l) is mold deposit adding 25 wt% solid wax. Scraping speed: 1000 mm/min. Normal squeezing load: 12 N. 
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Figure 9. Images of wax debris chip formations during scraping process. (a–l) is mold deposit adding 25 wt% solid wax. Scraping speed: 2000 mm/min. Normal squeezing load: 12 N. 
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Figure 10. Images of scraped waxy oil gel debris with the different wax contents (using waxy crude oil and solid paraffin wax, respectively). (a,a-1) represent the waxy oil gel with 5 wt% solid wax; (b,b-1) represent waxy oil gel with 12.5 wt% solid wax; (c,c-1) represent waxy oil gel with 25 wt% solid wax. 
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Figure 11. Color image of the real contact area of sealing disc in (a), and the corresponding binarized digital image after the post-processing methods in (b). 
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Figure 12. Contact region under different load: (a) 2 N, (b) 3 N, (c) 4 N, (d) 5 N, (e) 6 N, (f) 8 N, (g) 9 N, (h) 10 N and (i) 12 N. Material: PU72. Scale bar shown in (i) is 200 µm. 
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Figure 13. Real contact ratio versus elastic modules under various normal loading. 
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Figure 14. Soft lubricating interfaces and their debris material removal ratio versus elastic modules of different sealing discs in (c). Scraping speed: 1000 mm/min. Load: 12 N. The bright blue arrows in (a,b) indicate the complicated interface and the residual debris flow in the rough soft contact. 
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