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Abstract

:

The inserted sealing tool is a critical downhole implement that is used to balance the downhole pressure in multistage fracturing operations and prevent fracturing fluid from overflow and/or backward flow. The sealing ring of an inserted sealing tool plays an important role in downhole sealing since a sealing failure would ail the fracturing operation. In order to improve the sealing performance and reduce the potential fracturing failures, this research aims to investigate the influence of V-shaped sealing ring geometries on sealing performance. Constitutive experiments of rubber materials were carried out and the parameters of the constitutive relationship of rubber materials were obtained. A two-dimensional axisymmetric model considering the sealing ring has been established and influences are investigated with considerations of various system parameters and operating conditions. It is found that the stresses concentrated at the shoulder and inner vertex of the sealing ring have direct impact on the damage of the sealing rings under operational conditions. Moreover, the sealing interference, among several other factors, greatly affects the life of the sealing ring. A new design of the sealing ring is suggested with optimized geometric parameters. Its geometric parameters are the edge height of 5 mm, the vertex angle of 90°–100°, and the interference of 0.1 mm, which show a better performance and prolonged operation life of the sealing ring.
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1. Introduction


In the present, oil and gas resources are still the main source of energy [1]. The development of oil and gas exploration and development technology occupies an important position in the oil and gas industry [2]. Multistage fracturing technology is a method widely used in oil/gas reservoir stimulation. In the process of performing the multistage fracturing [3,4], an inserted sealing tool is frequently used in downhole operations to connect the upper tubing and lower fracturing string so as to balance the downhole pressure and prevent the fracturing fluid from flowing backward or overflowing. A typical inserted sealing tool used in the field is shown in Figure 1.



During the fracturing, a sealing area is formed between the sealing assembly of the inserted sealing tool and the casing pipe. The fracturing fluid, which comes from the fracturing pump, pushes the pitching sleeves open and cracks the reservoir wall of an oil/gas well. As a result, oil and gas may flow out from the fractured media in production phase. Once the sealing fails, the fracturing fluid will overflow directly to the wellhead. It makes the pitching sleeve unable to open, eventually triggering the fracturing failure.



An inserted sealing tool consists of one support ring, six V-shaped sealing rings, one spacer ring, and one press ring (as shown in Figure 1). The six sealing rings are divided by a spacer ring. The sixth sealing ring and the first sealing ring are in direct contact with the support ring and the press ring. The support ring supports and positions the whole sealing system.



The sealing area is formed between the V-shaped sealing rings and the inner wall of the casing pipe to prevent the high pressure liquid at the well bottom from leaking, thus maintaining the bottom hole pressure. The sealing performance of the V-shaped sealing ring is critically important for the multistage fracturing performance. In order to improve its sealing performance, researchers and engineers, with theoretical, numerical, and experimental approaches, tried to investigate the factors that affect the sealing performance of the V-shaped sealing rings.



Diany and Bouzid [5] constructed a sealing mathematical model on the basis of thick wall cylinder theory; however, the size of packing or the amount of interference on the impact of stress and deformation were not considered. Zhou et al. [6] used an FEA (Finite Element Analysis) method to study the sealing failure of a drilling mud pump plunger under ultrahigh pressure and ultradeep conditions. The distribution of contact stress of the V-shaped sealing ring was studied in their research, and it was noted that the primary reason for sealing failure was that the design of the sealing ring structure had flaws. Zhu et al. [7] studied the relationship between the axial load and the contact stress through a mathematical model with a differential equation. By using elastic mechanics theory, Qin et al. [8] established a model to study how the pressing force and sealing interference affect the stress and deformation of V-shaped packing seals under no-friction condition. Gistad and Gilstad [9] designed a sealing assembly for a high-pressure plunger pump that could withstand the pressure of over 69 MPa. A new sealing structure with a corrugated surface was proposed by Ellerhorst and Kraimer [10] and their experiments demonstrated that the sealing performance was improved with implementation of their new sealing structure, but the operation life of the sealing ring was reduced due to the significantly increased shear stress. Materials of V-shaped sealing rings also affect the sealing performance of the sealing ring. The research conducted by Zhang [11] revealed that an asbestos-compiled sealing material could deliver a good sealing performance and a long working life under high temperature and high pressure. Zavos et al. [12] studied how the waviness and straightness affect the mechanism of friction and the structural integrity of the piston ring. Additionally, introducing polytetrafluoroethylene (PTFE) into the sealing ring could reduce the coefficient of friction thus, improving the wear resistance and the service life of the ring [13].



Although numerous studies about V-shaped sealing rings can be found in archived documents, there is still a lack of a systematic and comprehensive study on the sealing performance of V-shaped sealing rings and the effects of main factors affecting the performance and operation life of the sealing ring. It is also noted that most investigations found in the literature only consider a single factor, however, multiple factors are found affecting the performance, such as the geometry of V-shaped sealing rings, material properties, working medium, working pressure, and working temperature. This research is to investigate the combined effects of geometric dimensions and sealing interference on the performance and operation of the sealing ring by using a numerical approach. On the basis of the strain–stress experiments and data processing, a numerical simulation model has been constructed and also the constitutive parameters have been obtained. Optimized structural parameters of the V-shaped sealing ring and sealing interference are identified for the design of V-shaped sealing rings with better sealing operation and longer working life.




2. Hyperelastic Constitutive Model of Rubber Material


The V-shaped sealing ring, which is used in the inserted sealing tool, is a kind of highly nonlinear elastomer [14]. The material of the V-shaped sealing ring is hydrogenated nitrile rubber. When not considering the influence of time, such as rubber material creep, stress relaxation, and the Mullins effect, rubber material can be regarded as an isotropic and incompressible hyperelastic material [15]. This study adopts the constitutive relationship of rubber material based on the phenomenological theory, and the strain energy density function can be expressed as the following [16]:


  W =   ∑  i + j = 1  N    C  i j        (   I 1  − 3  )   i    (  I 2  − 3 )  j  +   ∑  k = 1  N    1   d k         (   I 3    2  − 1  )    2 k    



(1)




where    C  i j     is the parameter of hyperelastic constitutive model that can be acquired by experiments.    I 1   ,    I 2   , and    I 3    are the Cauchy–Green deformation tensor invariants.



For an isotropic and incompressible hyperelastic body,    I 3  = 1  . Thus, the Equation (1) can be simplified as:


  W =   ∑  i + j = 1  N    C  i j        (   I 1  − 3  )   i    (  I 2  − 3 )  j   



(2)
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where    λ 1   ,    λ 2   , and    λ 3    are the principal stretch ratios.



Yamashita and Kawabata found that   ∂ W / ∂  I 2    was close to zero through analyzing the data of a rubber uniaxial experiment and shearing experiment [17]. Yeoh O. H. [18] deduced three parameters for the strain energy density function according to   ∂ W / ∂  I 2  = 0   as follows:


  W =  C  10    (   I 1  − 3  )  +  C  20      (   I 1  − 3  )   2  +  C  30      (   I 1  − 3  )   3   



(4)







The relationship between Kirchhoff stress tensor    σ i    and Cauchy–Green strain tensor    γ i    can be described by the following equation:


   σ i  =   ∂ W   ∂  I 1      ∂  I 1    ∂  γ i    +   ∂ W   ∂  I 2      ∂  I 2    ∂  γ i    +   ∂ W   ∂  I 3      ∂  I 3    ∂  γ i     



(5)







According to Equations (3) and (5), stress tensor    σ i    and principal stretch ratios    λ i    have the following relationship:
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Through a stress–strain uniaxial test of rubber material,    σ 2  =  σ 3  = 0  ,    λ 2 2  =  λ 3 2  =  1 /   λ 1     . Therefore, Equation (6) can be modified to:


   σ 1  = 2 (  λ 1  −  λ 1     − 2   ) (   ∂ W   ∂  I 1    +  λ 2 2    ∂ W   ∂  I 2    )  



(7)







According to Equations (3), (4), and (7), the relationship between stress tensor    σ 1    and principal stretch ratios    λ 1    can be described as:


   σ 1  = 2 (  λ 1  −  λ 1  − 2   )  [   C  10   + 2  C  20   (  λ 1 2  +  λ 1  − 1   − 3 ) + 3  C  30     (  λ 1 2  +  λ 1  − 1   − 3 )  2   ]   



(8)







In this study, the parameters of the Yeoh model were acquired by the uniaxial stress–strain experiment and data fitting through the software package. Then, a rubber uniaxial mechanical performance experiment was conducted according to the criteria of stress–strain properties of vulcanized rubber and thermoplastic rubber [19,20], as shown in Figure 2.



By fitting the data acquired in the uniaxial tests, the parameters of the constitutive model were obtained, which were    C  10   = 1.4109  ,    C  20   = 1.3113 ×   10   − 2    , and    C  30   = − 1.492 ×   10   − 4    , respectively. Figure 3 illustrates the experimental stress–strain curves and the data fitting of the Yeoh model. Meanwhile, according to the result of uniaxial tensile test, the fracture tensile strength of rubber used in the V-shaped sealing ring was 25.54 MPa and the tensile elongation was 5.73.




3. Two-Dimensional Axisymmetric Simulation Model


Since the structure of the inserted sealing tool and the loads are axisymmetric, a two-dimensional axisymmetric finite element model was established (Figure 4a). According to the working conditions of the inserted sealing tool, the support ring will not move when it is anchored. Thus, the support ring was imposed as a fixed constraint. In addition, the pressure ring will move upwards under the load P from the well bottom in the Y direction, while the V-shaped sealing ring will be pushed upwards and expand radially until the sealing process finishes. Therefore, an axial load in the Y direction was applied to the press ring and the interaction property among the adjacent parts were set as contact type. The friction coefficient among the metal components was 0.1, the friction coefficient between the V-shaped sealing rings and the metal components was 0.3, and finally, the coefficient of friction among the V-shaped sealing rings was 0.45 [21].



The physical parameters of each component are shown in Table 1. Parameters of the rubber material are set as described in Section 2. The element type in the FEA model of the V-shaped sealing ring was CAX4H (a 4-node bilinear axisymmetric quadrilateral, hybrid, constant pressure). The element in the FEA model of the support ring, spacer ring, press ring, casing pipe, and central pipe was CAX4I (a 4-node bilinear axisymmetric quadrilateral, incompatible modes). This research focuses on the deformation and stress of the V-shaped seal ring when it is at work. Therefore, the seal ring simulation grid was more densely divided than other components (Figure 4b).




4. Results


4.1. Failure Analysis and Reliability Validation


Figure 5 shows the numerical simulation result and the main failure types of the V-shaped sealing ring which occurred in the field. From the photos of the V-shaped sealing ring applied in the field, it can be seen that there were some areas on the shoulders where rubber peeled off and the inner vertex angle of the sealing ring existed where sealing failure was likely to occur. The numerical simulation results show that high stress mainly appeared in the shoulders and the inner vertex angle of the sealing ring. Through comparing the numerical simulation result and failure figures, it can be concluded that stress concentration on the shoulders and the inner vertex angle led to the rubber peeling off. The stress concentration areas in the numerical simulation results agree well with the sealing failure area observed in the oil/gas production field. This indicates that the two-dimensional axisymmetric numerical simulation model of the V-shaped sealing ring established in this research is of high rationality and can be used to study the sealing failure of V-shaped sealing rings in inserted sealing tools.




4.2. The Influence of Sealing Interference Magnitude


A suitable size of V-shaped sealing ring was chosen according to reference [22], whose sealing edge was 4 mm and vertex angle was 90°. Sealing interference magnitude is defined as the difference between the outer diameter of the V-shaped sealing ring and the inner diameter of the casing pipe in the initial state when the inserted sealing tool has not yet been placed into the casing pipe. By changing the outer diameter, different magnitudes of sealing interference between the sealing ring and the casing pipe are obtained as well as the distributions of contact stress and Mises stress under those different sealing interferences.



Mises stress is regarded as a critical criteria of rubber’s damage. The areas where the Mises stress is more concentrated are more prone to cracking, and then the sealing ring is torn more easily. Figure 6 illustrates Mises stress nephograms under four different sealing interferences. The stress nephograms reveal that high stress values mainly appeared in the shoulders and the inner vertex angle of the sealing rings, and when the sealing interference increased, the area of high Mises stress gradually increased. Moreover, a growing number of sealing rings began to appear in the high-Mises-stress area. It indicates that if the sealing interference is too large, cracks will occur at the shoulder as well as the inner vertex angle of V-shaped sealing rings in the engineering process, thus eventually triggering sealing failure. As found in practical use, the shoulder and inner vertex of the V-shaped sealing ring are indeed easily damaged, thus triggering sealing failure.



Figure 7 shows the contact stress distribution of V-shaped sealing rings and the maximum Mises stress of each sealing ring. The actual distance along the path refers to the coordinate values in the Y-direction, and the coordinate system origin relates to the first sealing ring (loading position).



The following conclusions can be obtained from the simulation results:




	(1)

	
Figure 7a shows that the contact stress among the first five sealing rings decreased with the increase of the actual distance along the path, while increasing on the sixth sealing ring. As the sealing interference increased, the contact stress of the sealing assembly initially increased and then decreased, which means the sealing ability of the V-shaped sealing ring exhibited the same trend.




	(2)

	
Figure 7b shows that the surfaces of the four sealing rings which directly contacted the metal components (i.e., support ring, spacer ring, and press ring—see Figure 4) had higher Mises stresses when compared with the other two sealing rings, i.e., the third and fourth sealing rings. The maximum Mises stress changing trends were similar under different sealing interferences. With the increase of the sealing interference, the maximum Mises stress of the sealing ring gradually increased and the growth became more dramatic, which shows that the sealing interference magnitude had a significant effect on the working life of V-shaped sealing rings.




	(3)

	
In summary, compared with other sealing structures, the structure with 0.1 mm sealing interference had a higher contact stress and lower Mises stress, which means that it has better sealing performance and is not easily damaged.










4.3. The Influence of Height of Sealing Ring Edge


The V-shaped sealing ring is applied on the status that the sealing ring has high contact stress and the degenerative rate of contact stress is slow. Based on the criteria above, the distributions of contact stress and Mises stress with the sealing interference of 0.1 mm and the vertex angle of 90° under different heights of V-shaped sealing ring edge have been analyzed, as shown in Figure 8. Since the height of the sealing ring edge was not the same, in order to fairly compare stress distribution, 3 mm was taken as the standard height, and then all the sealing rings had the same initial coordinate value.



The following results were observed from the above data:




	(1)

	
As shown in Figure 8a, as the height of the sealing ring edge increased, the contact stress of the sealing assembly initially increased and then decreased. The attenuation rate of the contact stress decreased.




	(2)

	
As shown in Figure 8b, changing the height of the sealing ring did not affect the trend of the maximum Mises stress, and it had a certain influence on each sealing ring, which means the height of the sealing ring edge had little influence on the sealing failure of the V-shaped sealing ring.




	(3)

	
According to the stress distribution curve, the sealing ring with the edge height of 5 mm had higher contact stress than the others, and its attenuation rate of the contact stress was lower. Therefore, under certain conditions, the sealing ring with the edge height of 5 mm performs better than the others.










4.4. The Influence of Magnitude of Sealing Ring Vertex Angle


According to the analysis above, under 0.1 mm sealing interference, the sealing ring with the sealing edge height of 5 mm performed better. In order to acquire the stress distribution of a V-shaped sealing ring under different vertex angles, this paper analyzes the condition of four vertex angles. The conclusion is shown in Figure 9.



The following results are drawn from the numerical simulation results:




	(1)

	
As shown in Figure 9a, as the vertex angle of the sealing ring increased, the contact stress of the sealing assembly gradually increased. When the vertex angle reached 90°, the contact stress barely changed and the attenuation rate remained the same.




	(2)

	
As shown in Figure 9b, when the sealing ring vertex angle changed, the trend and value of the maximum Mises stress of the first, second, and fourth sealing rings only changed a little, which means the vertex angle has little influence on the sealing failure of V-shaped sealing rings.




	(3)

	
When the vertex angle ranged from 90° to 100°, the values of contact stress and maximum Mises stress were very close. Considering the fact that the contact stress and the maximum Mises stress directly affect the sealing performance, this paper recommends a V-shaped sealing ring with the vertex angle in the range of 90° to 100°.











5. Discussion


The inserted sealing tool is a key downhole tool for the multistage fracturing technology and its sealing performance directly affects the success of fracturing. In order to analyze and solve the problem of sealing failure when the V-shaped sealing ring is at work, it is particularly important to understand the law and causes of the deformation and stress distribution of the sealing ring. The following discussions relate to the deformation and stress distribution based on the working principle of the inserted sealing tool and the above numerical simulation results above under various working conditions.



	(1)

	
The contact stress among the first five sealing rings gradually decreased because of the friction between the V-shape sealing ring and the casing pipe, which caused the compression deformation to decrease. However, in the sixth sealing ring, the closer it was to the support ring, the higher the contact stress was. The support ring was fixed and its deformation was minimal; therefore, the load was not able to transmit and the sealing rings were extremely deformed.




	(2)

	
In the sealing process, large areas of stress concentration exists around the shoulders of the V-shaped sealing ring that contacts the metal components. The reason is that the metal components would not be deformed under loads; therefore, the entire load transmits to the shoulder of the sealing ring, causing considerable deformation. The primary reason is that the radial deformation increases while the concave design of the vertex angle prevents the stress from spreading, which leads to stress concentration and ultimately cracks with the V-shaped sealing ring damaged.




	(3)

	
The height of sealing edge and vertex angle of the V-shaped sealing ring have little influence on the Mises stress because, under a given sealing interference, the axial load is fixed and the radial distortion is the same. Therefore, the deformation of the V-shaped sealing ring is almost the same, and the change in the maximum Mises stress is very limited.








6. Conclusions


A two-dimensional axisymmetric model has been established to analyze and optimize a V-shaped sealing ring of an inserted sealing tool used for multistage fracturing processes, including the sealing interference magnitude, height of sealing edge, and vertex angle, with implementation of a constitutive relation obtained experimentally for the sealing ring material. By the findings of the research, the following conclusions can be drawn:




	(1)

	
The contact stress of the first V-shaped sealing ring was the largest, which means the first sealing ring played a predominate role in the sealing. The largest Mises stress was also found at the first ring. This implies that this ring may fail first among all the other sealing rings.




	(2)

	
Stress concentrations exist at the shoulder and inner vertex of the V-shaped sealing ring. These stress concentration areas agree with what is observed in the oil/gas production field.




	(3)

	
The magnitude of the sealing interference greatly influences the stress concentration and the life of the sealing ring, as per the results of the research. It suggests that the sealing interference should be seriously considered in the design of sealing rings, to be able to reduce the stress concentrations and therefore enlarge the operation life of the rings. Meanwhile, the height of sealing edge and vertex angle have little influence on the stress concentration and the life of the sealing ring.




	(4)

	
Optimized ring parameters are determined in the research for designing a new V-shaped sealing ring with optimal sealing and prolonged operation life. Specifically, the optimal parameter found for the edge height is 5 mm, optimal sealing interference is 0.1 mm, and optimal range of vertex angle is between 90° and 100°, under the conditions employed in the research.









The findings of the research offer guidance for designing and manufacturing V-shaped sealing rings with excellent sealing performance and extended operation life.
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Figure 1. Inserted sealing tool: 1-casing pipe, 2-central pipe, 3-press ring, 4-sealing ring, 5-spacer ring, 6-support ring. 
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Figure 2. The mechanics performance test of rubber: (a) uniaxial tensile test; (b) uniaxial compression test. 
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Figure 3. The experimental stress–strain curves and the data fitting of the Yeoh model. 
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Figure 4. Finite element model: (a) geometry model and boundary conditions (b) meshing. 
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Figure 5. Result of numerical simulation and failures of the V-shaped sealing rings in the field. 
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Figure 6. Distribution of Mises stress for the V-shaped sealing rings under different sealing interference magnitude. 
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Figure 7. The stress distribution curve of sealing rings under different sealing interference magnitude: (a) contact stress distribution curve; (b) Mises stress distribution curve. 
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Figure 8. The stress distribution curve of sealing ring under different heights of sealing edge: (a) contact stress distribution curve; (b) Mises stress distribution curve. 
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Figure 9. The stress distribution curve of sealing ring under different vertex angle: (a) contact stress distribution curve; (b) Mises stress distribution curve. 






Figure 9. The stress distribution curve of sealing ring under different vertex angle: (a) contact stress distribution curve; (b) Mises stress distribution curve.



[image: Energies 11 01432 g009]







[image: Table] 





Table 1. Physical parameters.






Table 1. Physical parameters.





	Component
	Material
	Elastic Modulus/MPa
	Poisson’s Ratio
	Density/kg*m−3





	Casing pipe
	P110
	206,000
	0.280
	7870



	Central pipe
	40CrNiMoA
	209,000
	0.295
	7870



	Press ring
	45
	209,000
	0.269
	7890



	Support ring
	45
	209,000
	0.269
	7890



	Spacer ring
	45
	209,000
	0.269
	7890



	Sealing ring
	Hydrogenated nitrile rubber
	/
	0.49
	1400
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