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Abstract

:

Oil casings and premium threaded connections play vital roles in the oil and gas extraction industry. The present work establishes an integrated modeling framework for the sealability assessment of premium threaded connections which can be easily implemented and employed by engineers. The framework incorporates a part-scale finite element analysis of the make-up process, a micro-scale simulation of the contact behavior, and a mechanism-informed gap flow model. It is found that complete sealing can be achieved when the contact pressure exceeds 1540 MPa for Gaussian rough surfaces presenting a roughness of 1.6 μm. The seal surface fit is revealed to be critical for sealing performance, as it slightly changes the optimum make-up torque (up to 4%) but significantly changes contact pressure (up to 22%). At an optimum make-up torque, the connection with the loosest seal surface tolerance fit is prone to gas leakage when considering an inlet pressure of 110 MPa. The proposed modeling framework can be extended to other types of threaded connections with metal–metal contact sealing.
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1. Introduction


Oil casings play an important role in the oil and gas extraction industry. Premium threaded connections are widely used to construct long casings for the purpose of reaching deep oil. The sealability performance of such connection components is ensured by the metal–metal contact of the sealing surface. Note that inadequate design (tolerance fit) and use (make-up) of casing connections may lead to leakages and considerable economic losses [1].



The make-up process of premium threaded connections is an important step prior to service. This step not only ensures the integrity of the oil casing, but also gives rise to high contact pressure, preventing leakage through the sealing surface. The completion of the make-up process is generally determined based on the make-up torque value, but the optimum make-up torque is hard to identify in practice. On the one hand, make-up torque is strongly influenced by the tolerance range and machining error and, on the other hand, it cannot be directly correlated to the sealability of the premium connection [1]. The experimental identification of optimum torque necessitates the in-time monitoring of contact pressure on the sealing surfaces. Although this can be achieved by advanced ultrasonic techniques [2], the plastic strain cannot be probed during the make-up process and it may reach an unacceptably high level if only contact stress is used as the indicator of optimum make-up torque [3].



Numerical modeling and simulations are powerful alternatives used to assess the make-up process of premium threaded connections. With 2D finite element analysis, the make-up of premium connections was widely simulated by imposing a certain amount of interference [4,5,6]. However, such treatment cannot reflect the real make-up process of the premium connection. Recently, 3D finite element simulations have become more and more widely used in assessing the performance of oil casing connections. A large number of works have been devoted to studying the evolution of contact stress during make-up and thermo-mechanical loading [7,8,9,10,11]. Nevertheless, except for our previous effort [3], there are no other works addressing the identification of optimum make-up torque. Moreover, most previous studies used coarse elements without evaluating mesh convergence. Note that a sufficiently fine mesh is required to accurately probe contact pressure on sealing surfaces.



Although contact pressure is the key factor determining the sealability of a premium connection, how to quantitatively assess sealing performance remains an important issue. There exist two widely used approaches; one is a phenomenological law and the other is a mechanism-based model. Based on the results of gas-tight tests, Murtagian et al. [12] and Xie et al. [13] proposed sealing indices involving the integration of contact pressure along the sealing path. Correspondingly, sealing criteria incorporating pressure influence, seal ring diameter, leakage rate threshold, and fitting parameters were defined. This phenomenological law exhibits a simple form and ease of application but omits the underlying physics of leakage. Moreover, the influence of surface roughness on sealability cannot be considered. Note that the plastic deformation of rough surfaces and surface morphology significantly affect the fluid leakage of metallic seals, as demonstrated by Fischer et al. [14] and Ernens et al. [15], respectively.



Indeed, roughness may lead to the formation of leakage channels between the seal surfaces, and then fluid will flow through the channels due to the pressure difference between the two ends [15]. In this sense, two aspects need to be solved to build a mechanism-based sealing criterion. The first is contact analysis between rough seal surfaces. The generation of surface roughness can be achieved through statistical models [16,17], fractal models [18,19], and deterministic models [20,21]. The contact of rough surfaces can be solved by either theoretical calculation [16,20] or numerical simulation [22]. The combination of a deterministic model and numerical simulation can be regarded as a more flexible and easy-to-implement tool with which to approach real contact behavior between rough seal surfaces. The vital role of contact analysis lies in rendering an accurate leakage channel [22,23] for the following investigation of fluid flow, i.e., the second aspect for building a mechanism-based sealing criterion. The fluid leakage rate can be estimated by the average flow model [24] and percolation theory [25]. The average flow model first considers fluid flow between plates, and then the influence of surface roughness is introduced via a flow factor (<1). It can be easily implemented and used in the assessment of sealability. Percolation theory relies on first treating the rough surfaces in contact as a porous medium and identifying leakage channels, and then calculating the rate of fluid flow through the channels. This theory captures the physics of fluid flow behavior, but its applicability to addressing engineering issues needs further approval.



The present work aims to build an integrated modeling framework for the sealability assessment of premium threaded connections that can be easily implemented and used by engineers. This framework incorporates 3D finite element analysis of the make-up process, based upon which the optimum make-up torque is determined, and a gap flow model which is capable of assessing the fluid leakage rate in the case of complex contact pressure distribution. The framework is successfully applied to evaluate the sealability of premium connections with different tolerance fits.




2. Modelling and Simulation


2.1. Finite Element Simulation of Connection Make-Up


The premium threaded connection model was built with Ansys APDL, which allows for parametrically generating the geometries with different tolerances (see Figure 1a). Note that the detailed dimensions of the model cannot be provided due to the confidentiality issue. Then, the model was discretized with approximately two million hexahedron elements. The meshed geometry is shown in Figure 1b. The threads present a characteristic element size of 200 μm and the sealing components (seal surface and torque shoulder) present a characteristic element size of 100 μm. This mesh size has been selected based on the balance between the accuracy and computational cost, as shown in our related work [3]. The material used for the threaded connection is P110 steel. Uniaxial tensile tests were performed at room temperature (25 °C) to obtain the mechanical properties of the material. The Young’s modulus (210 GPa) and yield strength (873 MPa) were extracted directly from the experimental results, and the hardening stage was fitted with an exponential law (σ = 1350ε0.07).



The simulations of the make-up process of the premium connection were carried out with Abaqus standard (V6.12), where the finite slide scheme and a friction coefficient of 0.05 were adopted in the contact algorithm. It should be noted that Abaqus explicit could also be used to conduct the simulation of the make-up process, but the computation time was extremely long based on our preliminary trial, due to the fact that the fine elements prescribe a super small time increment to maintain the stability.



Two reference points were generated and assigned to the pin and the box, respectively, on which the boundary conditions were applied. All the degrees of freedom for the reference point of the box were blocked, and an angular velocity of 4 rad/s was applied to the reference point of the pin to enable the make-up. The geometrical non-linearity was taken into account in the simulations, considering the possible generation of large plastic strain.



In order to probe the influence of tolerance fit on the performance of the premium connection, four simulation cases were considered; one with nominal dimensions, one with the loosest thread fit, one with the loosest seal surface fit, and one with the tightest seal surface fit. The optimum make-up torque, the stress and strain states upon make-up completion, and the sealing performance will be compared based on the simulation results.




2.2. Framework of Leakage Rate Assessment


The leakage rate was assessed with a framework incorporating macroscopic and mesoscopic finite element analyses, computational fluid dynamics (CFD) simulations, and an analytical gap flow model. The whole framework is shown in Figure 2. First, a finite element simulation of the make-up of the premium connection was performed (Section 2.1), based upon which the optimum make-up state (make-up torque) was identified. Subsequently, the contact pressures on the sealing surface were extracted, which served as the key input parameters for the sealing performance assessment. Afterwards, a mesoscopic contact model was built to assess the gap between rough surfaces and its evolution with the applied contact pressure. The gap distribution was then imported into a CFD model to calculate the flow factor, i.e., a flow rate reduction coefficient induced by the surface roughness. Finally, an average gap flow model was established and numerically implemented, allowing for the evaluation of the sealability of the premium connection.



The aforementioned framework exhibits several advantages. First, it allows for the assessment of the optimum make-up state and hence the sealing ability for different tolerance fits. Second, the framework considers the physical aspect of the leakage through the gap flow model, in contrast to other works that assess the sealability with only the contact pressure. Third, the influence of the surface roughness is considered in the leakage flow calculation, so that the machining quality of the premium connection can be assessed. The details of the mesocopic contact model, the CFD simulations, and the average gap flow model will be presented in Section 3.2.





3. Results and Discussion


3.1. Identification of Optimum Make-Up State


The contact pressure is a key indicator of the sealing performance of the premium connection, and it will be used as the input parameter for the assessment of leakage rate. Moreover, the contact pressure and its evolution are important elements for identifying the optimum make-up torque. Figure 3 shows a typical contact pressure distribution on the sealing surface (composed of the seal surface and the torque shoulder) obtained from the simulation of the make-up process. Two contact pressure peaks can be observed along the sealing path, one on the torque shoulder segment and the other on the seal surface segment (Figure 3b). Moreover, the contact pressure appears to be nearly constant along the circumferential path, although the helical characteristic of the threads is considered in the model. In this sense, it will be sufficient to probe the contact pressure distribution along the sealing path (Figure 3c).



For the make-up process of the premium connection, it is important to determine the optimum make-up torque. Figure 4a shows the theoretical shape of the make-up torque [26], involving three distinct stages of the torque evolution. The first stage starts with the thread interference, giving rise to a linear increase of the torque from zero (stage AB); the second stage begins with the seal surface interference leading to a slightly faster linear increase of the torque (stage BC); the third stage is characterized by a much higher slope of the torque increase due to the shoulder interference (stage CD). In general, an optimum torque value occurs within the third stage. Figure 4b presents the make-up torque curves for the four tolerance fits obtained from the finite element simulations. It can be seen that the numerically resolved torque curves are in good agreement with the theoretical analysis. Therefore, the torque partition between the threads (   T  th    ), the seal surface (   T  se    ), and the shoulder (   T  sh    ) can be determined using the approach shown in Figure 4a. When comparing the torque curves obtained from the different simulation cases, it is found that the thread tolerance fit significantly affects the stage AB, whereas the seal surface tolerance fit has only a very slight influence on the stage BC.



To determine the optimum make-up torque, the balance between the contact pressure and the plastic deformation of the connection should be considered. Figure 5 shows the evolutions of the maximum contact pressure and the maximum plastic strain as a function of the make-up torque for the four considered tolerance fits. For all cases, the peak contact pressure first quickly rises and then tends to flatten or even drop, whereas the peak plastic strain (especially for the shoulder) exponentially increases with the increase of the make-up torque. Considering the compromise of a sufficiently high contact pressure and a low plastic strain (≈1%) of the sealing parts, the optimum make-up torques are determined to be 3131 N·m (Figure 5a), 2398 N·m (Figure 5b), 3003 N·m (Figure 5c), and 3255 N·m (Figure 5d) for the four tolerance fits, respectively. The peak contact pressure corresponding to the optimum make-up torque is higher than 1500 MPa and is close to the largest value for the cases of the nominal dimensions, the loosest thread fit, and the tightest seal surface fit, whereas it presents a much lower value for the loosest seal surface fit, especially for the seal surface segment. To further increase the contact pressure for this case, the make-up torque needs to be elevated, but this will in turn trigger a significant increase of the plastic strain of the shoulder.



From Figure 5, it can be seen that the tolerance fit of the threads significantly affects the optimum torque, whereas the tolerance fit of the seal surface has only a slight influence. To disclose the reason behind this, the torque partition upon the make-up completion (i.e., at the optimum make-up torque) for the four tolerance fits is analyzed and presented in Table 1. It is found that the shoulder torque is almost the same for all cases. This is due to the fact that the optimum make-up torque has been selected with the same shoulder plastic strain. For the case of the nominal dimensions, the shoulder torque occupies 53% of the total torque, the thread torque 33%, and the seal surface torque only 15%. For the loosest thread fit, the thread torque decreases by 72% compared to the case of the nominal dimensions, therefore leading to a marked reduction of the total torque (by 23%). For the loosest and the tightest seal surface fits, the seal surface torque changes by −27% and +27%, respectively. However, this variation does not significantly affect the total torque (by −4% and +4%) as the contribution of the seal surface torque is relatively low.



The contours of the von Mises stress and the equivalent plastic strain at the optimum make-up torque are shown in Figure 6. The legends are unified for the four cases to enable a direct comparison. It is observed that the stress and strain fields of the sealing components (i.e., the seal surface and the torque shoulder) are quite similar between the cases of the nominal dimensions and the loosest thread fit (Figure 6a,b). This can be explained by the close seal surface torque and the shoulder torque between the two conditions (Table 1). Regarding the two seal surface tolerance fits, the loosest interference mitigates the stress and strain levels of the sealing components while the tightest interference enhances them (Figure 6c,d). These are also in line with the changes in the maximum contact pressure with respect to the case of the nominal dimensions, as can be seen in Figure 5c,d.



In summary, this section investigates the make-up process of the premium threaded connection involving different tolerance fits. The optimum make-up torque has been identified for each case under the balance between the contact pressure and the plastic strain. The thread tolerance fit is found to significantly affect the torque curve but exhibits little influence on the contact pressure or the stress and strain fields of the sealing components. In contrast, the seal surface tolerance fit is revealed to slightly change the torque curve but strongly influence the contact pressure and the stress and strain fields of the sealing components. The simulation results at the optimum make-up torque will be used as the inputs for the assessment of the leakage rate in Section 3.3.




3.2. Leakage Rate Calculation Model


To improve the prediction accuracy of sealability, the physics of the leakage should be included when establishing a predictive model. The present work considers the fluid flow between rough surfaces in the assessment of leakage of the premium threaded connection, given that the surface of the sealing parts exhibits a certain roughness. The height coordinate of the rough surface is assumed to follow the Gaussian distribution:


  p ( z ) =  1    2 π      e  −    z 2   2    .  



(1)







The x, y, and z represent the two in-plane and the one out-of-plane directions of the contact surface, as can be seen in Figure 7. The following self-correlation function was used to establish the correlation between two points on the rough surface:


  p ( d ) =  R q 2   e  −      d   L c       2    ,  



(2)




where  d  represents the distance between the two points,    L c    the self-correlation length, and    R q    the root-mean-square (RMS) roughness of the surface. Combining the above two equations, the rough surface can be expressed with the amplitude square matrix:


  z ( x , y ) =   ∑  i = − M  M     ∑  j = − N  N   w ( i , j ) g ( x + i , y + j )      



(3)






  w ( i , j ) =   2  R q     L c   π     e  −   2 (  i 2  +  j 2  )    L c 2      ,  



(4)




where  M  and  N  are the numbers of points along the x and y axes, and   g ( x + i , y + j )   is a Gaussian random matrix with an average of 0 and a variance of 1.



According to the measurements of the real premium connections, the roughness of the sealing surface is 1.6 μm. Taking the self-correlation length of 4 μm, a rough surface of 100 × 100 μm was generated, as shown in Figure 7a. Note that the size of 100 μm was used to be consistent with the element size of the sealing surface used for the simulation of the make-up process. To further perform contact analysis between rough surfaces, a finite element model incorporating the rough surface was created, as presented in Figure 7b. The thickness of the model is 30 μm, the element size on the xy plane is about 0.4 μm, and the total element number is 420,000.



Two models were generated following the aforementioned steps to simulate the contact between two rough surfaces. The simulation was performed in Abaqus standard. The material properties are the same as those used for the part-scale simulations (see Section 2.1). The lower block was fixed and the upper block moved vertically downwards. As the generation of the roughness involves a randomness, three sets of models were created and simulated to verify the validity of the rough surface construction. The simulation results are shown in Figure 8. It can be seen that the nominal contact pressure first slowly increases with the move-down displacement of the upper block due to a small contact area. When the contact area enlarges, the nominal contact pressure also rapidly rises. During the contact of the rough surfaces, the local contact stress is high and a large plastic strain is created. Meanwhile, as long as there exist contact-free sunken areas, gaps between the rough surfaces are retained. If these gaps are interconnected, leakage channels will be formed. It is noteworthy that very high nominal contact pressure levels are obtained (see Figure 8b). On the one hand, the material mainly deforms in a compressive manner in the contact model and therefore can bear a large stress before failure. On the other hand, no failure criterion is incorporated in the model. Nevertheless, the high contact pressure level is only used for fitting the gap height–contact pressure relationship (Figure 8c).



In order to calculate the leakage rate, the average gap height between the rough surfaces under any given nominal contact pressure needs to be resolved. To this end, the z coordinates of all surface points are extracted and the average value is calculated, defining the z coordinate of the reference plane of the rough surface. The average gap height is therefore obtained as the difference between the z coordinates of the upper and lower reference planes. This calculation procedure is applied for each nominal contact pressure, and the gap height evolution with the contact pressure is therefore established (see Figure 8c).



The interconnected gap between the rough surfaces provides the flow path for the fluid. The leakage channels can be constructed with the contact simulation results, specifically the coordinates of the rough surfaces during the contact process. Figure 9 shows the potential leakage channels between the two rough surfaces under different nominal contact pressures. It can be seen that the blocked area (in black) enlarges with increasing nominal contact pressure. Based on the results obtained from three independent contact simulations, it is found that no interconnected gap between the rough surfaces exists when the nominal contact pressure exceeds 1540 MPa. The latter can therefore be regarded as the threshold value of complete sealing.



It has been proposed in previous literature that the flow rates between two rough surfaces (presenting a gap of h between the reference planes) and between two smooth plates (with a gap of h) can be related with:


   Q s  = φ  Q p   



(5)






  φ = f (  R q  , h ) ,  



(6)




where  φ  is the flow factor, representing the reduction effect of the surface roughness on the flow rate. This factor is dependent on the roughness    R q    and the gap h. The flow factor will be adopted in the present work.



For the case of fluid flow between smooth plates, the steady flow rate of incompressible fluid under a certain pressure difference reads:


  Q =   b  h 3    12 μ l   Δ p ,  



(7)




where b is the width of the plate, l the length,  μ  the viscosity of the fluid, and   Δ p   the difference between the inlet and outlet pressures. Considering the fact that the pressure inside the oil casing can reach over 100 MPa, the pressure will drop by nearly 1000 times when the fluid leaks to the ambient. Therefore, the change of the fluid density with the pressure cannot be ignored. In the present work, the ideal gas state equation was employed to establish the relation between the density and the pressure of the fluid as follows:


      p v = n R T     ρ =  m v      ⇒ ρ =  m  n R T   p ,  



(8)




where v is the gas volume, R the gas constant, T the temperature,  ρ  the gas density, m the gas mass, and n the quantity of gas. Combining Equations (7) and (8), the mass flow of the gas between smooth plates is expressed as:


   m ˙  = Q p =   b  h 3    12 μ l    m  n R T    p ¯  Δ p .  



(9)







When the flow factor is considered, the mass flow of the gas between rough surfaces can be written as:


   m ˙  = φ ( h )   b  h 3    12 μ l    m  n R T    p ¯  Δ p .  



(10)







The determination of the flow factor   φ ( h )   is carried out as follows. Under a given gap height, the flow rate between smooth plates is calculated with Equation (7), and the flow rate between rough surfaces is obtained with CFD simulation (Ansys Fluent). The leakage channels obtained by the contact simulation between rough surfaces (Figure 9) were imported to the Fluent software (2023R1). The settings of the analytical model and the simulation are the same: the size of the flow area is 100 × 100 μm, the pressure difference is 5000 Pa, and the fluid is air with viscosity of 1.79 × 10−5 kg/(m·s). The mass flow for the inlet and outlet in the direction perpendicular to the leakage path was zero. The fluid velocity field obtained with Fluent is shown in Figure 10a. It can be seen that the flow behavior between rough surfaces is quite complex. Based on the flow rates obtained by the two methods, the flow factor as a function of the gap height is obtained (see Figure 10b) and fitted with:


  φ ( h ) = 6.967  h  0.04218   − 7.019 .  



(11)







It can be seen in Figure 10b that the flow factor nonlinearly evolves and tends to saturate to 1, i.e., the theoretical upper limit of the flow factor. Indeed, when the gap height is sufficiently large, the influence of the surface roughness on the flow behavior will gradually vanish and the CFD results will collapse to the gap flow model involving smooth plates. The nonlinear evolution could be explained by the fact that the contact behavior between the two rough surfaces significantly affects the flow channel (see Figure 9) when the gap height is small (<5 μm).



In a nutshell, a leakage rate calculation model is established combining contact simulations between rough surfaces, an analytical fluid flow model involving smooth plates, the ideal gas state equation, and CFD simulations. This model needs to be properly implemented to consider complex contact pressure distribution along the sealing path, as will be addressed in the following section.




3.3. Sealing Performance of Premium Connection


It has been shown in Section 3.1 that the contact pressure significantly varies along the sealing path (see Figure 3c). This will, in turn, lead to steep variations of the gap height, in particular a very narrow orifice at the location of the maximum contact pressure, as shown in Figure 11a. In previous works, researchers have attempted to use the averaged contact pressure along the sealing path (i.e., averaged gap height) to calculate the leakage rate with Equation (10). However, this method may lead to important errors, as will be shown later in this section. To accurately compute the flow rate between gaps with a varying height, the leakage path is discretized by n segments, and each segment has a length of dl (see Figure 11b). Analogous to a differential issue, the height variation in each segment can be ignored when dl is sufficiently small, so all the segments can be regarded as plates, as shown in Figure 11c.



Therefore, the mass flow rate for each segment can be calculated by:


   m ˙  = φ (  h i  )   b  h i 3    12 μ l    m  n R T      p  i − 1   +  p i   2  (  p  i − 1   −  p i  ) .  



(12)







Considering the mass flow conservation through each segment, n equations can be established for the n segments, where the pressures at the n − 1 sections (   p 1  ,    p 2  ,   … ,    p  n − 1    ) and the mass flow rate   m ˙   in the whole leakage path are unknown. Using the Newton iterative algorithm, the n equations can be solved. It is noteworthy that the evolution of the viscosity with the pressure is neglected in the model, as the variation is generally not significant. On the other hand, such simplification leads to conservative predictions as the viscosity is larger at higher pressures, and the present work adopts the gas viscosity at the ambient pressure.



To validate the discretized realization of the leakage flow model and prove its superior accuracy compared to the averaged gap model, three cases are considered, one with a constant gap height and two with cosine gap height variations, the averaged gap heights all being 2 μm. The settings are as follows: the leakage channel length is 4 mm, the pressure difference is 0.1 MPa, and the fluid is air. The comparison between the predictive models and the CFD simulations is given in Table 2. When the flow domain is planar, the results of the three approaches are nearly the same. However, when the gap height is variable, the averaged gap flow model leads to results that deviate from the discretized flow model and the CFD simulation, which give very close results. In addition, the deviation is augmented with the increase of the variation amplitude of the gap height.



With the discretized gap flow model, the sealing performances of the four tolerance fits are assessed by importing the corresponding contact pressure distributions upon the make-up completion. The inlet pressure is set to 110 MPa and the outlet pressure to 0.1 Mpa, and the fluid is air with a viscosity of 1.79 × 10−5 kg/(m·s). The calculation results are shown in Table 3. Except for the loosest seal surface fit, the leakage is strictly suppressed for the other three conditions. This is due to the fact that the maximum contact pressures of these three tolerance fits are higher than the threshold value of complete sealing (1540 MPa). From Figure 5c, it can be seen that one should compromise on the plastic strain to increase the contact pressure (i.e., enhance the sealing performance) for the loosest seal surface fit.



In summary, the proposed gap flow model can be used to investigate the leakage rate of the premium threaded connection. It is found that the connection with insufficient seal surface interference is prone to gas leakage when the internal pressure is high.



The proposed integrated modeling framework represents an advancement for evaluating the sealability of the premium connections. It can be extended to other types of threaded connections with metal–metal contact sealing. The flow factor needs to be recalculated to consider other flow forms involving different contact surface morphologies. Nevertheless, one should be aware of the assumptions and simplifications in the establishment of the gap flow model. Future works are needed to improve the model’s applicability in real engineering practices.




	
Although the fluid compressibility is considered in the flow rate, the evolutions of the fluid density, the pressure, and the temperature with the Mach number are omitted. Note that, in the case of a high pressure drop of gas, the flow velocity may reach or exceed the speed of sound. Moreover, gases with high temperatures and high pressures cannot be addressed with the current gap flow model due to the use of the ideal gas state equation.



	
Molecular effects could become dominant for the gas flow between rough surfaces with few microns; the flow factor obtained with the CFD simulations may need to be rectified.



	
The contact model between rough surfaces only takes into account micro-scale surface morphology; to further improve the accuracy of the model, the submicron surface structure needs to be considered.



	
The sealing surface of the connection is mainly finished with lathe machining, so the surface morphology may deviate from the Gaussian distribution. The experimentally measured surface morphology data can be incorporated in the contact analysis between rough surfaces.










4. Conclusions


The present work has proposed an integrated modeling framework for assessing the sealing performance of the premium threaded connection with different tolerance fits. First, finite element simulations of the make-up process have been performed and the corresponding optimum make-up torques have been identified. Then, a gap flow model has been established. Finally, the model has been employed to assess the leakage rate for the considered tolerance fits. The main conclusions are as follows:




	
The seal surface tolerance fit changes the optimum make-up torque very slightly (up to 4%) but significantly changes the contact pressure (up to 22%) of the sealing components. The maximum contact pressures are 1681 MPa (no tolerance), 1317 Mpa (loosest seal surface), and 1855 MPa (tightest seal surface).



	
A leakage rate calculation model is established, and it is found that a complete sealing could be achieved when the contact pressure exceeds 1540 MPa for Gaussian rough surfaces presenting a roughness of 1.6 μm.



	
At the optimum make-up torque, the connection with the loosest seal surface tolerance fit is prone to gas leakage (i.e., leakage rate of 9.0702 × 10−3 m3·s−1) when considering an inlet pressure of 110 MPa. To enhance the sealing performance for such a case, the plastic strain level should be compromised at the cost of the reusability of the premium connection.
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Nomenclature




	Symbols
	Meanings
	Units



	σ
	Stress
	MPa



	ε
	Strain
	-



	Tth/Tse/Tsh
	Torques at threads/seal surface/torque shoulder
	N·m



	d
	Distance between two points on a rough surface
	m



	Lc
	Self-correlation length
	m



	Rq
	Root-mean-square roughness of surface
	m



	Q
	Volumetric flow rate
	m3·s−1



	φ
	Flow factor
	-



	h
	Gap between two surfaces
	m



	p
	Pressure of fluid
	MPa



	Δp
	Difference between inlet and outlet pressures
	MPa



	μ
	Viscosity of fluid
	kg/(m·s)



	b
	Width of smooth plate
	m



	l
	Length of smooth plate
	m



	v
	Gas volume
	m3



	R
	Gas constant
	J/(mol·K)



	T
	Temperature
	K



	ρ
	Gas density
	kg/m3



	m
	Gas mass
	kg



	   m ˙   
	Mass flow
	kg·s−1



	n
	Quantity of gas
	mole
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Figure 1. Geometric model (a) and mesh (b) of the premium threaded connection for finite element simulations. The inserts in (b) show the element refinement for the threads and the sealing components. 
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Figure 2. Flow chart of the framework for leakage rate assessment. 
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Figure 3. Definition of sealing path and circumferential path (a), typical contact pressure distribution on the sealing surface (b), typical contact pressure distribution along the sealing path (c). 
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Figure 4. Theoretical shape of the make-up torque (a), make-up torque curves for different tolerance fits obtained with the finite element simulations (b). 
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Figure 5. Determination of the optimum make-up torque for the cases of the nominal dimensions (a), the loosest thread fit (b), the loosest seal surface fit (c), and the tightest seal surface fit (d), based on the balance between maximum contact pressure and plastic deformation. 
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Figure 6. Contours of the von Mises stress and plastic deformation at the optimum make-up torque for the cases of the nominal dimensions (a), the loosest thread fit (b), the loosest seal surface fit (c), and the tightest seal surface fit (d). The unit for the stress is MPa. 
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Figure 7. Generation of rough surfaces for the mesoscale contact simulations. Three-dimensional (3D) rough surface generated by the self-correlation function (a), the finite element mesh of the solid model incorporating the rough surface (b). 
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Figure 8. Contour of the von Mises stress during the contact between the rough surfaces (a), nominal contact pressure vs. move-down displacement (b), evolution of the gap height between the rough surfaces with the increase of the contact pressure (c). The unit for the stress is MPa. 
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Figure 9. Blocked leakage channel (black area) at the contact pressure of 99 MPa (a), 494 MPa (b), and 1002 MPa (c). 
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Figure 10. Determination of the flow factor. Representative CFD simulation result showing the fluid velocity contour between rough surfaces (a), evolution of the flow factor as a function of the gap height (b). 
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Figure 11. Variations of the gap height and the contact pressure along the leakage path (a), discretization of the leakage path for the calculation of fluid leakage rate (b) with the gap flow model applied to the infinitesimal leakage path (c). 
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Table 1. Make-up torque partition for the four different tolerance fits.
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	Cases
	No Tolerance
	Loosest Thread Fit
	Loosest Seal Surface Fit
	Tightest Seal Surface Fit





	Tth (N·m)
	1021
	286
	1021
	1021



	Tse (N·m)
	460
	460
	333
	585



	Tsh (N·m)
	1650
	1652
	1649
	1649



	Ttot (N·m)
	3131
	2398
	3003
	3255










 





Table 2. Comparison of mass flow rate between different calculation approaches.
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	Gap Height

(μm)
	Averaged Gap (Equation (10))

(kg·s−1)
	Discretization (Equation (12))

(kg·s−1)
	Fluent

(kg·s−1)





	2
	1.6328 × 10−6
	1.6328 × 10−6
	1.6453 × 10−6



	   2 +  1 2  cos   2 π  x l      
	1.6328 × 10−6
	1.3474 × 10−6
	1.3507 × 10−6



	   2 +  3 2  cos   2 π  x l      
	1.6328 × 10−6
	1.6134 × 10−7
	1.6310 × 10−7










 





Table 3. Gas leakage rates for different tolerance fits.
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	Cases
	No Tolerance
	Loosest Thread
	Loosest Seal Surface
	Tightest Seal Surface





	Leakage rate (m3·s−1)
	0
	0
	9.0702 × 10−3
	0
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg





media/file4.png
Premium

connection
model —
, Vi1Ses
] 1.200x10°
1.000x 10°
8.000x10°
FEA of make-up -
4.000x10°
2.000x10°
B SET standard 0.000x10°
£ 1500, Y ]
%1000. Contact pressure
% 500, distribution
N 2 S, Mises
Cip, g 10 ~1.249%10°
erery 2 A e Contact model Lostx10
g Gealin® 8.338x10?
)
between rough 620210
1800 Surfaces sex lof
5 - 1600 2.110x10°
a 3.444x10°
~ 4/ |4|)()=z—
E_-__ -1200 33 V
%y —qut)g ] ) ] 1.0
2 500 & Gap distribution S Dnpll
& 21 L600 B xample 2
© :::: 'gl 0.8 A Example3
" Lo = 5 Fitted curve
0 0 g 0.6 Velocity magnitude (m/s)
8 = 5.67%10° 7
Flow factor > .
. 20.4 :
obtained by CFD - 3.40x10°
227x10° M
0.2}
\ 1.13x10°
0.00x10°
Leakage rate 0.0, : m
with average gap Gap height (um)
flow model






media/file18.png
a

L“?ny'

‘{thgg
Pua

SR
S
OO

FRTTTTC, LIl LRt S S Lo TR URE, « » L et

|
-

prests
PEoriny

crtesrtairtets
3

2552353350

oo

‘.*w. e
N

S

B A e

retetiiiter
SILLLIIIINNT

-

ireeave

SR 3R

$t~\w\“ 3333 w\~~¢“‘1‘~“~~~w‘.~~¢‘111»»~~\1

p§?§§}$;:"f

oo

ad

».A "‘q\v’ =

‘Lﬂﬁv

A?ﬂﬁ»ﬁy‘.y

e
}V/"“

<
ui\ V
W »‘t.
&

TRy y T yY st Baes
3 1
T 23
2535521 :
4 Aataiies 33
* etseeett 322 3ieaitis 23S
413 S, eeRey b33
13133 TR cpdtas st B3
338 Huns 1 coadis 333330 3 i3
j3iee Saseaiatde eesss b 5242
peers ‘. iy N RN ($aeass
I3kt B Pesssastes eezeaa it
LLEEE gt B ‘~~...,“ ThLy
E wee SeettaicbibbERs e 3
CLEEE 3 :t:t""*" ol S T $3 24
3 e 43
SIERE AT
Bhe S eessssrs 3
N 33353 333
3 e :
Ras2sss 33
aissssey 33
133833 233
RRs222s 3
Shpsgse 3%
P32 ais e 333
22330000 Moca sy S 33
I TN pes

FIFILIIILINNNG
AIETIIILIINNINL
TR

Bifsiseays

s3I

S eLaly

INPRIEESTIIL

3 peee

T peee
pes

£e oY
<
it feuewe
SRR fe¥eNy
333 IEIRRONNARRSS 11T
X““"“"“‘
1338

geeess ey $od

0 LTI LT 3882047 40000008 23
Sedbsnsss LIl S e e S s:
e

3
3
22e
$osss < 13
33 it
eeiss peiue Treess
toit g3siaezi iesey
tHEY 351000
b 0% ‘b‘b Ll
it fatitedssiea iy
23 e EERELER
e HEEH
15 ¥ HRETEEEE
i &S S
b L
Etedsaananar 387 305
SERET i LErRere ey
' NIRRT 1
EETTTIassrssessetesaiannrety R 22253
Sspiannngnnii pessanal 1338
s ee aass oo es pegsanas 353%¢
3333333 0NN} ese 3 ni
33 N 43¢
3 138 1133333
3 3338 [N
33 S2a38 9590200400,
3 geess i ....“.::.. esseecesen:
e 133 5 b3 Paasassiis
e S B agtttiigs
Pt s Arassas TEassebbii,. S





media/file21.jpg
»,

I

dl

(@) amssaud ooy
§8588sss

1
Seal length (mm)






media/file3.jpg
Premium

connection
model _—
FEA of make-up tote

i Contact pressue
; distribution
Contact model
between rough 1
sutices »

Gap distribution

Flow factor
obtained by CFD

o [ Leakage e —
4 TN with average gap Gapbigh um)
I8 o flow model

il o sl






media/file22.png
1800

h,
p;
— »
1,

dl

N
A
1
(BdIA) 2anssaad 1081U0)
O O O
S O O O O O O O
O < AN O O O O O
— = = = 0 O T a o
el 1 " 1 —t a1 1 " | Pa— 8
llll . — — |_. » /\
- - . o) h.l cH .’.-m
e T _ =
™ e
/

4
Seal length (mm)

(a)

—rt
ww T N = O

(w) ySroy den






media/file19.jpg
(a)
Velociy
Magitude

Frampic
o Bampe2 ’
L Bampies

Fiaedcue

(] 5 10 5 2
Gap height (um)





media/file7.jpg
Make-up torque

Aduitial thread inteference
Belniial sealing interference

C-niial shoulder inerference
D-Make-up completion

(b) 5090

Make-up torque (N-m)
EE §

g

A B
—=—No tolerance !
o Seatsurfce ightest |

Sea surtac loosest |

e

Make-up tums

9
()

05 10 15
Axial displacement (mm)

20





media/file23.png





media/file10.png
Peak contact pressure (MPa) E

o
&
v

Peak contact pressure (MPa)

Optunum make- “up tor que 3 131 N m

2000+

1500 A

1000 A

500

0
1

] —.—Sealmj, contact pressure—.—Shoulder comact pressure
= @~ Shoulder-plastic strain

= M= Sealing-plastic strain
L]

000 2000 3000 4000 5000 6000
Torque (N-m)

Optimum make-up torque 3003 N-m

F0.15

.12

-0.09

-0.06

Peak plastic strain

) :I—S‘ealin;',-cont'act prlessure-.;Shoulder-lcontac't preslsure -0.15
= M= Sealing-plastic strain = ®= Shoulder-plastic strain
2000 - '
| -0.12 .5
| g
1500 7
-0.09 .2
7
—
“ jon
Sl -0.06 ¢
<
L
o
2y 0.03
olpd —az =l o a a.a L0
1000 2000 3000 4000 5000 6000

Torque (N-m)

Peak contact pressure (MPa) @-

(

Peak contact pressure (MPa) &

Optunum make-up t01que 23 98 N m

. —I—Sealmg conlact pressure—.—Shoulder contact pressure
= W= Sealing-plastic strain
; L

= ®- Shoulder-plastic strain

1000 2000 3000 4000 5000
Torque (N-m)

Optunum make-up t01que 3255 N m

2000 4

1500 A

1000 -

500 -

1

! —I—Sealmg -contact pressure—.—ShouIder contact pressure

= M= Sealing-plastic strain = ®= Shoulder-plastic strain

000 2000

3000 4000 5000 6000

Torque (N-m)

-0.15
-0.12 .
&
17
-0.09 8
7]
=
o
-0.06 ¢
<
)
A
-0.03
0.00
-0.15
-0.12 .
-
17
-0.09 g
Z
2.
-0.06
=
O
A
-0.03






media/file14.png
(a)

z/um

5.450
4.315
3.180
2.045
0.910
—0.225
~1.360
—2.495

—3.630
—4.765
—5.900

y/um






media/file11.jpg





media/file6.png
Torque shoulder Seal surface
(b) | SET standard| (C)

E 1500 « =

3]
S £ 1500f
§ 1000 5
2 Z 1000
= O
g 500 - g
g S
S 0~ Lg) 500

4
C.
Tt )10 % 2 4 6
| ", 2 awe P @
: 2
Circumferential path % S Seal length (mm)





media/file15.jpg
1o
s3e
o
S
pirea
S50
i
o
T
it
(b) (©
2500 = Example |
] 4 Example2
S0 2 Bunple3
el ned eurve
g s
2100 g
£ 100 =2
E S
R '
H
Z 7 i ] n 0 0 500 1000 1500 2000

Move down displacement (jum)

Contact pressure (MPa)





nav.xhtml


  processes-12-00574


  
    		
      processes-12-00574
    


  




  





media/file16.png
~
) o
R —

a

)
N
S
S

2000

1500

—
S
(o)
o

Nominal contact pressure (MP
n
S
o

o

(a)

S. Mises

1.249x10°
1.145x10°
1.041x10°
9.376x10?
8.338x10?
7.300x10%
6.262x10?
5.224x10?
4.186x10%
3.148x10?
2.110x10?
1.072x10?
3.444x10°

PO T R S

o

2

Move down displacement (pum)

4

6

8

10

~
@]
~—

Gap height (um)

NN

W

)

®  Example 1
- ® [Example 2
A Example 3
—— Fitted curve
0 500 1000 1500 2000

Contact pressure (MPa)





media/file2.png
o

(a)
(b)

INEA AR A TanaEsn e

44 . : o,
P
+

44
trtte St read > A
%\nn AT »«m..‘:.. ‘Y.Y,!F
A nnul

Mw“»«_ —.m

T
11
1] L
LT I
InRinannn i
L I
1
'y | I
i I
| L I
1 JRRRRRRLIAY) Il
| | LU
i { L 1!






media/file20.png
(a)

Velocity
Magnitude

"

m/s

5.67x102
5.11x10?
4.54x10?

L 3.97x 102
L 3.40% 102
2.84x 102
2.27x 102
1 1.70x 102
1 1.13x 102

5.67x10!
0.00x10°

" Q"

ferit g
SR "‘\
L A ‘*N
L op ‘;

°

. &
.‘.IA‘

Y

Flow factor
—
—

§<
&

0.0

Q”’W.— : /(b) 1.0

g
op

Gap height (um)

®  Example 1 |
® Example 2 4
| A Example 3
Fitted curve
i =
6
5]
-y
4
o
f
o 10 15 20






media/file5.jpg
g

Cutct presre (P
H

[—— PRp——






media/file1.jpg
(a) o=

ey






media/file12.png
S. Mises

1.0x10°
9.2x10?
8.3x10?
7.5%10?
6.7%10?
5.9x10?
.0x10?
2x10?
4x10?
5x10?
7%10?
9x10?
4x10°

5
4
3
1
8
6

B






media/file9.jpg
Peak contact pressure (MPa)

Peak contact pressure (MPa) &

Optimum make-up torgue 3131 N-m

Optimwen make-p torgue 2398 N'w

St = ot ]
oS T R

o1

]

o Sl o i e

o
1000 2000 3000 4000 000 6000
Torque (N-m)

H
0w 2
owg
o0
00
100 200 3000 4000 5000 6000
Torque (N'