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Abstract

:

Natural gas pipeline networks used for long-distance transportation are expanding quickly, and the construction of special valves with large diameters has especially increased since 2022. The design and manufacturing of the flow control equipment is carried out on a case-by-case basis, in accordance with the parameters required by the beneficiary. In this paper, results obtained by fluid flow simulation with SolidWorks2023 software for a 500 mm diameter trunnion ball valve lead to important information regarding how the fluid flow develops in the intermediary and fully closed positions. The large inner space of the ball allows the development of high-amplitude vortices; thus, the simulation demonstrates that the shut-on/off operation of large-diameter ball valves is mandatory to avoid fast destruction following partial opening. This paper also demonstrates why the metal–metal (MM) sealing with a double-piston effect (DPE) design for seats produces low leakage rates, including for the shut-off position; the pressure field reveals that few gas particles succeed in crossing the upstream sealing zone, and even fewer cross the downstream sealing zone. Additionally, the interpretation of the results explains and highlights the importance of using seats with a DPE design to achieve fire safety, which is required for natural gas pipeline applications.
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1. Introduction


The natural gas demand in the EU reached 15,834,900 terajoules in 2021 [1]. Gas represents 21.5% of the EU’s primary energy consumption and covers 32.1% of energy demand for households. The EU gas network contains more than 200,000 km of transportation pipelines and over 2 million km of distribution networks [2]. In 2022, following the invasion of Ukraine, new natural gas transportation pipelines—such as the interconnectors Greece–Bulgaria, Poland–Slovakia, and Romania–Moldovia—aimed to contribute to the security of the gas supply in Central and Eastern Europe [3].



To be in line with the objectives set out in the Repower EU Plan [4], companies specialized in the production of valves for the gas and oil industry must identify the best solutions for large valves, which have to be constructed to answer the specific requirements on a case-by-case basis. The uniqueness of the design for large valves is the result of a combination of factors, such as the underground or the on-ground location, the climate framework (which can expose them to extreme weather), the composition of the natural gas, the physicochemical composition of the soil, and disaster conditions, such as fire development in the pipeline or heavy floods. Additionally, high pressure and large diameters lead to higher stress for components, and the risk of destruction can be significant during dynamic operation. The mechanical engineer has to propose a holistic solution to answer to all of these challenges, as well as the special requirements of beneficiaries. For instance, the standard recommends the use of the steel type A350 LF2 for the bodies of valves and for the metal sealing components (i.e., the ball and the seats) of ball valves implemented in natural gas pipelines [5], but when the soil surrounding the underground pipeline contains salty hydrocarbons, the beneficiaries prefer stainless steel as the material.



In the natural gas industry, a lot of categories of valves are used, including ball valves [6], check valves [7], plug valves [8], float valves [9], gate valves [10], and butterfly valves [11]. Safe operation is very important for natural gas transportation, and in this context, an appropriate design for the shut-off of large-diameter ball valves is crucial. The scientific literature proposes a wide range of methods to be used for research in thus domain. Computational fluid dynamics (CFD) can be used to obtain important information based on the analysis of the fluid flow in small or medium-sized ball valves by simulation.



Jia, M. et al. investigated four different V-sector valve core opening shapes to be used in a DN65 ball valve. The best solution, designed to work with hot water in a secondary heating system, was identified by using ANSYS [12].



Yu, R. et al. proposed an innovative elastic valve seat for V-shaped ball valves, composed of a blade spring coil, a support back ring, and a sealing ring, adequate for powders or other media with granular matter. Mud with particulate matter was selected as the medium. The results of their study, based on fluid dynamics simulation with SolidWorks 2021 software and experiments on DN50, DN65, DN80, DN100, and DN125 ball valves, showed that the fatigue strength of the ball spool and the spring-loaded plate seat structure enabled the valve to comply with high safety standards. This highly efficient sealing is possible because it avoids the problem of sealing failure caused by granular media entering the spring cavity, or by the valve seat bonding on the valve body [13].



Song, X. et al. used the finite element method to study the construction of a ball valve made of CF8M stainless steel. The purpose was to optimize the mass and the structural safety of the ball valve, with the target being an accurate flow coefficient. The analysis was carried out for seven opening positions of the ball: 0°, 15°, 20°, 30°, 50°, 70°, and 90°. By optimization using an orthogonal array, the response surface method and trade-off method demonstrated that the weight could be reduced by up to 16.67% (from 2.34 to 1.95 kg) for the studied balls, which had radii of 37/35/33 mm. The results highlight that when using ASTM A296 CF8M as the construction material, the ball valve was more resistant to corrosion and provided higher strength at different temperatures, compared to balls made from CF8 [14].



The particle tracking flow visualization (PTFV) method can also be used to determine flow characteristics and flow patterns. Chern M. et al. performed an experimental study on a DN50 ball valve to observe the flow patterns for different opening angles and cavity phenomena [15]. The study concluded that such a method represents an effective way to determine the performance coefficients of a valve and to understand how and when cavitation can occur.



Cui, B. et al. studied the evolution of flow characteristics for different openings using FLUENT. They observed how a DN50 ball valve opening or closing within different time intervals developed different fluid flow patterns. If the opening/closing period is long, the flow rate, the inlet and outlet pressure, the pressure drop, and the flow resistance are similar to the steady condition. These results can offer support for increasing the dynamic performance during the opening and closing process [16].



Peng, C. et al. conducted a comparative analysis on two types of metallic seats for ball valves: one with the multi-asperity model and one with the magnification-based model. The scope was to study leakage simulation for a ball valve, using water as the working fluid. Simulations performed by ANSYS and experiments on a ball with a radius of 20 mm were performed. The best simulation results were obtained for the magnification model, which was the one that provided the best match to the experimental results [17].



The works [12,13,14,15,16,17] focus on new valves. Some researchers were more interested in the phenomena that occur in the components of old pipelines. For instance, Velázquez, J. et al. studied the failure pressure in aged pipelines using the finite element method, considering the changes in mechanical characteristics following a long working period. Their results demonstrated that corrosion defects and aging have an impact on the failure pressure [18].



In contrast to previously presented works that focused on ball valves of up to 125 mm in diameter, the present study focuses on CFD simulation of the fluid flow in a large ball valve. A trunnion ball valve with a diameter of 500 mm, with metal–metal (MM) sealing and double-piston effect (DPE) seats, is the type of valve analyzed in the present work. This paper aims to contribute to the research field by studying the behavior during the closing process of a sealing technology recommended for ball valves with components, materials, and technologies selected to answer to the challenges of natural gas transportation within the large-diameter domain. The investigated valve was designed according to the standard API 6D [19] and the corresponding European standard SR EN ISO 14313 [20], which are the standards that specify requirements and provides recommendations for the design, manufacturing, testing, and documentation of ball, check, gate, and plug valves for application in pipeline systems meeting the requirements for the petroleum and natural gas industries. The simulation was performed using SolidWorks Fluid Flow 2023 software.



The main originality of this paper consists in the simulation of a large-diameter ball valve working at a high class of pressure (Class 400), as well as providing explanations about why MM sealing with a DPE design for seats is appropriate to obtain high valve safety by limiting leakages. To the best of our knowledge, this topic has not been the focus of other works.



Ball valves are shut-off valves, designed to work at 0° and 90° opening positions. A large-diameter ball valve can withstand high forces that develop as a consequence of the difference between the momentum before and after opening/closing. Moreover, the acting moment is high, the actuator needs time to perform the stroke, and the opening time can be at least 40 s. Different phenomena might occur during the process; therefore, to highlight the correlation between the changes in the fluid flow motion and the changes in the configuration of the solid walls that represent the boundaries of the fluid flow simulation domain, five case studies representing different positions of the ball—30°, 45°, 60°, 70°, and fully closed (90°)—were studied. The validation of the results presented in Section 4 consisted of experimental tests on a ball valve with a 500 mm diameter and metal–metal sealing with a DPE design, similar to the digital twin model analyzed by the simulations. The results of the experimental tests confirm the high quality of the sealing that was determined and explained by analyzing the fluid flow using SolidWorks software.



In the present work, the trajectories, pressure, and velocity fields inside the DN500 ball valve were studied. The scope of this article is to investigate the movement of the fluid, with a special focus on the sealing zones of the seats, where the impact of the high pressure can be significant. This paper demonstrates how the sealing zone of the seats—especially the upstream sealing seat—is most vulnerable to rapid destruction. Our results can be applied to identify adequate solutions to increase the reliability of the entire valve.



This paper is organized as follows: In the first section, the importance and the actuality of the topic is introduced, and the scientific literature review is discussed. In Section 2, the methodology is described. Section 3 contains the presentation and interpretation of the results obtained using SolidWorks Flow Simulation 2023. Section 4 presents the experimental tests. The final section concludes on the effects specific to the fluid movement inside a large-diameter ball valve working with natural gas at high pressure (6.3 MPa).




2. Methods


Metal–metal sealing is well known to be one of the safest methods, and according to API6D and ISO 14313 this type experiences very little leakage [19,20].



According to the standard SR EN 3317:2015, the composition of the natural gas is at least 85% methane (CH4), and the remaining 15% is composed of the major components ethane (C2H6), propane (C3H8), butane (C4H10), pentane (C5H12), hexane (C6H14), nitrogen (N2), and carbon dioxide (CO2), and the minor components hydrogen (H2), oxygen (O2), carbon monoxide (CO), and helium (He) [21]. In the studied case, a density of 0.717 kg/m3 was taken into consideration for the simulation—a value calculated for the previous composition, which is in accordance with the standard and with the Romanian Energy Regulatory Authority (ANRE) regulations [22]. For this fluid, the critical temperature is 190.56 K, the critical pressure is 4,599,200 Pa, and the critical compressibility factor is 0.286243.



The principal components of the ball valve are the ball, the principal body, the upstream secondary body, the downstream secondary body, two identical seats, the acting stem, two identical guiding plates, and the connecting piece (see Figure 1). The studied valve was a trunnion type, which differs from other categories by virtue of the fact that the ball is held firmly by two guiding plates.



The closing of the ball valve takes place as follows: when the fluid flow moves from upstream to the closed valve, the upstream seat is pushed on the ball by the pressure through the gasket and by the springs; in that moment, the metal sealing surface from the seat covered with tungsten carbide is in contact with the metal sealing surface from the ball (also covered with tungsten carbide), and the sealing is completed. Tungsten carbide has several important advantages, including high strength, high resistance, high precision, good temperature resistance, and good corrosion resistance [23]. The producers of balls and seats coated with tungsten carbide claim that the coated balls and seats keep their high sealing qualities after more than 70,000 cycles [24].



The sealing of seats using the DPE design solution can provide highly efficient sealing, due to the two O-ring gaskets situated at two stages to ensure the same sealing performance upstream and downstream. Other sealing construction designs, such as the SPE (single-piston effect), provide efficient sealing only from the outside to the inside of the valve [25].



The case studies analyzed using SolidWorks Flow Simulation 2023 are presented in Section 3. One hypothesis assumed for the simulations was that the ball valve was constructed from rigid elements, which would mean that there were no deformations of the shape generated by compression. The defined boundary conditions were as follows: at the inlet section (upstream), the nominal pressure was 6.3 MPa and the velocity was 20 m/s; at the outlet section (downstream), the pressure was atmospheric pressure and the velocity was 0 m/s. SolidWorks Flow Simulation employs transport equations for the turbulent kinetic energy and the   k − ϵ     model for the dissipation rate.



To provide more robust and accurate simulations, nested iterations are used by the SolidWorks solver to allow treatment of the mutual influence of flow parameters and boundary conditions. These iterations are run step by step and repeated until the solver convergence is obtained, a maximum number of nested iterations is reached, or each conservation law’s convergence condition is satisfied. The convergence solver allows that identification of the goals that converge, in contrast to those that do not converge or have no solution [26]. SolidWorks Flow Simulation solves the mass, momentum, and energy conservation laws for fluid flows, fluid state equations, and the empirical dependencies of fluid density, viscosity, and thermal conductivity on temperature. The conservation laws for mass, angular momentum, and energy, along with the additional equations necessary to describe the fluid motion, are presented below as Equations (1)–(16), which were extracted from the manual of the SolidWorks software [26].


    ∂ ρ   ∂ t   +  ∂   ∂   x i        ρ  u i    =  S M p   



(1)






    ∂ ρ  u i    ∂ t   +  ∂   ∂   x i        ρ  u i   u j    +   ∂ p    ∂   x i      =  ∂   ∂   x j         τ  i j   +  τ  i j  R    +  S i  +  S  I i  p  ,   i = 1 , 2 , 3 ; j = 1 , 2 , 3  



(2)






    ∂ ρ H   ∂ t   +   ∂ ρ  u i  H    ∂   x i      =  ∂   ∂   x i         u j     τ  i j   +  τ  i j  R    +  q i    +   ∂ ρ   ∂ t   +  S i   u i  +  S H p  +  Q H   



(3)






  H = h   P , T , y   +    u 2   2  + k  



(4)




where  u  is the fluid velocity,  ρ  is the fluid density, and    S i    is a mass-distributed external force per unit mass due to the porous media’s resistance      S i  p o r o u s      , gravity   (  S i  g r a v i t y   = ρ  g i   , where    g i    is the gravitational acceleration component along the  i -th coordinate direction), and the coordinate system’s rotation      S i  r o t a t i o n      .


   S i  =  S i  p o r o u s   +  S i  g r a v i t y   +  S i  r o t a t i o n    



(5)







 H  is the total enthalpy in the local reference frame;   h   P , T , y     is the thermal enthalpy at a given pressure    P   , temperature    T   , and fluid mixture components  y ;   y =    y 1  …  y n      is the concentration vector of the fluid mixture components;  k  is the kinetic energy of turbulence;    S M p   ,    S  I i  p   , and    S H p    are additional interfacial exchange terms due to Euler–Lagrange particle interaction;    Q H    is the heat source or sink per unit volume;    τ  i j     is the viscous shear stress tensor;    q i    is the diffusive heat flux.



The energy equation for calculation with a high Mach number flow is as follows:


    ∂ ρ E   ∂ t   +   ∂ ρ  u i    E +  p ρ      ∂  x i    =  ∂   ∂   x i         u j     τ  i j   +  τ  i j  R    +  q i    −  τ  i j  R    ∂  u i     ∂   x j      + ρ ε +  Q H   



(6)






  E = e   ρ ,   T ,   y   +    u 2   2   



(7)




where   e   ρ ,   T ,   y       is the integral energy at a given fluid density    ρ   , temperature       T    , and fluid mixture components  y .



The viscous shear stress tensor for Newtonian fluids is as follows:


   τ  i j   = μ     ∂  u i    ∂  x j    +   ∂  u j    ∂  x i    −  2 3   δ  i j     ∂  u k    ∂  x k       



(8)







The Reynolds stress tensor according to the Boussinesq assumption is as follows:


   τ  i j  R  =  μ t      ∂  u i    ∂  x j    +   ∂  u j    ∂  x i    −  2 3   δ  i j     ∂  u k    ∂  x k      −  2 3  ρ k  δ  i j    



(9)




where    δ  i j     is the Kronecker delta function,  μ  is the dynamic viscosity,    μ t    is the turbulent eddy viscosity coefficient, and  k  is the turbulent kinetic energy.



Two additional transport equations are used to describe the turbulent kinetic energy    k    and the dissipation    ϵ  :  


    ∂ ρ k   ∂ t   +  ∂   ∂   x i        ρ  u i  k   =  ∂   ∂   x i          μ +    μ t     σ k        ∂ k    ∂   x i        +  S k   



(10)






    ∂ ρ ϵ   ∂ t   +  ∂   ∂   x i        ρ  u i  ε   =  ∂   ∂   x i          μ +    μ t     σ ϵ        ∂ ε    ∂   x i        +  S ϵ   



(11)




where    S k    and    S ϵ    are defined as follows:


   S k  =  τ  i j  R    ∂  u i    ∂  x j    − ρ ε +  μ t   P B   



(12)






   S ϵ  =  C   ε 1     ε k     f 1   τ  i j  R    ∂  u i    ∂  x j    +  μ t   C B   P B    −  C   ε 2     f 2    ρ  ε 2   k   



(13)







   P B      is the turbulent generation due to buoyancy forces:


   P B  = −    g i     σ B     1 ρ    ∂ ρ    ∂   x i       



(14)




where    g i    is the component of gravitational acceleration in direction    x i   , the constant    σ B  = 0.9  , and the constant    C B    is defined as follows:    C B  = 1     when    P B  > 0  , and  0  otherwise.


   f 1  = 1 +       0.05    f μ       3  ,    f 2  = 1 − exp   −  R T 2     



(15)







The constants    C μ  ,      C ε    1  ,    C ε    2  ,      σ k  ,   and    σ ε    are defined empirically; SolidWorks Flow Simulation uses the following typical values:


   C μ  = 0.09 ,      C ε    1  = 1.44 ,    C ε    2  = 1.92 ,      σ k  = 1 ,  σ ε  = 1.3  



(16)







The computational domain is limited by the inlet section, the outlet section, and the lateral area in the vicinity of the walls. The methodology that defines the discretization network, named mesh, is the same for all case studies, while the position of the ball towards the longitudinal axis of the valve causes the internal zone delimited by the walls to be different. Since the diameter of the valve is large, the mesh must contain many nodes to describe the large computational domain; the total number of cells is 4,769,616, and the number of fluid cells in contact with the solid walls is 2,425,418. To ensure the best results, the refinement of the mesh was accentuated in the most important areas—the inlet and the outlet sealing zones situated in the vicinity of the seats and of the ball, and also at the internal walls of both secondary bodies. Details are presented in Figure 2.



The first four case studies consisted of research on the fluid motion inside the ball valve at different closure angles (30°, 45°, 60°, and 70°), and the last case study focused on the fully closed ball valve situation, defined as a 90° closure angle.



The dependence between the flow factor Kv and the closure angle, as presented in Figure 3, indicated that for each angle of closure there were significant differences in the values of Kv [27]. The simulation and interpretation of the results presented in the following section provide interesting explanations.




3. Results and Discussion


3.1. 30° Closure Angle


The fluid dynamics of a DN500 ball valve was first studied for a 30° angle between the longitudinal axis of the pipe/ball valve and the longitudinal axis of the ball. The pressure losses are so small for lower closing angles that there is no purpose in studying the fluid dynamics inside the valve, since it suffers only slight deviations compared to the fully open situation. If the ball valve is fully opened, the fluid flow is almost the same as in the pipe, because the ball is designed to have an adequate shape.



For a closure angle of 30°, the gas with 6.3 MPa upstream pressure crosses the ball valve without being significantly diverted by large obstacles, because the opening is large. In Figure 4, the first loss of pressure can be observed after the upstream sealing zone, because here the section is narrow. The second loss, which reduces the pressure to almost 6.2 MPa, can be observed in the downstream sealing zone. In this situation, the pressure drop is low, but the use of the valve in this position for an extended period can cause damage. The explanation for this is that the mixture of the gas and impurities—indicated in Figure 4a by the purple color—strikes a small surface of the upstream sealing zone and can peel off the coated layer of tungsten carbide, similar to a sanding process.



Figure 5 indicates that for this opening, the velocity that was 20 m/s in the inlet section becomes 50 m/s in the ball cavity, situated between the first sealing zone and the second sealing zone. Two small vortices are trying to develop—one at the upstream sealing zone and the other one at the downstream sealing zone. However, their amplitude is very small, and the vortices dissipate quickly without having any significant impact on the main stream and, consequently, on the movement of the fluid inside the ball valve. The maximum velocity is low—not very different to the velocity in the fully open position, because there is enough space for the movement of the fluid.




3.2. 45° Closure Angle


In this case, the methane enters the internal cavity of the secondary body of the ball valve from the upstream pipe and tries to disperse inside the entire valve.



As can be observed in Figure 6, the gas hits the sealing surface between the sealing seat and the ball, i.e., the so-called upstream sealing zone. In this area, chaotic movement of particles starts, and the first local loss of pressure from 6.3 MPa to 6.15 MPa can be observed. The trajectories deviate downstream because the gas has to pass through the sealing area to enter the cavity of the ball. This is the second zone where the pressure decreases; the pressure changes from 6.15 MPa to 5.9 MPa, the agitation phenomenon begins, and vortices are generated. Downstream, the gas particles regroup and are further driven by the main fluid flow to leave the cavity of the ball through the downstream secondary body, with a pressure of 5.9 MPa.



The velocity line trajectories presented in Figure 7 show that the first modification of velocity from 20 m/s upstream in the pipe can be noticed at the upstream sealing zone, when the fluid starts to show chaotic movement. The gas hits the ball and the sealing surface at a velocity of almost 40 m/s. The highest velocity rate is reached in the cavity of the valve, where the agitation phenomenon of the gas particles leads to it reaching almost 90 m/s. The different trajectories and rates of velocity in the internal area of the ball and in the superior and inferior extremities of the internal wall are caused by the external geometry of the ball. The gas has the highest velocity in the cavity of the ball (yellow and orange color) and the lowest at the extremities (blue color). The pressure decreases, and the generation of the vortex determines the increase in the energy loss, both because of the size and because of the deviation in the trajectories due to the position of the valve. If the ball valve is used at a 45° closure angle, the pipe system needs more energy to maintain the same volumetric flow rate, because of the restricted valve opening. The greatest negative impact can be observed on the upstream seat, because the gas particles—which can contain some impurities in their composition—hit the surface of the sealing seat violently. The area of contact between the seat and the surface of the ball, denoted as A in Figure 7, is vulnerable to rapid destruction. The result is the separation of the coating material of the seat (i.e., the tungsten carbide).



Moreover, it may be observed that not all of the particles have the same velocity—some of them keep moving at 20 m/s. Once they leave the turbulent zone containing a vortex, the velocity decreases to 10–15 m/s. In the zone denoted as B in Figure 7, the gas hits half of the downstream sealing seat and a part of the internal cavity of the ball, making this seat also vulnerable to rapid destruction. The vortex size can be estimated by comparison to the dimensions of the ball. Some vortices can fill almost all of the internal zone of the ball, meaning that perturbations are important and local energy losses are significant. According to Ming-Jyh Chern et al., “In general, the inlet velocity and the valve opening play very important roles to the performance of a ball valve” [15]. Downstream of the valve, the velocity stabilizes at a rate of 20 m/s—the same as the upstream velocity in the pipe.




3.3. 60° Closure Angle


If the closing process continues, the turbulence phenomenon becomes more intense.



The upstream pressure of 6.3 MPa decreases to 6.1 MPa at the entrance in the cavity of the ball, because the area is more restricted by the new position of the ball. In this area, the first stage of pressure losses develops. The second stage is due to the vortex, when the gas particles try to regroup and the pressure rates are in the range of 5.4 to 6 MPa. The gas leaves the ball cavity at a stabilized pressure of 5.4 MPa, observed in this zone and also at the second sealing section, as depicted in Figure 8.



Figure 9 indicates that the initial gas velocity is amplified in the zone where the first loss of pressure occurs, reaching almost 55 m/s. Some gas particles enter the cavity by passing between the internal wall of the principal body and the external wall of the ball, at low fluid flow rates of around 10 m/s. This happens because the quantity of the flow crossing the ball cavity is relatively high. In the vortex area, a velocity of 95 m/s is reached. The circulation of gas through the downstream secondary body takes place at 20 m/s, except for some trajectories. Downstream, the velocity becomes steady in the pipe.




3.4. 70° Closure Angle


The action of the fluid on a large area of the external surface of the ball generates a significant loss of energy. For a DN500 type ball valve, in this position, the flow factor is Kv = 35,984 [27].



Figure 10 indicates that the nominal pressure is 6.3 MPa (red color) and the initial velocity of the methane is 20 m/s upstream of the ball valve, which is slightly open. The pressure decreases abruptly to almost 5 MPa in the upstream sealing zone, except for several trajectories. It may be observed that only some fluid flow particles, with 5.2 to 6 MPa pressure, manage to enter the internal zone of the ball without significant modification of the upstream trajectories. In the internal zone of the ball, a large vortex develops. The fluid tries to leave the zone by passing through the small 20° opening, after regrouping in a more ordered way, but some particles pass between the seats and the ball, as can be observed in the area denoted as A. In the outlet section, the pressure is almost 5 MPa (dark blue color).



According to the simulation results presented in Figure 11, the velocity is amplified to almost 95 m/s by the small entrance area in the internal zone of the ball (red color). In the vortex area, this high rate of velocity is conserved, but outside of it some particles decelerate. The exit from the internal zone of the ball is crossed by particles with different velocities in the second sealing zone, in the range of 20–50 m/s. At the exit of the downstream secondary body, the velocity is close to the initial value, i.e., 20 m/s.




3.5. 90° Closure Angle


In Figure 12, the computational domain is presented for the 90° closure angle position.



The analysis focuses mainly on the internal area of the ball valve. Results concerning the pressure field are presented for the fully closed valve. In Figure 13, it may be observed that the 6.3 MPa pressure (red), corresponding to 20 m/s velocity upstream, is distributed on the entire circular body almost equidistantly in the inlet zone. The first modification occurs at the contact zone between the upstream and downstream sealing zones (yellow, green, and light blue). It may be observed that the pressure is p ≈ 2 MPa (light blue) in the internal zone of the ball. This pressure exists because the metal–metal sealing does not assure 100% contour contact, and some particles are able to pass. In the downstream sealing zone, the pressure decreases significantly, and a small pressure contour (blue) with a nominal pressure of around 1 MPa is visible in the area situated between the end of the downstream seat and the beginning of the internal circular surface of the secondary body, as shown in Figure 13b.



This is the consequence of the double-piston effect (DPE). Therefore, if the sealing seat construction had been of the SPE type, the leakages of this ball valve would be expected to be similar to those obtained in the internal area of the ball for the DPE type (p ≈ 2 MPa). In conclusion, the fact that there is a pressure contour on the internal wall of the secondary body does not mean that the leakage is important. On the contrary, only a very small quantity of gas particles can pass, and the pressure is lower and well distributed on the internal wall of the secondary body. Downstream of the valve, in the pipe, the low number of gas particles has no impact on the pressure distribution.



Figure 14 presents the trajectories of the gas particles, including pressure information. The methane enters with a pressure of 6.3 MPa from the pipe and hits the body of the valve, which dissipates it. A small quantity of the fluid flow, represented by yellow (4.2 to 4.9 MPa), green (2.8 to 4.2 MPa), and light blue (0.7 to 2.8 MPa) arrows, passes between the sealing seat and the ball (the so-called upstream sealing zone). In the area between the upstream sealing zone and the downstream sealing zone, the fluid develops low pressure, depicted in dark blue (up to 0.7 MPa). This pressure has impact on the internal wall of the principal body and generates vortices before the second sealing zone.



In this work, the distance between the internal wall of the principal body and the external wall of the ball (the gap) taken into consideration is 7 mm (see Figure 15). Such a value is not a standard dimension; the manufacturer decides which is the best rate based on the construction technology used for the ball and the principal body. The purpose of the gap is to avoid blockages within the operation of the ball valve at different openings.



The pressure in the internal area of the valve is higher than the atmospheric pressure, indicating that the metal–metal sealing leads to a situation where there is fluid in the space situated between the internal wall of the principal body and the sealing seats. Although this is not the ideal situation, the issue can be solved by applying the DPE design solution on the sealing seats and using it as an advantage. For this type of seat, the internal pressure pushes the gasket from the downstream seat to the wall of the internal surface of the secondary body and, consequently, the secondary body pushes the seat back to the ball. Therefore, only a few small particles manage to leave the second sealing zone, by passing through the sealing surface between the sealing seat and the ball. Thus, highly safe sealing is ensured.



In pipeline networks for natural gas, other sealing methods are also used, such as soft sealing. In this case, gaskets made from Viton, NBR (nitrile butadiene rubber), or other materials are able to keep all of the pressure upstream of the internal zone of the ball, without leakages. The problem occurs if a fire develops in the pipeline network, because the soft sealing is destroyed, subjecting the entire system to an unacceptable situation. It is true that gaskets made from Viton, Isolast perfluoroelastomer (FFKM), etc., can resist temperatures of almost 300 °C. For example, Viton can survive up to 3000 h at 232 °C, 1000 h at 260 °C, 240 h at 288 °C, and 48 h at 316 °C [28]; however, there are still risks. Metal–metal sealing is the only method that can be used to stop the spread of fires in pipelines. This is the recommended technical solution to be applied in ball valves used for the transportation of natural gas, which require fire-safe conditions.




3.6. Analysis of Results


A comparison between the present work and other studies performed using CFD methods reveals some similar results, although the investigated ball valves had different designs. For instance, in the simulation performed by Tabrizi A. et al. regarding how cavitation conditions influence the performance of ball valves [6], some similarities with the flow patterns obtained for small opening angles may be noticed, such as the dimensions of the vortices, which are high at small opening angles, decrease when the opening angle increases, and almost completely disappear at full opening. The visualization of the phenomena is in accordance with the decrease in the pressure drop when the valve is opening.



The results obtained in this work for case studies with closure angles of 30°, 45°, 60°, and 70° indicate that the increase in the pressure drop when the valve is closing is produced by the enhancement of the chaotic motion of the fluid. This explains why the flow characteristics of the ball valve cannot be linear or exponential and, therefore, why such types of valves are not recommended to be used as control valves. Additionally, the increase in the rates of the fluctuating velocities of the turbulent flow generates an increasing impact on the seats. The upstream seat is highly exposed to a wide range of excessive kinetic energy that becomes increasingly unsteady stress and, in the long term, will damage the seat if the valve is used in the intermediary opening position. On the other hand, when the valve is fully open, the velocities are minimal, the internal walls of the ball valve have a geometry almost to the same as the geometry of the internal walls of the pipeline and, without obstacles, no significant deviations of the flow occur, and the seats can resist not only the nominal pressure, but also overpressure in both the fully open and fully closed positions.



Therefore, the simulations presented in Section 3.1, Section 3.2, Section 3.3, Section 3.4 and Section 3.5 demonstrate why the ball valve is a shut-off valve that must work only in the fully open and fully closed positions. Additionally, the simulation demonstrates why the metal–metal (MM) sealing with double-piston effect (DPE) seats produces low leakage rates, including for the shut-off position; the pressure field reveals that few gas particles succeed in crossing the upstream sealing zone, and even fewer can cross the downstream sealing zone. In conclusion, the DPE design of sealing seats is very safe and ultimately ensures very low leakage.





4. Hydrostatic Tests


The same DN500 ball valve studied by simulation was investigated by hydrostatic tests to verify whether leakages were really low for this ball valve with MM sealing and a DPE design. The hydrostatic tests represent the classic method to verify the quality of sealing. Water is used to visualize whether there are issues and to avoid explosion of an improperly designed valve. Standards that describe procedures to be used for tests on ball valves—namely, API 6D [19], SR EN 14313 [20], and ISO 5208 [29]—were used.



Firstly, the hydrostatic shell test was performed, with the DN500 valve in the partially open position during the experiments. At the end of the body, the cavity was obturated to allow the transmission of the force generated by the full pressure from the end blanks to the body of the valve. The standards require that the pressure must be 1.5 times higher than the nominal pressure, which was 6.3 MPa for the investigated ball valve, which means an overpressure of 9.45 MPa. The valve must be tested at constant pressure, and the duration of the test must be in accordance with the nominal diameter of the valve. For example, for DN ≤ 100 mm, the duration of the test should be 2 min; for DN between 150 mm and 250 mm, the duration of the test should be 5 min; for DN between 300 mm and 450 mm, the test duration should be 15 min; and for valves with DN 500 or larger, the test duration should be 30 min.



The next test—the hydrostatic backseat test—was conducted in highly clean conditions, without sealants or lubricants on the ball or on the zone of the seats. The standards stipulate that the test pressure should be 1.1 times higher than the working pressure. For this test, the duration must also be in accordance with the nominal diameter, but the testing period is different from that of the previous test. For the valves with a nominal diameter over 500 mm, which is in the scope of this work, the test duration must be 5 min.



The good quality of the sealing is demonstrated for the valves with soft sealing if there is no visually detectable leakage during the tests. According to the standard ISO 5208:2015 [29], for the valves with PMSS (primary metal–secondary soft) sealing or MM (metal–metal) sealing, the maximum allowable leakage fluid flow rate defines the category of safety to which the valve is supposed to belong. Information extracted from ISO 5208 is presented in Table 1.



The test bench used for tests on the ball valve is presented in Figure 16. The equipment contains a hydraulic clamping system and control-panel-mounted test gauges capable of performing shell tests and seat tests on DN15–DN1000 flanged-end valves, in accordance with international test standards. The pressure used during the tests can be from 1.6 to 42 MPa. The test bench can use water, gas, or oil as the working fluid. The details and the schematic components of the test bench presented in Figure 16 were extracted from the DORY-YFJ-B300 (JWZ-300) equipment manual [30]. In this work, the hydrostatic shell test used water as the fluid, and the hydrostatic backseat tests were performed with air.



The maximum allowable leakage fluid flow rate is a requirement stipulated by the beneficiary, and it is essential to achieve it. The results obtained by the hydrostatic shell test with water as the working fluid and are presented in Table 2, along with the results of the hydrostatic backseat tests (also performed with water).



The results obtained with air as the working fluid are presented in Table 3.



The tests performed with water indicated 0.043 mL/s leakage for the upstream seat and 0.41 mL/s for the downstream seat. For DN500, this means that the valve has 43 mm3/s and 41 mm3/s of fluid flow rate for leakage, respectively, and can be classified in safety category D, which accepts up to 0.1 × 500 mm3/s of fluid flow leakage for tests performed with liquids.



For tests performed with air, the limit for category D is 0.4584 × DN500 = 230 bubbles, according to ISO 5208:2008 [29] and API 6D–paragraph 11.4.3 [19]. The hydrostatic testing of the seats with air must be performed at a pressure 10% higher than the nominal pressure. The tests performed according to the recommendations stipulated in the standards indicated that the ball valve with MM sealing and a DPE design has very good performance and can withstand 10% overpressure. The results of the backseat tests with air, presented in Table 3, classify the ball valve in the same safety category (D).



The tests are mandatory for each new valve, designed to meet the special requirements of the beneficiary. If the valve does not pass the tests, another design solution must be identified, and a new valve must be constructed. It is important to point out that to obtain the safety categories AA or B, the seats should be sealed with soft gaskets. The problem with such solutions is that if a fire occurs, soft gaskets are destroyed quickly; therefore, they are not appropriate for natural gas pipelines. In conclusion, the category D identified for the investigated ball valve is accurate enough to allow the product to be used in natural gas pipelines.




5. Conclusions


The design of reliable and safe valves is crucial for the operation and extension of natural gas pipeline networks. In this work, fluid flow simulations for a DN 500 mm trunnion ball valve were performed for five positions of the ball—from slightly to fully closed—using SolidWorks Flow Simulation 2023. Based on the observation of the pressure fields, the velocity fields, and the trajectories, several conclusions can be put forward.



For partially closed case studies, when the angle between the longitudinal axis of the pipe/ball valve and the longitudinal axis of the ball was 30°, 45°, 60°, or 70°, the increase in the closure angle modified the pressure fields and trajectories significantly. In large-diameter ball valves, vortices have enough space to develop; consequently, their amplitude is larger compared to small and medium-sized valves. Intense turbulence phenomena lead to high levels of unsteady stress on the sealing components and important pressure losses at high closure angles. The results obtained by simulation of a ball valve in intermediary closing positions strengthen the recommendation to construct ball valves merely for shut-on/off applications. This technical requirement is usually based on the difficulties of designing them in such a way as to be used as control valves, providing appropriate fluid flow characteristics. This paper demonstrates that in order to obtain reliability, the shut-on/off operation of large-diameter ball valves is mandatory.



If the ball valve is supposed to operate for a long time interval in an intermediary opening position, the flow pattern should be studied by dynamic simulation to identify the risky areas. Thus, the internal geometry of the ball and of the sealing seats can be configured on a case-by-case basis by the mechanical engineer responsible for their design.



The simulation for the case study with a closure angle of 90° demonstrates the importance of implementing the DPE seat type for good sealing of large-diameter ball valves. Some suppliers use an SPE design for upstream seats, because they are cheaper. Unfortunately, such sealing allows some particles to pass, and without DPE downstream seats, particles of fluid can be released in the pipe, which is unacceptable for natural gas as a fluid.



Ball valves that work with water are exposed to the risk of cavitation and of erosion due to solid particles. Although ball valves working with natural gas are risk-free from this perspective, they are exposed to the risk of fire. To avoid the propagation of fire in the pipeline, the ball valve must be safe enough to shut circulation of the gas for a long period. This work shows that only a few particles succeed in crossing the internal cavity of the principal body; therefore, large trunnion ball valves with an MM DPE design for the seats can be used to isolate the sections of gas pipelines that are on fire and stop propagation in the neighboring sections.
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Figure 1. Ball valve components (front section). 
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Figure 2. General view of the mesh (discretization network). 
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Figure 3. Flow factor according to closure angle for a DN500 ball valve. 
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Figure 4. Pressure line trajectories for a 30° closure angle: (a) upstream view; (b) downstream view. 
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Figure 5. Velocity line trajectories for a 30° closure angle: (a) upstream view; (b) downstream view. 
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Figure 6. Pressure line trajectories for a 45° closure angle: (a) upstream view; (b) downstream view. 
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Figure 7. Velocity line trajectories for a 45° closure angle: (a) upstream view; (b) downstream view. 
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Figure 8. Pressure line trajectories for a 60° closure angle: (a) upstream view; (b) downstream view. 
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Figure 9. Velocity line trajectories for a 60° closure angle: (a) upstream view; (b) downstream view. 
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Figure 10. Pressure line trajectories for a 70° closure angle: (a) upstream view; (b) downstream view. 
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Figure 11. Velocity line trajectories for a 70° closure angle: (a) upstream view; (b) downstream view. 
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Figure 12. Computational domain of the ball valve in the 90° closure angle position. 
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Figure 13. Pressure contour for the fully closed valve: (a) upstream view; (b) downstream view. 
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Figure 14. Fluid flow trajectories for the fully closed valve: (a) upstream view; (b) downstream view. 
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Figure 15. Gap between the principal body and the DN500 ball. 
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Figure 16. Structural schematic diagram. Components: 1. Hydraulic control station; 2. Panel of pressure gauge; 3. Panel of control button; 4. Pressure checklist; 5. Turning bench; 6. Clamping claws; 7. Clamping oil cylinder; 8. Moving bench; 9. Control valves; 10. Oil volume gauge; 11. Oil tank; 12. Electric box; 13. Low-pressure water supply pump; 14. Turning oil cylinder; 15. High-pressure water supply pump; 16. Moving oil cylinder; 17. Hydraulic and integrated components; 18. Oiling port; 19. Hydraulic motor and oil pump; 20. Pressurizing oil cylinder; 21. Oil draining; 22. Water draining [30]. 
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Table 1. Maximum allowable closure test leakage rate according to API 6D [19].
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Test Fluid

	
Unit Leakage Rates

	
Rate A

	
Rate AA

	
Rate B

	
Rate C

	
Rate CC

	
Rate D

	
Rate E

	
Rate EE

	
Rate F

	
Rate G






	
Liquid

	
mm3/s

	
No visually detectable leakage

	
0.006 × DN

	
0.01 × DN

	
0.03 × DN

	
0.08 × DN

	
0.1 × DN

	
0.3 × DN

	
0.39 × DN

	
1 × DN

	
2 × DN




	
Gas

	
Bubbles/s

	
0.003 × DN

	
0.0046 × DN

	
0.0458 × DN

	
0.3407 × DN

	
0.4584 × DN

	
4.5837 × DN

	
7.1293 × DN

	
45.837 × DN

	
91.673 × DN
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Table 2. Results of hydrostatic tests performed with water as the working fluid.
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	Test–Fluid Test
	Pressure (MPa)
	Time (s)
	Fluid Flow Rate of Leakage (ml/s)—Required Values
	Fluid Flow Rate of Leakage (ml/s)—Result Values





	Hydrostatic shell test
	94.5
	1800
	No external leakages
	No external leakages



	Hydrostatic test of the upstream seat
	6.93
	300
	0.05
	0.043



	Hydrostatic test of the downstream seat
	6.93
	300
	0.05
	0.041
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Table 3. Results of hydrostatic tests with air as the working fluid.
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	Test–Fluid Test
	Pressure (MPa)
	Time (s)
	Fluid flow Rate of Leakage (Bubbles/s)—Required Values
	Fluid Flow Rate of Leakage (Bubbles/S)—Result Values





	Hydrostatic test of the upstream seat—low-pressure air
	0.6
	300
	230
	0



	Hydrostatic test of the downstream seat—low-pressure air
	0.6
	300
	230
	0



	Hydrostatic test of the upstream seat—high-pressure air
	6.93
	300
	230
	193



	Hydrostatic test of the downstream seat—high-pressure air
	6.93
	300
	230
	189
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