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Abstract

:

In the present study, the flow characteristics of butterfly valves with different sizes DN 80 (nominal diameter: 76.2 mm), DN 262 (nominal diameter: 254 mm), DN 400 (nominal diameter: 406 mm) were numerically investigated under different valve opening percentages. Representative two-equation turbulence models of two-equation k-epsilon model of Launder and Sharma, two-equation k-omega model of Wilcox, and two-equation k-omega SST model of Menter were selected. Flow characteristics of butterfly valves were examined to determine turbulence model effects. It was determined that increasing turbulence effect could cause many discrepancies between turbulence models, especially in areas with large pressure drop and velocity increase. In addition, sensitivity analysis of flow properties was conducted to determine the effect of constants used in each turbulence model. It was observed that the most sensitive flow properties were turbulence dissipation rate (Epsilon) for the k-epsilon turbulence model and turbulence specific dissipation rate (Omega) for the k-omega turbulence model.
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1. Introduction


A valve is a device that regulates fluid flow by manipulating various passageways to control pressure and flow stream [1]. In the energy plant systems such as onshore and offshore plant systems, various sized valves are commonly used, where their sizes range from DN 6.35 (nominal diameter: 6.35 mm) for the small-sized to DN 1219 (nominal diameter: 1219 mm) for the large-sized to satisfy the operational requirements of a system, especially in the pipeline valves. Consideration of the engineering design for the sizes is important because selecting the correct sized valve requires knowledge of process conditions for valves in service [2]. The performance and characteristics of valves with different sizes can be determined and estimated with valve coefficients, such as flow coefficient, loss coefficient, and hydrodynamic torque coefficient; these standards have been widely published by Bosserman and American Water Works Association (AWWA) [3]. These valve characteristics are usually determined experimentally, however, it is sometimes not feasible to identify these factors [4] owing to limitations of experiments due to high cost and difficulty in experiments, especially for the large-sized. Therefore, numerical calculations can be usually applied to obtain valve coefficients.



To address these issues, several researchers have attempted to calculate valve coefficients numerically. Lin and Schohl [5] predicted the hydrodynamic force coefficients for a butterfly valve at different valve operating angles in an infinite flow field with numerical calculations. Song et al. [6] conducted a structural analysis of large butterfly valves using a numerical approach by validating three-dimensional (3D) experimental data of a butterfly valve’s pressure drop, flow coefficient, and hydrodynamic torque coefficient. Guan Song and Park [7] conducted three-dimensional numerical simulations for the butterfly valve to obtain valve flow coefficient and hydrodynamic torque coefficient used in a piping system. Henderson et al. [8] performed a numerical study of flow through a butterfly valve used in a hydroelectric power scheme. They predicted variations in hydrodynamic torque coefficient with the opening percentage of the disc during a constant head test with computational fluid dynamics (CFD) in a quasi-steady manner. Among lots of valve coefficients, especially for the valve flow coefficient, understanding of flow behavior with complicated flow configuration characteristics should be based, owing to the significance of the phenomena.



In the same manner, various investigations of flow behavior through valves have been conducted [9,10,11,12]. Huang and Kim [9] numerically analyzed the characteristics of butterfly valve flows with different disc angles for symmetric butterfly valves to simulate steady incompressible flow, and compared the numerical results with experiments carried out by Blevins [10]. Davis and Mike [11] predicted the flow coefficient of a globe valve using axisymmetric flow models with CFD analysis through 3D flows. Chern and Wang [12] studied flow behavior on a ball valve for the optimized control of ball valve performance by controlling the V-shaped opening of the valve in a pipe system.



Although the numerical predictions of flow behavior in the valve were greatly dependent on turbulence models, a few studies on turbulence model have been partly carried out by some researchers. Hinz et al. [13] presented normalized probability density functions of the filtered and unfiltered velocity increments with Navier–Stokes-αβ regularization model at moderate Reynolds number (Re ≈ 200) in homogeneous isotropic turbulence. Thalabard et al. [14] conducted the study of the anomalous power-law to a general three-parametric class of the differential models relevant to several known examples of strong and weak finite capacity turbulence systems. Rigola et al. [15] carried out numerical studies focused on the numerical simulation model of the fluid flow through the valve reeds, considering a simplified geometry of an axial hole plus a radial diffuser.



In addition, numerical studies were conducted using CFD to analyze the turbulence model effect. Zhang et al. [16] conducted the studies for the two phases flow field numerical simulation inside the export ball valve of new rotor oil-gas mixture pump in different open height and different volume gas rate. With different conditions of the volume of gas rate, the velocity field and stress field in the ball valve were investigated. Leutwyler and Dalton [17] performed the numerical study for a compressible fluid flow through a butterfly valve, and the accuracy of different turbulence models was compared for the pressure profile. Said [18] investigated turbulence model effects on the accuracy of solutions for valve disc angles and implementation between experimental and numerical results. Most numerical studies on flow behavior through valves have been conducted without considering the effects of turbulence model, and the validity of the numerical results of the turbulence models remain uncertain. Therefore, in the present numerical study, the three turbulence models most frequently used were selected: two-equation   k − ε   model of Launder and Sharma, two-equation   k − ω   model of Wilcox, and two-equation   k − ω   SST model of Menter. Limited studies on numerical approaches with turbulence models have been conducted, especially for the butterfly valve, although the range of their applications of the butterfly valve are increasing for various fluid dynamic systems and processes.



The present paper examined flow behavior and turbulence model effects on the flow behavior for different-sized butterfly valves with different disc opening percentage. The sensitivity analysis for the different two-equation turbulence models,   k − ε   and   k − ω   model was conducted. The first part discusses a numerical study of flow behavior through different-sized butterfly valves under different disc openings of the valve. The effects of turbulence models of   k − ε  ,   k − ω  , and SST model on the flow characteristics were investigated. Sensitivity analysis of flow properties for the   k − ε  ,   k − ω   turbulence models was performed in the second part to examine the effect of the turbulence model constant.




2. Theory


2.1. Turbulence Model


To determine the unknown Reynolds stress tensor, a transport equation was derived to develop a relationship between the Reynolds stress and known quantities of the mean flow. The Reynolds stress was modeled with Reynolds averaging process by an eddy viscosity model (EVM) to employ the Boussinesq hypothesis [19,20,21,22]. Reynolds stress can be expressed as follows:


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



(1)




where  k ,  ρ ,    δ  i j    ,    τ  i j     and    μ t    represent the turbulent kinetic energy, density, Kronecker delta tensor, turbulence Reynolds stress, and eddy viscosity respectively. The velocity components and the mean velocity component in the    x i    direction are denoted by    u i    (i = 1, 2, 3) and capital    U i   , respectively.



2.1.1. Two-Equation   k − ε   Model of Launder and Sharma l


The   k − ε   model (standard   k − ε   model) is one of the most widely used two-equation eddy viscosity models incorporated in commercial CFD codes [23,24,25,26]. In this model, transport equations for turbulent kinetic energy ( k ) and dissipation rate ( ε ) are expressed as


    ∂   ρ k     ∂ t   +  ∂  ∂  x j      ρ  u j    ∂ k   ∂  x j    −   μ +    μ t     σ k        ∂ k   ∂  x j      =  τ  i j    S  i j   − ρ ε +  ϕ k   



(2)






    ∂   ρ ε     ∂ t   +  ∂  ∂  x j      ρ  u j  ε −   μ +    μ t     σ ε        ∂ ε   ∂  x j      =  C  1 ε    ε k   τ  i j    S  i j   −  C  2 ε    f 2  ρ    ε 2   k  +  ϕ ε   



(3)







The turbulence constants typically used in the model were five empirical constants:    C μ   ,    C  1 ε    ,    C  2 ε    ,    σ k    and    σ ε   . The near wall damping functions and the explicit wall terms are expressed as follows:


    f μ  = exp ( − 3.4 /   ( 1 + 0.02   Re  t  )  2  )   ,    f 2  = 1 − 0.3 exp ( −   Re  t    2  )   ,    Re  t  =   ρ  k 2    ε μ     










    ϕ k  = 2 μ       ∂  k    ∂ y      2      and    ϕ ε  = 2 μ    μ t   ρ         ∂ 2   u s    ∂  y 2       2  ,   








where    u s    is the flow velocity parallel to the wall.



The turbulence constants used in the   k − ε   model have been described by Bottema [27], Comte-Bellot and Corrsin [28], Hrenya et al. [29], Launder and Spalding [30,31], and Shih [32]; the most frequently used are the following constants:    C  ε 1    ,    C  ε 2    ,    C μ   ,    σ k    and    σ ε    as 1.44, 1.92, 0.0900, 1.00, and 1.30, respectively [33]. However, the range of constant values was seen to be wide range of values: values for    C  ε 1    ,    C  ε 2    ,    C μ   ,    σ k    and    σ ε    range between (1.15:1.50) [29,33,34,35], (1.68:2.00) [35,36], (0.0300:0.0900) [27,32], (0.500:1.75) [31], (0.610:1.36) [27], respectively [37].




2.1.2. Two-Equation   k − ω   Model of Wilcox


In this model, convective transport equations are solved for the turbulent kinetic energy,  k  and its specific dissipation rate,  ω . The eddy viscosity is defined as the function of relationship between turbulence kinetic energy and the specific dissipation rate, represented by the ratio of dissipation and turbulence intensity from Kalitzin et al. [38], which was developed by Wilcox [23,39] as follows:


   μ t  = ρ  k ω   



(4)







Two transport equations are composed of two-equation expressed with the turbulence kinetic energy,  k  and specific dissipation rate,  ω , as the following:


    ∂   ρ k     ∂ t   +  ∂  ∂  x j      ρ  u j  k −   μ +    μ t     σ k        ∂ k   ∂  x j      =  τ  i j    S  i j   −  β ′  ρ k ω  



(5)






    ∂   ρ ω     ∂ t   +  ∂  ∂  x j      ρ  u j  ω −   μ +    μ t     σ ω        ∂ ω   ∂  x j      = α  ω k   τ  i j    S  i j   − β ρ  ω 2   



(6)







The turbulence constants mostly frequently used in the model were five empirical constants with the following values [23,39]:  α  = 0.556,  β  = 0.0750,   β ′   = 0.090,    σ k    = 2,    σ ω    = 2. However, the constants used in the model were also a wide range of values: values for  α ,  β ,   β ′  ,    σ k    and    σ ω    range between (0.52:0.556) [39], (0.075:0.083) [40], 0.09 [23,36], (1.5:2) [41], (1.67:2) [39,41], respectively.




2.1.3. Shear Stress Transport (SST) Model


In the SST model, the eddy viscosity is expressed with the function of the turbulence kinetic energy and the specific dissipation rate as follows [40]:


   μ t  = ρ   k / ω   max   1 ; Ω  F 2  /  a d  ω      



(7)







The eddy viscosity value was influenced by the specific dissipation rate and    a l   . The specific dissipation rate can be obtained with an auxiliary function. The auxiliary function is defined as a function of wall distance of d as follows [40]:


   F 2  = tan       max   2    k    0.09 ω d   ;   500 μ   ρ  d 2  ω        2     



(8)







Two transport equations for the SST model can be defined with a blending function of    F 1    for the model coefficients of turbulence dissipation rate,  ε  and specific dissipation rate,  ω . The transport equation for the turbulent kinetic energy is expressed, as the following [42]:


    ∂   ρ k     ∂ t   +  ∂  ∂  x j      ρ  u j  k −   μ +    μ t     σ k        ∂ k   ∂  x j      =  τ  i j    S  i j   −  β ′  ρ k ω  



(9)






    ∂   ρ ω     ∂ t   +  ∂  ∂  x j      ρ  u j  ω −   μ +    μ t     σ ω        ∂ ω   ∂  x j      =  P ω  − β ρ  ω 2  + 2 ( 1 −  F 1  )   ρ  ω  ω 2    ω    ∂ k   ∂  x j      ∂ ω   ∂  x j     



(10)




where    P ω    is the production term of  ω  which can be expressed with vorticity as follows:


   P ω  ≡ 2 γ ρ    S  i j   −   ω  S  n n    δ  i j    3     S  i j   = γ ρ  Ω 2   



(11)







The blending function    F 1    expressed formally can be defined as


   F 1  = tanh       min   max      k    0.09 ω d   ;   500 μ   ρ  d 2  ω     ;   4 ρ  σ  ω 2   k   C  D  k ω    d 2         4     



(12)




where     CD    k ω      is cross-diffusion term in the   k − ε   model as follows:


  C  D  k ω   = max     2 ρ  σ  ω 2    ω    ∂ k   ∂  x j      ∂ ω   ∂  x j    ;   10   − 20      



(13)







The turbulence constants in this model expressed with the combination of symbol  φ  defined by blending the coefficients in the   k − ω   model and   k − ε   model, denoted as    φ 1    and    φ 2   , respectively [43], as follows:


   φ =  F 1   φ 1  +   1 −  F 1     φ 2    ,   φ =    σ k  ,  σ ω  , β , γ     



(14)









2.2. Flow Coefficient of a Valve


A valve flow coefficient,    C v   , is one of the practical methods to determine the size of the valve, which was first introduced by Masoneilan in 1944 [44]. According to the ISA standard S75.01, 02 [45,46], a valve flow coefficient is defined as the quantity of water in US gallons at 60 °F that passes through the valve under a pressure drop of 1 psi [44,45,46]. The measurement of the valve flow coefficient given by the ISA standard S75.01, 02 [45,46] for incompressible, fully turbulent, non-cavitation, and non-flashing flow is written as


   C v  =  Q   N 1         G f    Δ p      



(15)




where  Q ,    N 1   ,    G f   , and   Δ p   is the volumetric flow rate, constant used in the valve flow coefficient, specific gravity of the fluid, and pressure difference between upstream and downstream location, respectively [45,46]. The valve flow coefficient with the opening percentage of the valve disc is known as the indicator of how flow rate will change with an opening percentage [47].





3. Numerical Implementation


In the numerical formulations for the present study, different-sized butterfly valves were considered, and the experimental data on flow coefficients for valve sizes DN 80 (76.2 mm), DN 262 (254 mm), and DN 400 (406 mm) were obtained from the previous studies performed by Sandalci et al. [48], Nazary et al. [49], and Kim et al. [50]. Numerical studies were carried out with the same conditions used in the experiments for comparison with experimental results. The governing equations for turbulent flow consisted of mass and momentum conservation equation along with different two-equation turbulence models of   k − ε  ,   k − ω  , and SST to predict the Reynolds stresses. The governing equations with the boundary conditions were solved using the finite volume method in the commercial CFD package ANSYS-CFX (ANSYS, version 14.5).



3.1. Calculation Conditions


The three different sizes of butterfly valves were modeled with different opening percentages of disc from 10% to 100%, for the disc modeling with solid body. The illustrations of calculation domain are shown in Figure 1. According to research by Kim [9], the distance from the valve required for the flow to fully develop upstream and downstream lengths was determined to be five and 10 times the valve size. The flow characteristics around the butterfly valve were investigated with water as the working fluid with a density of 999 kg/m3 and dynamic viscosity of 1.12  ×  10−3 N∙S/m2. The constant used in the valve flow coefficient was adopted according to the ISA standard [45,46]. The flow was assumed to be incompressible and steady. The pressure difference and corresponding flow rates were used to calculate the valve flow coefficient using Equation (15). The pressure difference between the inlet and outlet boundary conditions were set at uniform pressure of 1 bar to satisfy the valve flow coefficient conditions. With regard to the constants for the two-equation turbulence models of   k − ε  ,   k − ω  , and SST, the nominal values are used as following:    C   ε 1      = 1.44,    C   ε 2      = 1.92,    C μ    = 0.09,    σ k    = 1.00,    σ ε    = 1.30 for the   k − ε   model,  α  = 0.556,  β  = 0.075,   β ′   = 0.090,    σ k    = 2.00,    σ ω    = 2.00 for the   k − ω   model, respectively. The scalable wall function and automatic wall function approach was applied. A structured and non-adaptive grid (hexahedral grid) was generated. For the pipe wall, a no-slip boundary condition was applied. The turbulence intensity was set to 5~10% at the inlet [23]. For the near wall flow model, a maximum value of 20 for y+ was considered close to the valve surface and pipe wall, based on the research by Launder and Spalding [31]. A high-resolution advection scheme was used and a convergence criterion for maximum root-mean-square residual of 10−6 was set, which is two orders of magnitude below the default convergence level of the solver [8,51].




3.2. Mesh Dependence Study


The mesh size dependence study was performed with numerical calculation of the flow coefficient by means of Equation (15), for the representative DN 80 butterfly valve with 50% opening percentage with respect to turbulence models by successively decreasing the element size with a structured grid—a coarse grid with 250,000 meshes; a medium grid with 350,000 and 390,000 meshes; and a fine grid with 450,000 meshes. The number of mesh elements was increased gradually until the solution becomes independent of the mesh density while avoiding skewness and aspect ratio violations [52]. The results are listed in Figure 2. The resulting variations in the solution decreased with decreasing the element size and the results obtained for cell resolution of approximately 400,000 were selected in the present study. In the same manner, mesh element was chosen, 380,000 and 360,000 for the DN 262 and DN 400, respectively.





4. Results and Discussion


4.1. Flow Coefficient


A numerical approach for the flow behavior through the valve was validated by comparison with the experimentally measured flow coefficient, and the effect of the turbulence models with nominal value of turbulence constants was estimated by comparison of the flow coefficients between numerical and experimental results. The discrepancies of flow coefficient results of the different-sized valves with different turbulence models are shown in Figure 3. Regarding the discrepancies between numerical and experimental results for flow coefficients for the different valve sizes, it is shown that the discrepancy increased with increasing valve size, and different degrees of discrepancy were observed with percentage of disc opening for each valve size. For DN 80, numerical results were within 5% discrepancy with turbulence models, and the discrepancy increased with the percentage of disc opening. For DN 262, the discrepancy was within 8%, especially with disc opening over 80%. For DN 400, within 10% discrepancy was observed with disc opening over 70%. The results in Figure 3 show that discrepancies varied with valve size, indicating that specific turbulence model did not satisfy numerical predictions for all valve sizes. For the case of DN 80 and DN 262, the k − ω and SST models were suitable except for the 40–70% disc opening. For the case of DN 400, the k − ω and SST models were suitable for all disc openings except for the 60–90% disc opening, for which the   k − ε   model was suitable.




4.2. Flow Behavior


Figure 4 shows the velocity contour and profile for the DN 80, DN 262, and DN 400 valves under different disc opening percentages with two-equation   k − ε  ,   k − ω  , and SST turbulence models. The flow behavior and turbulence characteristics were observed with velocity profiles in two characteristic locations: 5 x/Y and 10 x/Y with the developing and the developed flow region, respectively, where x is the distance from the valve and Y is the nominal valve size. Velocity profile was presented with the ratio of velocity of cross section to the initial velocity at two characteristic locations. The fully developed region, development length was shown for the effective flow region. Flow analysis was conducted with different valve disc configuration in CFD model for each case.



For the small disc opening of 20% at location 5 x/Y, wake region containing vortices induced were generated from the upper side direction behind the valve disc owing to the high disturbance of the flow. The higher turbulence owing to vortices was observed for the k − ω model expressed with higher turbulence kinetic energy as shown in Figure 5. With flow passing through the gap between the disc and pipe wall, the increased reattachment point toward the downstream direction for the k − ω model was observed. Flow mixing with vortices is seen to be developed with wake and recirculation regions for the SST model. Meanwhile, smaller turbulence kinetic energy and wake region were expressed by the   k − ε   model. With increasing valve size in the case of DN 400, the tendency that less velocity changes through the valve disc was expressed with smaller vortex regions in the stream-wise direction, compared to larger changes in the case of the DN 80 valve. With developed flow at location 10 x/Y, each flow passing through the gap was mixed. With increasing valve size, flow mixing was seen to develop in the upper side. This is due to relatively larger flow in the gap between the disc and wall of the valve.



At 50% disc opening percentage as shown in Figure 4, flow recirculation and secondary flow developed near the valve disc in the form of vortex mixing. With increasing opening percentage, larger flow passing through the gap between the disc and pipe wall resulted in a circulation region that moved closer to the disc. Henderson et al. [8] and Del Toro [4] reported similar results for turbulent and vortex behavior. At location 5 x/Y, flow disturbances due to vortices were expressed by the k − ω model, representing higher turbulence kinetic energy, followed by the SST and   k − ε   models for the DN 80 valve. At location 10 x/Y, the velocity profile was shown to be twisted toward the downstream direction. Flow disturbance, mixing, and secondary flow due to vortices were seen to develop for the k − ω model, and followed by SST model. At location 10 x/Y, as valve size increased, the twisted velocity profile changed more uniformly in cross section, and there was little change in velocity profile between the turbulence models.



With large opening of 80% as shown in Figure 4, due to the large flow area between the disc and the pipe wall, the amount of recirculation and vortex behind the valve disc was reduced. Two stream-wise secondary flows were developed and separated after passing through the valve disc. Vortex regions were rapidly dissipated along the downstream due to large currents. The secondary flow developed close to the valve disc made the downstream flow considerably smoother. The two secondary flows flowing along both sides of the valve disc mixed and developed with a vortex in the downstream direction. A vortex region with eddies behind the valve disc was observed as valve size increased to the DN 400 valve.



In sum, among the turbulence models, the largest pressure drop was observed in   k − ε   turbulence models showing higher turbulence kinetic energy in Figure 5. Large pressure drops had an effect on the estimation of flow coefficient,    C v   , with large value. On the other hand, relatively smaller pressure drop can be obtained in k − ω, and SST turbulence models. This effect of turbulence model can be attributed to the amount of discrepancy with turbulence models, therefore, the largest discrepancy between calculation and experimental value for the flow coefficient can be observed in   k − ε   turbulence models, which is mentioned in Section 4.1. Furthermore, the overall comparison between turbulence models yielded the value of differences: the difference between turbulence models increased with decreasing valve size and disc opening percentage. As the valve size and disc opening decrease, a smaller flow region with a relatively small area between the disc and the valve wall caused a large pressure drop, which increases the turbulence as seen in the increasing behavior of turbulent kinetic energy. Therefore, among two-equation turbulence model, priority should be given to k − ω, and SST turbulence models. This is especially considered for the design of valve facilities that are relatively small sized and have large pressure drops.





5. Sensitivity Analysis


According to the assumption of the two-equation method of   k − ε   model and   k − ω   model, the time-averaged values based on the simplified assumptions: Reynolds averaging, Boussinesq approximation, Prandtl hypotheses, etc. [53] These time-averaged assumptions require turbulence model constants to account for turbulence, therefore, in this study, the effects of turbulence model constants should be assessed by the sensitivity study. For the present sensitivity study, the methods developed by the Błazik-Borowa [37,54] and the group of Pelletier [55] were adopted. The main flow properties based on the time-averaged values were described as follows: the stream-wise flow-velocity (u), turbulence kinetic energy ( k ), turbulence dissipation rate ( ε ), turbulent eddy viscosity (   μ t   ) for the two-equation of   k − ε   turbulence model, and stream-wise flow-velocity (u), turbulence kinetic energy ( k ), turbulence specific dissipation rate ( ω ), turbulent eddy viscosity (   μ t   ) for the two-equation of   k − ω   turbulence model. The sensitivity of the flow properties to the constants for each turbulence model was examined with sensitivity coefficients using finite difference approximations taking the following form [37,54]:


     S ˜   m  =    w 2  −  w 1    Δ  C m     



(16)




where      S ˜   m   ,   Δ  C m   ,    w 1    and    w 2    are the sensitivity coefficient, increment of examined constants, and calculation results at    C m  - Δ  C m  / 2   and    C m  + Δ  C m  / 2  , respectively.



For the case of the DN 80 valve, sensitivity analyses were conducted using Equation (16) under different opening percentage conditions. For the flow properties, the examined constants for the each turbulence model are as follows:    C   ε 1     ,    C   ε 2     ,    C μ   ,    σ k   ,    σ ε    for the   k − ε   model, and  α ,  β ,   β ′  ,    σ k   ,    σ ω    for the   k − ω   model. Increment of examined constants for the sensitivity analysis with turbulence model is as follows:  Δ  C  ε 1    ,   Δ  C  ε 2    ,   Δ  σ k   ,   Δ  σ ε    are 0.1 and   Δ  C μ    is 0.01 [37,54] for the   k − ε   model, and   Δ α  ,   Δ β  ,   Δ  β ′   ,   Δ  σ k   ,   Δ  σ ω    are 0.01 for the   k − ω   model.



5.1. Sensitivity Result of Two-Equation   k − ε   Model


Figure 6 presents the extreme values of sensitivity coefficients with respect to the constants for the   k − ε   turbulence model. The flow properties were obtained at the 5 x/Y, developing region and 10 x/Y, developed region. Individual sensitivity coefficients had different shapes for individual flow properties, and varied with disc opening cases. The resulting sensitivity coefficients had both positive and negative values, where positive values mean increasing functions of the constant and negative values mean decreasing functions [37,54].



The notable observation in the sensitivity analysis was that the most sensitive flow property was the turbulence dissipation rate and this property was affected mainly by constants    C   ε 1      and    C   ε 2     . Constants    C μ   ,    σ k    and    σ ε    hardly affected flow properties. Moreover, the constants affected flow properties differently depending on the disc opening percentage and locations. At the location of 5 x/Y, developing region, larger sensitivity values were observed with decreasing disc opening percentage. The sensitivity of flow properties was influenced mainly on the value of constant of    C   ε 1     . However, at the developed region of 10 x/Y, sensitivity value increased with increasing disc opening percentage. The sensitivity of flow properties was mainly influenced by constant,    C   ε 2      except for 80% disc opening cases.



From the sensitivity analysis results for the   k − ε   turbulence model, it was shown that sensitivity coefficients were mainly related with the flow behavior of the valve with different opening percentages. The sensitivity coefficient value increased with small opening case in the developing region, and with large opening in the developed region. From the result, the   k − ε   turbulence model would be not suitable for the area of the large pressure drop and velocity increase. This is due to the relatively smaller effective flow region which resulted in a large pressure drop and velocity increase, leading to increasing turbulence.




5.2. Sensitivity Result of Two-Equation   k − ω   Model


For the   k − ω   turbulence model, the sensitivity coefficients of flow properties of stream-wise flow-velocity (u), turbulence kinetic energy ( k ), turbulence specific dissipation rate ( ω ), and turbulent eddy viscosity (   μ t   ) with regards to the constants were investigated. Figure 7 presents the extreme values of sensitivity coefficients with respect to the constants. The most sensitive flow property in this turbulence model was turbulence specific dissipation rate and this property was affected mainly by constant,  β  and partially by constant,  α . The constants    σ k   ,    σ ω    and   β ′   hardly affected flow properties.



For the   k − ω   turbulence model, similar tendencies to the   k − ε   turbulence model were observed: similar trends of individual sensitivity coefficients with disc opening and locations for the flow properties of stream-wise flow-velocity (u), turbulence kinetic energy ( k ), turbulent eddy viscosity (   μ t   ), except for the turbulence specific dissipation rate ( ω ). With regard to the sensitivity coefficient for the disc opening and the locations, decreasing sensitivity with increasing disc opening percentage at developing region of 5 x/Y, and increasing sensitivity with increasing disc opening percentage at developed region of 10 x/Y was observed. For the   k − ω   turbulence model, a relatively smaller value of sensitivity coefficient was observed. Moreover, difference of sensitivity coefficient with locations and opening were relatively smaller compared to the   k − ε   turbulence model.



For the main two-equation of   k − ε   and   k − ω   turbulence model, it can be suggested that turbulence constant adoptability in numerical calculations should be checked with respect to the flow characteristics when using each of the turbulence models. Especially for the case of the turbulence increasing area caused by large pressure drop and velocity increase, a test study of turbulence constant adoptability should be preceded.





6. Concluding Remarks


The flow behavior through a butterfly valve for three different-sized valves of DN 80 (76.2 mm), DN 262 (254 mm), and DN 400 (406 mm) was analyzed under various flow configurations and disc opening percentages. Two-equation   k − ε  , k − ω, and SST turbulence models were assessed to determine the accuracy of numerical solutions and turbulence model effects on the valve flow coefficient were compared with experimental values. Sensitivity analysis of flow properties was conducted to determine the sensitivity of the constants used in the two-equation turbulence model. The main conclusions are as follows:




	
With different-sized valves, discrepancies between numerical and experimental results for the flow coefficient were observed with different disc openings. The discrepancies increased with increasing valve size, and different degrees of discrepancy were observed with disc opening percentage for each valve size.



	
Higher turbulence due to vortices was observed for the k − ω model expressed with higher turbulence kinetic energy, followed by the SST and   k − ε   models. The difference between the results of turbulence models increased with decreasing valve size and disc opening. This can be attributed to the increasing turbulence effect which could cause lots of discrepancies between turbulence models, especially in areas with large pressure drop and sharp velocity increase.



	
The most sensitive flow property was turbulence dissipation rate and this property was mainly affected by the values of constants of    C  ε 1     and    C  ε 2     for the   k − ε  , k − ω turbulence model, and by the values of constants of  β , partly by constant of  α  for the k − ω turbulence model.



	
For the k − ω turbulence model, relatively smaller value of sensitivity with different locations and openings were observed compared to the   k − ε   turbulence model. From sensitivity analysis results, it can be suggested that turbulence constant adoptability in numerical calculations should be checked when using each turbulence model.



	
For the numerical calculations, currently three turbulence models were the most frequently used turbulent models. These models were advantageous over other turbulence models because the computational conditions could be easily implemented. Therefore, the investigated analysis will be helpful to current users of turbulence models. The results of this research could also be widely applied to engineering design using the various valve systems.



	
The numerical approach presented in this paper can be effectively used in future research on various valve flow analyses especially for the cavitation phenomenon.
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Nomenclature




	
    a d    

	
Eddy viscosity constant




	
  d  

	
Wall distance




	
   C μ   ,    C  1 ω    ,   C  2 ω    

	
Turbulence constant




	
   C  D  k v     

	
Cross-diffusion in the   k − ω   model




	
    C v    

	
Flow coefficient of the valve




	
    F 1    

	
Blending function




	
    F 2    

	
Auxiliary function




	
    f μ    

	
Wall damping function




	
    G f    

	
Specific gravity of the fluid




	
  k  

	
Turbulence kinetic energy




	
  l  

	
Turbulence mixing length




	
    N 1    

	
Constant in the valve flow coefficient




	
P

	
Turbulence production




	
Q

	
Flow rate




	
     Re  t    

	
Turbulence Reynolds number




	
    S  ij     

	
Mean velocity strain-rate tensor




	
      S ˜   m    

	
Sensitivity coefficient




	
t

	
Time




	
   u ¯   

	
Mean average velocity




	
    u s    

	
Flow velocity parallel to the wall




	
   w 1   ,    w 2   

	
Examined constants in sensitivity analysis




	
    y +    

	
Wall function




	
x/Y

	
Specific location (x: distance from the valve, Y; nominal valve size)




	
y/Y

	
Specific location (y: height, Y; nominal valve size)




	
   Δ  C m    

	
Increment of turbulence constant




	
   Δ p   

	
Pressure drop across the valve




	
Greek Symbols




	
    τ  i j     

	
Turbulence Reynolds stress




	
    δ  i j     

	
Kronecker delta tensor




	
  μ  

	
Dynamic viscosity




	
    μ t    

	
Turbulence eddy viscosity




	
  ε  

	
Turbulence dissipation rate




	
  ω  

	
Specific turbulent dissipation rate




	
  Ω  

	
Vorticity




	
  ρ  

	
Density of the material




	
  γ  

	
Ratio of specific heat




	
   φ k   ,    φ ε   

	
Explicit wall term




	
 α ,   α ′  

	
Turbulence constant




	
 β ,   β ′  

	
Turbulence constant




	
   σ k   ,    σ ε   ,    σ ω   

	
Turbulence constant
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Figure 1. Illustrations of calculation region for the cross section of a single butterfly valve. 
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Figure 2. Result of mesh size dependence study for flow coefficient. 
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Figure 3. Discrepancies of flow coefficient results for the different turbulence models with different-sized valves and opening percentage: (a) DN 80 valves, (b) DN 262 valves, (c) DN 400 valves. 
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Figure 4. Velocity contour and profile with different opening for the   k − ε  ,   k − ω  , and SST turbulence models: (A) DN 80, (B) DN 262, (C) DN 400. 
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Figure 5. Turbulence kinetic energy profile with 20% opening for the DN 80 (a) and 50% opening for the DN 262 (b), with different turbulence model of   k − ε  ,   k − ω   and SST. 
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Figure 6. Extreme value of the sensitivity coefficients with respect to the constants for the   k − ε   turbulence model: (a) 20% opening, (b) 50% opening, (c) 80% opening case. 
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Figure 7. Extreme value of the sensitivity coefficients with respect to the constants for the   k − ω   turbulence model: (a) 20% opening, (b) 50% opening, (c) 80% opening case. 
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