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Abstract: A valve is a device that regulates the flow of fluid by manipulating various passageways to control the pressure and flow 

stream. For the robust design of valves using a numerical approach, understanding the flow behavior through valves with complicated 

geometric structures is crucial. The present paper reports a numerical study of flow behavior through a 300 mm sized triple offset 

butterfly valve with different turbulence models of k–ε and Reynolds stress models. The effect of the turbulence model and consequent 

flow behavior analysis of the valve under different disc opening cases were carried out to examine the effect of different turbulence 

models. Different discrepancies between the numerical and experimental results were observed, and the Reynolds stress model showed 

a considerably smaller discrepancy than that of the k–ε model. Whereas the turbulence effect was well expressed with the Reynolds 

stress model at the developing location, it was well expressed with the k–ε model rather than the Reynolds stress model at the developed 

location. 
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Nomenclatures 
ρ = density (kg/m3) 
P = pressure (N/m2) 

δij = Kronecker delta tensor 

τij =  turbulence Reynolds stress  

k = turbulent kinetic energy 

μt =  turbulence viscosity 

μ� =  eddy viscosity  

iu  = velocity components 

iU  = mean velocity component 

u�i = velocity components of time average 

x = downstream location from the valve 

Y = nominal valve size 

Φij = pressure– strain term  

ε = dissipation rate  

Sij =  mean velocity strain– rate tensor 

ϕk,ϕε = explicit wall term 

Cij,C1ε,C2ε  =  turbulence constant 

1. Introduction 
A valve is a device that regulates the flow of fluid by manipu-

lating various passageways to control the pressure and flow 

stream [1][2]. Valves can be largely classified as manual or con-

trol valves according to the method of controlling the valve. Ei-

ther of them, a control valve that controls flow passage by a sig-

nal from a controller has attracted considerable attention owing 

to the precise control and easy manipulation of the device, par-

ticularly for larger valves. In controlling the flow through a valve, 

two methods are commonly used: a linear motion valve and a 

rotary motion valve (quarter turn valve). Linear motion valves, 

such as gate valves, globe valves, needle valves, and pinch 

valves, valves use a closure device that moves along a straight 

line to start, stop, or throttle the flow. Rotary motion valves (quar-

ter turn valve), such as ball valves, butterfly valves, and plug 

valves, rotate a disc about the shaft in their fully open or closed 

state by turning the stem [3].  

Valve characteristics are characterized by various valve coef-

ficients such as the valve flow coefficient, loss coefficient, and 

hydrodynamic torque coefficient. The performance and 
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characteristics of a valve were determined using a numerical ap-

proach in many cases because obtaining these factors is not fea-

sible [4] owing to experimental limitations such as cost, prohibi-

tive for the large size.  

For the robust design of valves using a numerical approach, 

understanding the flow behavior through valves with geometric 

structures is crucial. One of the important considerations is the 

turbulence model because the accurate numerical prediction of 

the flow behavior in the valve is dependent on the turbulence 

model. Therefore, in the present numerical study, the most fre-

quently used turbulence model in industrial workplaces is con-

sidered: the two-equation 𝑘𝑘– ε model of Launder [5]. 

The present paper reports a numerical study of the flow behav-

ior through a 300 mm sized triple offset butterfly valve (TOBV). 

Different turbulence model effects were examined under differ-

ent fluid flow conditions of the valve caused by various disc 

opening conditions. The effect of the turbulence model was ex-

amined with consequent flow behavior analysis around the valve 

with turbulence variables such as turbulence kinetic energy and 

Reynolds stress. 

2. Numerical model and method

2.1 Numerical model 
In the present analysis, a 300 mm sized TOBV was considered. 

Valve specification is shown in Figure 1, with a structured non-

adaptive grid (hexahedral grid) with 250,000 nodes. Numerical 

studies were conducted with different turbulence models, and the 

accuracy of the turbulence model was examined by comparing 

the results. 

Figure 1: Triple offset butterfly valve with a 300 mm size 

The governing equations of fluid motion for turbulent flow 

deal with the conservation of mass and momentum equations ex-

pressed in terms of Reynolds density-averaged variables.  

The mass and momentum conservation equations are ex-

pressed by Equations (1) and (2), respectively, as follows: 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

(𝜌𝜌𝑢𝑢�𝑖𝑖) = 0     (1) 

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝑢𝑢�𝑖𝑖) + 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

(𝜌𝜌𝑢𝑢�𝑖𝑖𝑢𝑢�𝑗𝑗) = − 𝜕𝜕�̅�𝑝
𝜕𝜕𝑥𝑥𝑖𝑖

+ 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

(𝜇𝜇 �𝜕𝜕𝑢𝑢�𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

+ 𝜕𝜕𝑢𝑢�𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖
� + 𝜏𝜏𝑖𝑖𝑗𝑗) (2)

where the velocity components are denoted by ui, i = 1, 2, 3; 

and 𝑢𝑢�𝑖𝑖  and 𝑢𝑢�𝑗𝑗  denote the ensemble-averaged quantities. The 

quantities of ρ, p, 𝜇𝜇, and τ𝑖𝑖𝑗𝑗 represent the density, pressure, dy-

namic viscosity, and turbulence Reynolds stress, respectively. 

The representative cross sections of a TOBV and the con-

nected pipe and mesh are shown in Figure 2, where the upstream 

penstock, valve disc, and downstream penstock sections.are 

shown. The distances from the valve required for the flow to fully 

develop, that is, upstream and downstream lengths were 5 and 10 

times the pipe diameter, respectively.  

(a) 

(b) 

Figure 2: Cross section of a TOBV and the connected pipe (a) 

and mesh (b) 

2.2 Turbulence model 
The Reynolds stresses can be expressed with Reynolds aver-

aging using an eddy viscosity model with the Boussinesq hypoth-

esis [6]-[8] as follows:  

𝜏𝜏𝑖𝑖𝑗𝑗 =  −𝜌𝜌𝑢𝑢𝑖𝑖𝑢𝑢𝑗𝑗  = 𝜇𝜇� �𝜕𝜕𝑈𝑈𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

+ 𝜕𝜕𝑈𝑈𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖
� − 2

3
𝜌𝜌𝑘𝑘𝛿𝛿𝑖𝑖𝑗𝑗     (3) 

where k, ρ, δ𝑖𝑖𝑗𝑗 , τ𝑖𝑖𝑗𝑗, and μ� represent the turbulent kinetic energy, 

density, Kronecker delta tensor, turbulence Reynolds stress, and 

eddy viscosity, respectively. The velocity and mean velocity 
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components in the direction are denoted by iu  (i = 1, 2, 3) and

iU , respectively, and the overbar denotes the time average.

The two-equation 𝑘𝑘– ε  model is developed by Launder and 

Sharma [9]-[10] and simply called the 𝑘𝑘– ε model. In this model, 

the transport equations for the turbulent kinetic energy (𝑘𝑘) and 

dissipation rate (ε) are expressed as follows: 

𝜕𝜕(𝜕𝜕𝜌𝜌)
𝜕𝜕𝜕𝜕

+ 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�𝜌𝜌𝑢𝑢𝑗𝑗
𝜕𝜕𝜌𝜌
𝜕𝜕𝑥𝑥𝑗𝑗

− �𝜇𝜇 + 𝜇𝜇𝑡𝑡
𝜎𝜎𝑘𝑘
� 𝜕𝜕𝜌𝜌
𝜕𝜕𝑥𝑥𝑗𝑗
� =  𝜏𝜏𝑖𝑖𝑗𝑗𝑆𝑆𝑖𝑖𝑗𝑗 − 𝜌𝜌𝜌𝜌 + 𝜙𝜙𝜌𝜌  (4) 

𝜕𝜕(𝜕𝜕𝜌𝜌)
𝜕𝜕𝜕𝜕

+ 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�𝜌𝜌𝑢𝑢𝑗𝑗𝜌𝜌 − �𝜇𝜇 + 𝜇𝜇𝑡𝑡
𝜎𝜎𝜀𝜀
� 𝜕𝜕𝜌𝜌
𝜕𝜕𝑥𝑥𝑗𝑗
� = 𝐶𝐶1𝜌𝜌

𝜌𝜌
𝜌𝜌
𝜏𝜏𝑖𝑖𝑗𝑗𝑆𝑆𝑖𝑖𝑗𝑗 −

𝐶𝐶2𝜌𝜌𝑓𝑓2𝜌𝜌 𝜌𝜌
2

𝜌𝜌
+ 𝜙𝜙𝜌𝜌                       (5) 

The Reynolds stress (RS) model, a second-order closure 

model, can be obtained by solving the following transport equa-

tions derived from the Navier–Stokes equation. 

𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜌𝜌 〈𝑢𝑢𝑖𝑖

′𝑢𝑢𝑗𝑗
′〉� + 𝐶𝐶𝑖𝑖𝑗𝑗 = 𝐷𝐷𝜏𝜏,𝑖𝑖𝑗𝑗 + 𝜕𝜕

𝜕𝜕𝑥𝑥𝑘𝑘
�𝜇𝜇 𝜕𝜕

𝜕𝜕𝑥𝑥𝑘𝑘
〈𝑢𝑢𝑖𝑖
′𝑢𝑢𝑗𝑗
′〉� + 𝑃𝑃𝑖𝑖𝑗𝑗 +

Φ𝑖𝑖𝑗𝑗 − 𝜌𝜌𝑖𝑖𝑗𝑗              (6) 

Where 𝐶𝐶𝑖𝑖𝑗𝑗 =  𝜕𝜕
𝜕𝜕𝑥𝑥𝑘𝑘

(𝜌𝜌〈𝑢𝑢𝜌𝜌〉 〈𝑢𝑢𝑖𝑖
′𝑢𝑢𝑗𝑗
′〉)     (7) 

𝐷𝐷𝜏𝜏,𝑖𝑖𝑗𝑗 =  − 𝜕𝜕
𝜕𝜕𝑥𝑥𝑘𝑘

�𝜇𝜇𝑡𝑡
𝜎𝜎𝑘𝑘

𝜕𝜕〈𝑢𝑢𝑖𝑖
′𝑢𝑢𝑗𝑗
′〉

𝜕𝜕𝑥𝑥𝑘𝑘
�    (8) 

𝑃𝑃𝑖𝑖𝑗𝑗 = −𝜌𝜌 �〈𝑢𝑢𝑖𝑖
′𝑢𝑢𝜌𝜌
′〉 𝜕𝜕〈𝑢𝑢𝑗𝑗〉

𝜕𝜕𝑥𝑥𝑘𝑘
+ 〈𝑢𝑢𝑖𝑖

′𝑢𝑢𝜌𝜌
′〉 𝜕𝜕〈𝑢𝑢𝑖𝑖〉

𝜕𝜕𝑥𝑥𝑘𝑘
�   (9) 

Pressure–strain term Φ𝑖𝑖𝑗𝑗 simulates the production and transport 

processes of RS and determines the structure of turbulent flows. 

3. Results and discussion

3.1 Effect of numerical turbulence models 
Considering the flow coefficient when designing the valve is a 

practical method for determining the size of the valve [11]. The 

flow coefficient of the valve is measured as the quantity of water 

in US gallons at 60 ℉ that passes through the valve each minute 

under a pressure drop of 1 psi and is regarded as the valve capac-

ity by the ISA standard S75.01, 02 [12]-[13]. The butterfly valve 

is a typical on–off quarter-turn rotational motion valve. There-

fore, the flow coefficient was measured under the condition of 

full opening. 

Flow coefficient experiments were conducted under full 

opening conditions in accordance with KS B 2101 [14]. The test 

valve was installed in the test jig with the valve fully open. After 

applying a pressure of 6.9 kPa (1 psi) to the front and rear ends 

of the valve, the amount of water flow rate was measured for 1 

min. The results are shown in Figure 3(a): about 0.316 m3/s of 

volume flow rate and approximately 20,000,000–27,000,000 of 

Reynolds number were measured. 

(a) 

(b) 
Figure 3: Experimental and numerical results for the different 

turbulence models with 300 mm sized valves; (a) volume flow 

rate, (b) discrepancy between experimental and numerical results 

The practical use of numerical methods is important for fluid 

machinery, such as valves. The numerical approach in the valve 

requires an understanding of the fluid flow behavior through the 

valve that is closely dependent on the turbulent model. Choosing 

and adopting adequate turbulence models is essential for obtain-

ing reasonable results for valve flow [15]-[17]. Therefore, the nu-

merical method with an adequate turbulence model was validated 

with an experimentally measured valve flow coefficient of 300 

mm (12 inch) diameter using 𝑘𝑘– ε and RS models. 
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The results are shown in Figures 3(a), (b). Different discrep-

ancies between the numerical and experimental results were ob-

served with the turbulence model. The discrepancy value be-

tween numerical and experimental results was 5–13 %. Between 

the two turbulence models, the RS model has a considerably 

smaller discrepancy than the 𝑘𝑘– ε model.  

3.2 Fluid flow of different opening conditions with turbu-

lence models 
Whereas the butterfly valve is a typical on–off valve, many 

efforts have been made to use a control valve with a butterfly 

valve because of its ease of repair and lightweight merits. There-

fore, the effect of the turbulence model and consequent flow be-

havior through the valve was numerically investigated under dif-

ferent valve opening conditions.  

Figure 4 shows the velocity contours of different opening an-

gles for the 300 mm valve with the two equations of standard 

𝑘𝑘– ε  and RS models. Overall, the flow in the valve developed 

with vortices and dissipated with swirling vortices after passing 

around the valve. The flow stream remained constant until it ap-

proached the valve in the upstream region, and the flow through 

the passing valve changed with increasing velocity owing to the  

decreased area between the disc and the valve wall, resulting in 

a highly turbulent flow including many vortices. After passing 

through the disc, streamlines along the valve disc were separated 

from each other, causing a large amount of turbulence. Swirling 

vortices with different mixing behaviors for different disc open-

ing angles were shown and observed with an eventual constant-

flow stream in the downstream region. 

In the 20% disc opening condition, flow behavior through the 

valve showed that vortices and wake regions were created. Flow 

recirculation and secondary flows were observed in the form of 

vortex mixing resulting from the wakes. However, with large 

opening of 80%, the amount of recirculation and swirling behind 

the valve decreased because of the large area between the disc 

and the pipe wall.  

Fluid flow and turbulence effects were observed at different 

locations of x/Y = 5 and 10, where x is the downstream location 

from the valve, and Y is the nominal valve size. Regarding dif-

ferent turbulence models, different characteristics of flow behav-

ior were shown, particularly at the location of 5 x/Y with valve 

opening conditions. With a decreasing disc opening angle, a rel-

atively smaller effective flow region between the disc and the 

wall caused a large pressure drop and velocity increase that could  

Figure 4: Velocity streamline contours with different disc open-

ing cases with different turbulence models of 𝑘𝑘– ε and Reynolds 

stress models ((A) 20 % disc opening, (B) 50 % disc opening, (C) 

80 % disc opening)  

(a) 

(b) 

Figure 5: Turbulence kinetic energy profile with different disc 

openings (a) 20%, (b) 80% at two characteristic locations 300 mm 

(D is nondimensional unit of disc, Empty: 5 x/Y, filling: 10 x/Y) 
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(a) 

(b) 
Figure 6: Reynolds stress behavior of uu, vv, and ww for the RS 

model (a) 20% disc opening, (b) 50% disc opening (D is nondi-

mensional unit of disc, Empty: 5 x/Y, filling: 10 x/Y) 

increase the turbulence. Increasing turbulence was expressed by 

the turbulence kinetic energy, as shown in Figure 5. Higher tur-

bulence owing to vortices was observed for the RS model, fol-

lowed by the 𝑘𝑘– ε  model expressed with higher turbulence ki-

netic energy. 

At developing location x/Y = 5, the turbulence effect was well 

expressed by the RS model. However, at developed location x/Y 

= 10, the turbulence effect was expressed by the 𝑘𝑘– ε model ra-

ther than the RS model. Figure 6 shows the Reynolds normal 

stress for the RS model, showing higher normal stresses at loca-

tion 5 x/Y. The RS model predicted anisotropic stresses better 

near the disc region; therefore, it was better expressed than the 

k–ε model that dealt with isotropic RS. 

Figure 6 shows the Reynolds normal stress for the RS model, 

where uu, vv, and ww indicate the three components of the RS in 

the x, y, and z directions, respectively. The results indicated that 

the RS was isotropic. The RS was higher at x/Y = 5, indicating 

that excess values existed around the curved region. 

The RS model typically predicts anisotropic stresses better near 

the disc region; therefore, it is better expressed than the k–ε 

model. The difference between the results of the turbulence 

models increased with decreasing disc opening angles. This can 

be attributed to the smaller effective flow region, where the rela-

tively smaller area between the disc and the valve wall caused a 

large pressure drop and velocity increase, leading to increasing 

turbulence.  

In summary, the RS model is a more accurate solution than the 

𝑘𝑘–ε model for the valve and pipe flow problems; however, the 𝑘𝑘–

ε model may be more powerful in terms of calculation time. 

4. Conclusion
A numerical study of the flow behavior through the 300 mm 

sized TOBV was conducted with different turbulence models to 

examine the effect of the turbulence model of the k–ε and RS 

models. Different discrepancies between the numerical and ex-

perimental results were observed, and the RS model showed a 

considerably smaller discrepancy than the 𝑘𝑘– ε model. With a de-

creasing disc opening angle, a relatively smaller effective flow 

region between the disc and the wall caused a large pressure drop 

and velocity increase that could increase the turbulence. Higher 

turbulence owing to vortices was observed for the RS model, fol-

lowed by the 𝑘𝑘– ε  model expressed with higher turbulence ki-

netic energy. At developing location x/Y = 5, the turbulence ef-

fect was well expressed by the RS model. However, at developed 

location x/Y = 10, the turbulence effect was well expressed with 

the k–ε model rather than the RS model. 
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