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The analysis of the turbulence model on turbulent flow in certain objects is important 
to optimize the numerical simulation. To simulate rotating flow in crossflow turbine, 
the numerical accuracy of the Renormalization Group (RNG) k-ε model has better 
results than the standard k-ε model. To improve predictions of the standard k-ε 
turbulent model can be done by adjusting the constant value. This study discusses the 

effect of constant inverse-Prandtl number in dissipation equation (σ) on the standard 
k-ε turbulent model toward the prediction of the flow field. Case studies of the effect 

of σ constant on flow field prediction were carried out in crossflow wind turbines. The 

σ constant values examined are 1, 1.2, 1.4 and 1.5. Based on the results, there is a 
significant influence on the flow field prediction in a crossflow wind turbine. This shows 
that to improve the prediction of the standard k-ε turbulent model can be done by 

testing the σ constant values. 
Keywords:  
Crossflow wind turbine; CFD; standard k-
ε; turbulent model; inverse-Prandtl of 
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1. Introduction 

 
The computational fluid dynamics (CFD) method has been used widely in the initial analysis of 

experiments since it has saved time and costs [1-2]. The CFD method can easily vary the flow 
parameters and geometry to get the desired results [3]. The CFD results are influenced by flow field 
approaches to predict turbulent flow [4]. In turbulent flow, the properties of the fluid show random 
and chaotic behavior [5]. The CFD results on turbulent flow in certain objects are influenced by the 
selection of the right turbulent model [6]. 
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There are two flow field approaches to predict turbulent flow that is often used: Reynolds 
Average Navier-Stokes (RANS) and Reynolds Stress Model (RSM). However, the RANS is more often 
used because of the moderate computing power and fairly good accuracy even though it is not as 
accurate as RSM [7]. In RANS, the most widely used is the standard k-ε and Re-normalization Group 
(RNG) k-ε turbulent model, because quite stable and extensively proven used for technical analysis 
in the industry [8]. 

The standard k-ε turbulent model is often used in the industrial, but it is not appropriate to 
simulate rotating flow, large stain flow, open channel flow, and fully developed flow in non-circular 
channels [9]. Whereas the RNG k-ε turbulent model is an improvement in the prediction of the 
standard k-ε turbulent model [10]. Yakhot and Orszag constructed the RNG k-ε model from the 
statistical theory of the renormalization group [11]. The prediction improvement of the RNG k-ε 
model is done by adding some equations such as the term of the swirl effect of turbulence; the 
differential formula for effective viscosity; and the analytical formula for the turbulent Prandtl 
number [11-12].  

To improve predictions of the standard k-ε turbulent model, an alternative that can be done is 
constant value must be adjusted to the case to be examined. Since the constants in the standard k-ε 
turbulent model are obtained by testing, so that it is appropriate only for the cases tested [8]. So, the 
constants in the standard k-ε turbulent model for flow in a pipe, flow in the airfoil, enlarged flow field 
and or crossflow turbines are different. For the case of crossflow turbines, several flow field 
characteristics have been carried out where this is to propose an appropriate standard k-ε turbulent 
model constants. Klemm et al., [13] analyzed flow dynamics in crossflow wind turbines using CFD 
method with standard k-ε turbulent model and default constant. Based on the results, the standard 
k-ε turbulent model is a good agreement to predict the flow field and performance of crossflow wind 
turbines. Since the standard k-ε turbulent model able to predict the throughflow zones and 
recirculation zones that occur inside of runner with precision. Improvement in the prediction of the 
standard k-ε turbulent model for case crossflow wind turbines has been carried out by changing the 
constant value [14]. The improvement of the standard k-ε model has been done by various inverse-
Prandtl of kinetic (σk) 0.8, 0.9, 1, 1.1 and 1.2. The study was conducted at σk because turbulent kinetic 
energy in crossflow wind turbines dominates the flow field than the dissipation rate. So, more 
accurately it is determining the σk value, the prediction of flow field and performance of the crossflow 
wind turbines will be accurate. From the results, the change in σk on the standard k-ε model for the 
crossflow wind turbine has an influence [14]. Thus, σk has contributed to the predicted cascade of 
energy. 

The flow of recirculation in the crossflow turbine causes the mixing process between large scale 
and small-scale eddies. The mixing process of the eddies will dissipate into heat due to its friction. σk 
affects the prediction of turbulence kinetic energy (k) transport, therefore it is assumed that the 

inverse-Prandtl of dissipation (σ) will also affect the prediction of dissipation rate (ε) transport. So, 

the analysis of σ in the standard k-ε turbulence model to analyze flow characteristics in the crossflow 

turbine is also needed for the study. Thus, this study analyzes the standard k-ε model with various σ 
to improve the accuracy for predict flow field and performance of the crossflow wind turbine. 

 
2. Methodology  
2.1 Geometry 

 
The crossflow wind turbines domain in the simulation as shown in Figure 1, with details geometry 

shown in Table 1. 
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(a) Asymmetric view (b) Top view 

  
(c) From view (d) Schematic 

Fig. 1. The crossflow wind turbine 

 
Table 1 
The geometry of the crossflow wind turbine 
Design Parameter Value Design Parameter Value 

Outer diameter 165 mm Inner diameter 84.56 mm 

Number of blades 20 Angle of attack 15o 

Blade’s inlet angle 35o Blade’s outlet angle 90o 

Blade’s curve radius 31.86 mm Nozzle initial height 28 mm 

 
2.2 Turbulence Models 

 
This simulation study began by using the turbulent model standard k-ε and RNG k-ε to determine 

whether these two models are appropriate for predicting the dynamics parameters of flow on the 
crossflow turbine blade. This simulation is continued by modifying the standard k-ε model by varying 

σ. 
The governing equations of the standard k-ε model show in Eqs. (1) and (2). Eqs. (1) and (2) for 

the turbulence kinetic energy (k) and the dissipation rate (ε) transport equation, respectively [15]. 
 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑗
 (𝜌𝑘𝑢𝑗) =

𝜕

𝜕𝑥𝑗
 [(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝐵 − 𝜌𝜀 + 𝑌𝑚 + 𝑆𝑘 (1) 
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𝜕(𝜌𝜀)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝜀𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑗
] + 𝐶1𝜀

𝜀

𝑘
(𝐺𝑘 + 𝐶3𝜀𝐺𝐵) − 𝐶2𝜀𝜌

𝜀2

𝑘
+ 𝑆𝜀 (2) 

 
where: 

 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜀
  (3) 

 

where Cμ, σk, σ, C1 and C2 are constants with the value Cμ of 0.09, σk of 1, C1 of 1.44, C2 of 1.92, σ 
of 1.1, 1.2, 1.3, 1.4 and 1.5, respectively. 

Due to the RNG k-ε model has better accuracy for rotating flow [11-12], so this model is used as 
a reference to determine the standard k-ε model error. 

The turbulence kinetic energy (k) and the dissipation rate (ε) transport equation are further 
equations in the RNG k-ε model for turbulent flow as shown in Eqs. (4) and (5), respectively [16]. 

 
𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
 (𝜌𝑘𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(𝛼𝜀𝜇𝑒𝑓𝑓

𝜕𝑘

𝜕𝑥𝑗
) + 𝐺𝑘 + 𝐺𝐵 − 𝜌𝜀 + 𝑌𝑚 + 𝑆𝑘 (4) 

 
𝜕(𝜌𝜀)

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
 (𝜌𝜀𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(𝛼𝜀𝜇𝑒𝑓𝑓

𝜕𝑘

𝜕𝑥𝑗
) + 𝐶1𝜀

𝜀

𝑘
(𝐺𝑘 + 𝐶3𝜀𝐺𝐵) − 𝐶2𝜀

∗ 𝜌
𝜀2

𝑘
− 𝑅𝜀 + 𝑆𝜀 (5) 

 
where: 

 

𝐶2𝜀
∗ = 𝐶2𝜀 +

𝐶𝜇𝜂3(1−𝜂/𝜂0)

1+𝛽𝜂3  (6) 

 

𝜂 = 𝑆𝑘/𝜀 and 𝑆 = (2𝑆𝑖𝑗𝑆𝑖𝑗)1/2 (7) 

 

where Cμ, σk, σ, C1, C2, 0 and  are constants with the value Cμ of 0.0845, σk of 1.393, σ of 1.393, 

C1 of 1.42, C2 of 1.68, 0 of 4.38 and  of 0.012, respectively. 
 

2.3 Mesh Independency Test 
 
Mesh independence is determined by the Grid Convergence Index (GCI) analysis. The GCI is done 

to determine the percentage of errors mesh size pairs [17]; GCI to get the medium mesh is 
 

𝐺𝐶𝐼12 = 𝐹𝑠 × |
1

𝜏𝑓𝑖𝑛𝑒

𝜏𝑚𝑒𝑑𝑖𝑢𝑚−𝜏𝑓𝑖𝑛𝑒

𝑟12
𝑃𝑛−1

| × 100% (8) 

 
where Fs is a safety factor with a value of 1.25. Analysis of the convergence observed (pn) was carried 
out using Eq. (9). The Richardson's extrapolation (Prh = 0) was applied for fine to medium mesh 
category, to get an estimated value of velocity recovery at zero grid distance using Eq. (11) [17]: 

 

𝑝𝑛+1 = 𝑙𝑛 [(
𝜏𝑐𝑜𝑎𝑟𝑠𝑒−𝜏𝑚𝑒𝑑𝑖𝑢𝑚

𝜏𝑚𝑒𝑑𝑖𝑢𝑚−𝜏𝑓𝑖𝑛𝑒
(𝑟12

𝑃𝑛 − 1)) + 𝑟12
𝑝𝑛] / 𝑙𝑛(𝑟12 • 𝑟23) (9) 

 

𝑃𝑟ℎ=0 = 𝜏𝑓𝑖𝑛𝑒 − (
𝜏𝑚𝑒𝑑𝑖𝑢𝑚−𝜏𝑓𝑖𝑛𝑒

𝑟12
𝑃𝑛+1−1

) (10) 
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𝑟12 = (
𝜏𝑚𝑒𝑑𝑖𝑢𝑚

𝜏𝑓𝑖𝑛𝑒
)

0.5

  (11) 

 
where r12 is the grid refinement ratio and M is the mesh number. 

The results of mesh independence are shown in Table 2. Mesh number used is 59364 elements. 
The mesh used is a structured cell with number of mesh 204 × 97 × 2 (see Figure 2). 

  
Table 2 
Mesh independency test results 
Number of mesh Torque,  r GCI 

44928 7.24 N.m 1.15 - 
54000 7.14 N.m 1.05 2.04% 
59364 7.11 N.m 1 1.50% 

 

 
Fig. 2. Visualization of Mesh 

 
2.4 Boundary Conditions 

 
There are several boundary conditions applied in this simulation. The inlet velocity used was 50 

m/s. Angular velocity of the runner of 314.286 rad/s. It is assumed there is no influence of body force 

(Gy = 0). The fluid that flows is air. The simulation carried out was transient in the t area of 0.0001 

s. This value is used based on previous studies, where t 0.0001 s can reasonably well represent the 
change in the flow field that occurs. 

 
3. Results 

 
The validation of this simulation by evaluating the velocity contours. The velocity contours of 

simulations results are compared to secondary data (as shown in Figure 4 [8,13]). The simulation 
results are said to be valid is if velocity contour can visualize the phenomenon of throughflow and 
recirculation flow. From Figure 3, the simulation results with the RNG k-ε model visualize the 
phenomenon of throughflow and recirculation flow, which is similar to the previous study [8,13]. 
Therefore, this simulation can be categorized as valid.  
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Fig. 3. The velocity contours of the crossflow wind turbine 

 

 
(a) Klemm et al., [13] study 

 
(b) Darmawan et al., [8] study 

Fig. 4. Velocity distribution 
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The simulation results with the RNG k-ε model are shown in Figures 5 to 8. The results Figure 5 
shows the velocity magnitude contours in the runner. Based on Figure 5, it can be seen that the vortex 
recirculation and throughflow occur in the middle of the runner as indicated by the arrow. The forced 
vortex occurs in the throughflow zone where the fluid passes the first inlet to the second inlet. At the 
other zones with less fluid concentration forms the eccentric vortex in the recirculation flow. Large 
eccentric vortices in the middle of the runner can reduce the kinetic energy transfer to mechanical 
energy due to obstruction of the blade channels. 

Figure 5 presented that the highest velocity occurs at the inlet side of the first stage blade, which 
will produce the highest momentum. High turbulence in the first stage blade is created by the velocity 
magnitude gradient between the inlet and outlet of the blade. This phenomenon is confirmed by the 
turbulent kinetic energy contours shown in Figure 6. 

The simulation results of the contour of the absolute total pressure are shown in Figure 7. Figure 
7 presented that the distribution of absolute total pressure is uneven in the first stage blade area 
causing random and fluctuating flow dynamics. The dynamics of the flow will generate turbulence in 
the blade area. This is in accordance with the contour of the turbulent dissipation rate as shown in 
Figure 8. Figure 8 demonstrated that in the surface area of the first stage blade inlet occurs a fairly 
large turbulent dissipation rate, this is due to the occurrence of small eddies. 

 

 
Fig. 5. The velocity contours 

 

 
Fig. 6. The contour of turbulent kinetic energy 

throughflow 

zone 

recirculation 

zone 
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Fig. 7. The contour of absolute total pressure 

 

 
Fig. 8. The contour of turbulent dissipation rate 

 
Simulation results show that in the surface area of the first stage blade inlet there is a large 

turbulent dissipation rate. This condition showing the change in σ constant for the dissipation 
transport equation in the standard k-ε model will be sensitive to get results that are close to the RNG 
k-ε model. Figure 9 and Figure 10 show the static pressure and velocity curves from the inlet to the 
outlet of the first stage blade of crossflow turbine, respectively. The curve shows the sensitivity of 

the change in the constant σ in the standard k-ε model to the average flow parameters of the 
distribution of static pressure and velocity. Likewise, the sensitivity of the constant change in the 

value of σ for turbulent kinetic energy is shown in Figure 11. 
Figures 12 and 13 show the turbulent dissipation rate curve and the turbulent effective viscosity 

from the inlet to the outlet of the first stage blade of crossflow turbine, respectively. Figures 12 and 

13 revealed that the simulation results with the change in constant value σ  = 1.5 standard k-ε model 
have a small deviation compared to the RNG k-ε model. 
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Fig. 9. Static pressure distribution along the y-axis 
of the crossflow turbine blade  

Fig. 10. Velocity distribution along the y-axis of the 
crossflow turbine blade  
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Fig. 11. Turbulent kinetic energy distribution along 
the y-axis of the crossflow turbine blade 

Fig. 12. Turbulent dissipation rate distribution along 
the y-axis of the crossflow turbine blade 
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The simulation results show that the constant value σ standard k-ε model has a small deviation 
value to the RNG k-ε model (see Figures 11 and 12). This study recommends modifying the standard 
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k-ε model with changes in the constant σ = 1.4 to 1.5 to obtain results that are close to the RNG k-ε 
model. 

 
4. Conclusions 

 
Based on results, flow field prediction of cross-flow wind turbine using the standard k-ε model 

with constant σ of 1.4 to 1.5 is the smallest deviation toward the RNG k-ε model. This shows that 

the constant σ has an influence on the predictions of the flow field. So, to increase the accuracy of 

prediction constant σ should be precisely defined. 
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