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Despite the successful use of the Standard 𝑘 − 𝜀 model in simulating turbulent flow 
for many industrially relevant flows, the model is still less accurate for a range of 
important problems, such as unconfined flows, curved boundary layers, rotating flows, 
and recirculating flows. As part of the authors’ effort to extend the model applicability 
and reliability, this paper aims to study the effects of diffusivity parameter called the 
turbulent Prandtl number of dissipation rate (𝜎𝜀) on the Standard 𝑘 − 𝜀 model 
performance for predicting recirculating flow in a crossflow water turbine. The value 
of this parameter was varied from 0.5 to 1.5 in the CFD simulations, and the results 
were compared to the more sophisticated 𝑘 − 𝜀 model, namely the RNG 𝑘 − 𝜀, which 
has been first qualitatively validated by an experimental result. In addition, the 
parameter value was also adjusted using the Multi-Linear Regression (MLR) method 
ranging from 0.42 to 1.5 to complement the CFD simulations. It was observed that 
reducing the 𝜎𝜀 value is effective in minimizing the average deviation of the turbulence 
properties concerning the RNG 𝑘 − 𝜀 model. However, the adjusted 𝑘 − 𝜀 model still 
faces difficulty in accurately predicting the pressure and velocity field. Based on this 
result, adjusting the 𝜎𝜀 constant in the Standard 𝑘 − 𝜀 turbulence model has the 
potential to improve the model performance for modelling recirculating flow in terms 
of the turbulence properties, but still needs further investigation for the flow 
properties. 
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1. Introduction 
 

Turbulent flow is commonly accompanied by the flow which experiences reversal, called 
recirculating flow, frequently caused by the separation of a boundary layer. Unlike attached-flow 
turbulence, recirculating flow is governed by large-scale, outer region eddies, which urge a wake-like 
pattern on the flow [1]. One of the examples of the importance of recirculating flow in engineering 
practice is the crossflow water turbine. Presently, the massive use of crossflow water turbine has 
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been restricted due to its lower efficiency compared to other types of turbines, which can achieve 
efficiencies near to 90% [2]. This problem is heavily associated with the recirculation phenomenon. 
The recirculating flow which occurred in the middle region of the runner will absorb the mean flow 
energy and thus reduce the kinetic energy transfer to mechanical energy on the turbine blades, 
causing a drop in the system efficiency. Being able to accurately predict such phenomena is crucial 
to improving the efficiency of engineering equipment.  

Computational fluid dynamics (CFD) with the Reynolds-Averaged Navier-Stokes (RANS) equations 
approach has been widely used to study fluid flow involving turbulence due to its computational 
efficiency since the method only focuses on the mean flow and the effects of turbulence on mean 
flow properties. In essence, the RANS equations are derived through the Reynolds-averaging process 
of the Navier-Stokes equations, resulting in six extra terms called Reynolds stresses, which need to 
be modeled to close the equations [3]. There are two common approaches to model these stresses; 
Reynolds Stress Model (RSM) and the Boussinesq eddy-viscosity hypothesis. The use of RSM is less 
frequent because of its high computational cost, while the latter model already provides good 
accuracy with moderate computational power [4]. In the Boussinesq eddy-viscosity hypothesis, the 
Standard 𝑘 − 𝜀 and RNG 𝑘 − 𝜀 models are generally used since the results have been thoroughly 
proven to be used for technical analysis in the industry [5].  

In the case of recirculating flow, the RNG 𝑘 − 𝜀 outperforms the standard model because it 
contains more complex models, including the additions of the swirl effect term of turbulence, the 
differential formula for effective viscosity, the analytical formula for the turbulent Prandtl number, 
and the enhancement in the generation and destruction terms in the turbulent dissipation rate 
equation (𝜀) [6,7]. Yakhot et al., [8] proved the ability of the RNG 𝑘 − 𝜀 model in accurately predicting 
recirculating flow over a backward-facing step, which gave rise to considerable attentiveness to 
employ the model into commercial CFD codes. Nonetheless, [9]reported that the RNG 𝑘 − 𝜀 model 
is only sensitive to the magnitude of the strain parameter magnitude 𝜂 and not to its sign. As a result, 
the model will give the same effect if the geometry is contracting or expanding, which is not true in 
reality. In addition to this sensitivity issue, the computational cost of the RNG 𝑘 − 𝜀 is also higher 
than the standard model [4].  

On the other hand, the numerical studies of the Standard 𝑘 − 𝜀 model conducted by some 
authors [10–18] showed relatively good results and robustness but the model is still less accurate in 
predicting the flow details, especially in rotating, recirculating, and large separation flow. The 
Standard k-ε model tends to cause higher turbulent kinetic energy, turbulent dissipation, and 
turbulent viscosity than the actual conditions. This is suspected due to the turbulent Prandtl number 
in the 𝜀 equation which is assumed to be unity (𝜎𝜀 = 1) [19–22]. The early attempt of simulating 
recirculating flow in a backward-facing step configuration using the Standard 𝑘 − 𝜀 model [23] 
indicated that the model underpredicted the reattachment point by the order of 20-25% compared 
to the experimental results. Avva et al., [24] addressed this problem by suggesting that the 
underpredicted value was caused by the insufficient computational grid resolution. When the finer 
grid was used, they observed that the error was only of the order of 10%. Afterward, there has been 
significant number of studies that tried to improve the Standard 𝑘 − 𝜀 model performance, such as 
modifications to account for streamline curvature based on the algebraic stress model [25], 
performing calculations with a multiple scale 𝑘 − 𝜀 [26], and development of the anisotropic model 
[27], to name but a few. However, no detailed study to investigate the effects of the 𝜎𝜀 change on 
the model performance in predicting recirculating flow, particularly for a crossflow water turbine.  

A preliminary effort to fill this gap has been carried out by the authors by proposing 𝜎𝜀 values 
greater than 1 [28], which concluded that the small change of 𝜎𝜀 can be very sensitive to the results. 
There was a considerable difference on the turbulent dissipation rate value between the 𝜎𝜀 value of 
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1.4 and 1.5, while the values of 1.1 to 1.4 exhibited a similar result. Hence, this research aims to 
further investigate the effect of changing the turbulent Prandtl number in the 𝜀 equation on the flow 
and turbulence properties in recirculation flow phenomena within a broader range of 𝜎𝜀 values, 
which might improve the Standard 𝑘 − 𝜀 model performance in providing better accuracy with low 
computational cost. The study was carried by simulating the flow inside a crossflow water turbine 
using the Standard 𝑘 − 𝜀 turbulence model and the 𝜎𝜀 parameter value was proposed to be varied 
from 0.5 to 1.5. The assessment of the standard model performance was done with respect to the 
RNG 𝑘 − 𝜀 model, which has been first validated qualitatively by an experimental result using particle 
image velocimetry (PIV) technique. The performance of the standard model is said to be good if it 
can minimize the deviations of pressure, velocity, and turbulence properties from the results 
obtained using the RNG model. Furthermore, the parameter adjustments were also performed with 
the value ranging from 0.42 to 1.5 using the Multi-Linear Regression (MLR) method to verify and 
complement the CFD analysis.  
 
2. Mathematical Formulations of the 𝒌 − 𝜺 Turbulence Models 
 

Recall the Reynolds-Averaged Navier-Stokes (RANS) equations for an unsteady incompressible 
Newtonian fluid in Einstein notation in Cartesian coordinates as it is the underlying mathematical 
model for the present numerical simulation.  
 

𝜌(
𝜕𝑢𝑖

𝜕𝑡
+ 𝑢̅𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
[−𝑝̅𝛿𝑖𝑗 + 𝜇 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) − 𝜌𝑢′𝑖𝑢′𝑗̅̅ ̅̅ ̅̅ ̅] + 𝜌𝑓𝑖         (1) 

 

The equations contain six additional extra terms 𝜌𝑢′𝑖𝑢′𝑗̅̅ ̅̅ ̅̅ ̅ called the Reynolds stresses, which make 

the number of unknowns is more than the number of equations. Using the Boussinesq eddy-viscosity 
hypothesis, the Reynolds stresses can be represented with the mean flow velocities, 
 

𝜌𝑢′
𝑖𝑢′

𝑗
̅̅ ̅̅ ̅̅ ̅ = 𝜇𝑡 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3
𝜌𝑘𝛿𝑖𝑗            (2) 

 

where 𝑘 =
1

2
(𝑢′2̅̅ ̅̅ + 𝑣′2̅̅ ̅̅ + 𝑤′2̅̅ ̅̅̅) is the turbulent kinetic energy per unit mass, 𝛿𝑖𝑗 is the Kronecker 

delta (𝛿𝑖𝑗 = 1 if 𝑖 = 𝑗 and 𝛿𝑖𝑗 = 0 if 𝑖 ≠ 𝑗), and 𝜇𝑡 is the turbulent or eddy viscosity. Thus, if the 𝑘 and 

𝜇𝑡 are known, the RANS equations are closed and can be solved to find the mean value of flow 
quantities. It is therefore the main objective of the 𝑘 − 𝜀 turbulence models-which consist of two 
transport equations for the turbulent kinetic energy 𝑘 and its dissipation rate 𝜀-to calculate the 
turbulent kinetic energy and express the eddy viscosity 𝜇𝑡 as a function of 𝑘 and 𝜀. 
 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜀
              (3) 

 
The Standard 𝑘 − 𝜀 model is a semi-empirical model proposed by Launder and Spalding [19] 

which was derived from the assumption that the flow is fully turbulent, and the effects of molecular 
viscosity are neglected. The turbulent kinetic energy equation is written as 
 
𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑘𝑢𝑖̅̅ ̅)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗
[

𝜇𝑡

𝜎𝑘

𝜕𝑘

𝜕𝑥𝑗
] + 2𝜇𝑡𝑆𝑖𝑗𝑆𝑖𝑗 − 𝜌𝜀         (4) 

 
and for the dissipation rate of the turbulent kinetic energy  
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𝜕(𝜌𝜀)

𝜕𝑡
+

𝜕(𝜌𝜀𝑢𝑖̅̅ ̅)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗
[

𝜇𝑡

𝜎𝜀

𝜕𝜀

𝜕𝑥𝑗
] + 𝐶1𝜀

𝜀

𝑘
2𝜇𝑡𝑆𝑖𝑗𝑆𝑖𝑗 − 𝐶2𝜀𝜌

𝜀2

𝑘
        (5) 

 
where 𝑢̅𝑖 is the mean velocity components, 𝑆𝑖𝑗represent the component of deformation rate (mean 

velocity gradients), 𝜎𝑘 and 𝜎𝜀 are the turbulent Prandtl numbers for 𝑘 and 𝜀, respectively. The default 
value for all constants have been determined from experiments for a variety of turbulent flows and 
are defined as follows; 𝐶𝜇 = 0.09, 𝐶1𝜀 = 1.44, 𝐶2𝜀 = 1.92, 𝜎𝑘 = 1.30, 𝜎𝜀 = 1.00. The focus of the 

present study is on the 𝜎𝜀 constant, which is the diffusivity parameter for the turbulent dissipation 
rate. From the 𝜀 equation above, it can be seen that decreasing the 𝜎𝜀 value will increase the overall 
diffusivity parameter value, and thus enhance the diffusion process.  

The RNG 𝑘 − 𝜀 model, on the other hand, was derived using statistical technique called the 
renormalization group (RNG) devised by Yakhot and Orszag of Princeton University. The equations 
for the RNG 𝑘 − 𝜀 model are written in the following form 
 
𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑘𝑢𝑖̅̅ ̅)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗
[𝛼𝑘𝜇𝑒𝑓𝑓

𝜕𝑘

𝜕𝑥𝑗
] + 2𝜇𝑡𝑆𝑖𝑗𝑆𝑖𝑗 − 𝜌𝜀         (6) 

 
𝜕(𝜌𝜀)

𝜕𝑡
+

𝜕(𝜌𝜀𝑢𝑖̅̅ ̅)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗
[𝛼𝜀𝜇𝑒𝑓𝑓

𝜕𝜀

𝜕𝑥𝑗
] + 𝐶1𝜀

𝜀

𝑘
2𝜇𝑡𝑆𝑖𝑗𝑆𝑖𝑗 − 𝐶∗

2𝜀𝜌
𝜀2

𝑘
       (7) 

 
where 
 
𝜇𝑒𝑓𝑓 = 𝜇 + 𝜇𝑡              (8) 

 
and 𝜇𝑡 is commonly computed using Eq. (3) for high-Reynolds number, while to handle the low-
Reynolds number and near-wall flows the RNG model provides a differential equation for calculating 
the turbulent viscosity [29]. For the RNG model, the constants are as follows 
 
𝐶𝜇 = 0.0845,  𝐶1𝜀 = 1.42, 𝐶2𝜀 = 1.68, 𝛼𝑘 = 𝛼𝜀 = 1.393        (9) 

 
𝛼𝑘 and 𝛼𝜀 are called the inverse Prandtl number for 𝑘 and 𝜀 respectively, which represent the effects 
of small-scale turbulence in the diffusion terms. It can be observed that the major difference between 
the Standard and RNG 𝑘 − 𝜀 model resides in the 𝜀 equation, which significantly enhances the 
accuracy of the model for rapidly strained and swirling flows, since  
 

𝐶∗
2𝜀 = 𝐶2𝜀 +

𝐶𝜇𝜂3(1−𝜂/𝜂0)

1+𝛽𝜂3   (10) 

 
and 
 

𝜂 =
𝑘

𝜀
√2𝑆𝑖𝑗𝑆𝑖𝑗 𝜂0 = 4.38 𝛽 = 0.012  (11) 

 
There are two scenarios of restrained flow that can be analyzed to assess the behavior of the RNG 

𝑘 − 𝜀 model. In the case of low to moderate strained flows (𝜂 < 𝜂0), such as the logarithmic layer, 
the value of 𝐶∗

2𝜀 is larger than 𝐶2𝜀 which causes the large destruction of dissipation rate, so that the 
RNG model is less dissipative than the standard model. On the contrary, in regions near walls where 
large strain rate occurs (𝜂 > 𝜂0), the value of 𝜀 will be higher (more dissipative) due to the lower 
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destruction term and consequently, the kinetic energy will be reduced, resulting in a lower turbulent 
viscosity than the Standard 𝑘 − 𝜀 model. 
 
3. Methodology 
3.1 Experimental Investigation Using Particle Image Velocimetry (PIV) Technique 
 

An experiment to visualize the flow field inside a crossflow water turbine was carried out to 
provide a qualitative validation reference for the CFD simulations. The experiment leveraged 
Crossflow Water Turbine and Dantec PIV system facilities in the University of Indonesia (UI) Fluid 
Mechanics Laboratory. Figure 1 displays the experimental setup to obtain the flow field visualization 
inside the crossflow water turbine using PIV technique. In the first experiment, the crossflow turbine 
was run in steady-state condition and the snapshots of the flow were taken using a high-speed 
camera embedded in the PIV system. Unfortunately, the result of the PIV for the dynamics 
experiments of the crossflow turbine gives a quite high uncertainty an inaccurate result. Therefore, 
the crossflow turbine is locked and maintained in static condition to give a more accurate and 
acceptable experiment result.  
 

 
Fig. 1. Experimental setup of the crossflow water turbine 
using Dantec PIV system in Fluid Mechanics Laboratory of 
Universitas Indonesia 

 
To obtain the flow visualization, the PIV system required seeding particles that were collected 

inside the reservoir as depicted in Figure 2. The particles must first be blended with the water before 
they were injected into the turbine. Consecutively, a test was performed to ensure the homogeneity 
of the particle-water mixture, meaning that the particles were spread uniformly inside the water. 
Once the homogeneity was achieved, the energy and focus of the camera lens were adjusted by 
manually rotating the knob and laser control panel until the particles could be properly captured by 
the camera.  

 

 
Fig. 2. Seeding particles used in the 
experiment 
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In the PIV system, picture calibration is highly important at getting the scaling factor (pixels/mm). 
This factor was obtained by measuring the reference distance in the location of interest of the 
crossflow turbine. The estimated distance was then sent as an input to the PIV software. It was 
obtained that the scaling factor is approximately 6 pixels/mm. Finally, the PIV was calibrated to 
correctly measure the flow rate by comparing the measured velocity value with the computed 
velocity value (measured volume flow rate/turbine inlet area). The result was that the average 
velocity from the PIV measurement was 1.147 m/s and the computed velocity was 1.439 m/s, which 
showed that the uncertainty was under 3% and thus acceptable to be used for the experiment. 
 
3.2 Modeling of Turbulent Recirculating Flow in a Crossflow Water Turbine 
 

The computational modeling of a crossflow water turbine was performed using CFDSOF® 
software by CCIT Group Indonesia. CFDSOF consists of CFD methods basic such as mass conservation, 
momentum conservation, and energy conservation, where these equations were solved by finite 
volume method. This software was developed by the AIR group research team which offer turbulence 
model, heat transfer simulation (conduction, convection, and radiation), combustion, multiphase, 
and others. It also has been used by several researchers with good simulation results. Moreover, 
researchers are familiar with the appearance of this software, making it easier to do simulations 
[28,30–32]. The main simulation objective is to study the effects of changing the 𝜎𝜀 value from 0.5 to 
1.5 on the recirculating flow prediction performance using the Standard 𝑘 − 𝜀 turbulence model. The 
best performance is defined as the model with a certain 𝜎𝜀 value which gives the minimum deviations 
for the RNG 𝑘 − 𝜀 model in terms of flow and turbulence properties, such as velocity, pressure, 
turbulent kinetic energy, rate of dissipation of turbulent kinetic energy, and turbulent effective 
viscosity. 
 
3.2.1 Geometry of the model 
 

The three-dimensional crossflow turbine domain and configuration used in the simulation are 
shown in Figure 3 (dimensions in mm).  
 

 
Fig. 3. Crossflow turbine geometry 

 
3.2.2 Mesh generation  
 

The mesh consists of structured three-dimensional (hexahedral) cells as visualized in Figure 4. To 
ensure the resulting mesh has been sufficient enough to deliver computational results with minimum 
numerical errors due to the domain discretization process, a mesh independency test was carried 
out for three different mesh configurations. The Grid Convergence Index (GCI) was used to determine 
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the independence of the mesh configuration and thus can select the optimum mesh in terms of 
computational accuracy and cost. GCI to get the medium mesh is 
 

𝐺𝐶𝐼12 = 𝐹𝑠 × |
1

𝜏𝑓𝑖𝑛𝑒

𝜏𝑚𝑒𝑑𝑖𝑢𝑚−𝜏𝑓𝑖𝑛𝑒

𝑟12
𝑃𝑛−1

| × 100%  (12) 

 
The value of 𝐹 is 1.25, where 𝐹 is a safety factor. Analysis of the convergence observed (𝑝𝑛) was 

carried out using Eq. (13). 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. (15) [33] 
 

𝑝𝑛+1 = 𝑙𝑛 [(
𝜏𝑐𝑜𝑎𝑟𝑠𝑒−𝜏𝑚𝑒𝑑𝑖𝑢𝑚

𝜏𝑚𝑒𝑑𝑖𝑢𝑚−𝜏𝑓𝑖𝑛𝑒
(𝑟12

𝑃𝑛 − 1)) + 𝑟12
𝑝𝑛] / 𝑙𝑛(𝑟12 • 𝑟23)  (13) 

 

𝑃𝑟ℎ=0 = 𝜏𝑓𝑖𝑛𝑒 − (
𝜏𝑚𝑒𝑑𝑖𝑢𝑚−𝜏𝑓𝑖𝑛𝑒

𝑟12
𝑃𝑛+1−1

)  (14) 

 

𝑟12 = (
𝜏𝑚𝑒𝑑𝑖𝑢𝑚

𝜏𝑓𝑖𝑛𝑒
)

0.5

  (15) 

 
In this case, the repair ratio is given by a symbol 𝑟12, while the mesh number is given the symbol 

𝑀. The grid independence test was performed using the RNG 𝑘 − 𝜀 model and the mesh 
configurations along with their respective GCI percentage are shown in Table 1 below. Based on this 
result, the mesh with cell counts of 47508 (214x74x3) is chosen for the CFD simulation.  
 

Table 1 
Mesh independency test result 

Number of mesh  (Nm) r p GCI (%) 

42840 6.846     
45156 6.495 1.026675 33.40257 4.79% 
47508 6.484 1.025712 33.97506 0.15% 

 

 
Fig. 4. Visualization of the 3D mesh 
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3.2.3 Simulation setup 
 

For the boundary conditions, the inlet condition is imposed by the normal velocity type with the 
value of 3.13 m/s. The angular velocity of the runner is 0 rad/s (static runner) to match the 
experimental condition and the pressure outlet is set at the outlet boundary. The working fluid is 
water at 25oC (𝜌 = 1000 𝑘𝑔/𝑚3, 𝜇 = 8.68 𝑥 10−4 𝑘𝑔/𝑚. 𝑠 ). Based on the previous study, ∆𝑡 =
0.0001 seconds is needed to represent changes that occur in the flow plane. The boundary condition 
setting in this simulation is set as follow: (i) The turbine runner is set on a static condition where the 
rotational velocity is zero, (ii) an inlet velocity is set in normal direction to the inlet surface with the 
value of 3.13 m/s, (iii) an outlet pressure boundary with atmospheric pressure condition is set at the 
outlet of the flow, (iv) the gravitational acceleration is considered. 
 
4. Results and Discussion 
 

Before proceeding any further into the analysis, the computational model was first validated 
qualitatively by the experimental result obtained by using the PIV technique in terms of velocity field. 
Based on Figure 5 below, the velocity field produced by the RNG 𝑘 − 𝜀 model exhibits identical 
recirculating flow patterns with the experimental result depicted in Figure 6 during the separation 
phenomenon on the first stage blade  

In light of this result, the RNG 𝑘 − 𝜀 model is considered to be able to capture the prominent flow 
features and thus is used as a benchmark for assessing the Standard 𝑘 − 𝜀 model performance when 
varying the dissipation rate of turbulent kinetic energy parameter. 

Figure 7 to Figure 10 present the simulation result using the RNG k-ε model for flow and 
turbulence properties. The highest velocity occurs on the first stage blade inlet that causes the 
highest momentum transfer to the blade, as shown in Figure 7. Furthermore, there exists flow 
separation on the upper surface of several blades, which will negatively affect the ability of the water 
to move the neighboring blades. Outside the blade region, the water flows with higher velocity than 
the inner region following the circular curvature of the turbine case until it reaches the outlet duct 
and leaves the computational domain. 
 

 
Fig. 5. Velocity distribution from the CFD simulation using RNG k-ε model 
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Fig. 6. Velocity distribution from the experiment using PIV 

 
Figure 8 shows the distribution of absolute total pressure contour which can provide insights into 

energy associated with the flow. It can be observed that the total pressure has relatively uniform 
values in the nozzle, but then its values drop dramatically after entering the runner region. Moreover, 
the regions between blades contain lower total pressure regions than their surroundings, implying 
the presence of flow separation and recirculation phenomena, which absorb energy from the mean 
flow. The turbulent kinetic energy (𝑘) and the rate of dissipation of turbulent kinetic energy (𝜀) 
contours are given in Figure 9 and Figure 10 respectively. The turbulent kinetic energy values near 
the first stage blade are large since the flows are being accelerated by the nozzle, resulting in greater 
velocity values. These large turbulent kinetic energy fields indicate the large size of eddies, while the 
other lower energy regions mean the eddies have got smaller in size through the energy cascade 
mechanism. 
 

 
Fig. 7. Velocity field contour from the CFD simulation using RNG 
k-ε model 

 



CFD Letters 

Volume 14, Issue 1 (2022) 112-127 

121 
 

 
Fig. 8. Pressure field contour from the CFD simulation using RNG 
k-ε model 

 
There are some large turbulence dissipation rates in the first stage blade inlet area and other 

several turbine regions, particularly on the leading-edge section. These high dissipation rates arise 
when the flow velocities are relatively high and start to separate from the leading-edge surfaces. By 
correlating this information with the previous knowledge of turbulent kinetic energy, it can be 
concluded that the large turbulence dissipation rate occurs under large turbulent kinetic energy since 
the contour of turbulent dissipation rate shows significant values only in the area where the turbulent 
kinetic energy exhibits the contour colors of yellow to red. Over and above that, one can firmly 
remark that the large turbulent kinetic energy, as well as the large dissipation rate, are located at the 
first stage blade after the converging section of the nozzle. It is an important note for engineering 
perspective to minimize the energy dissipation due to the turbulence in these critical regions to 
improve the transfer of kinetic energy to mechanical energy on the blades.  
 

 
Fig. 9 Turbulent kinetic energy field contour from the CFD simulation using 
RNG k-ε model 
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Fig. 10 Dissipation rate of turbulent kinetic energy field contour 
from the CFD simulation using RNG k-ε model 

 
As stated earlier, the focus of the present research is to study the influence of the 𝜎𝜀 value on the 

Standard 𝑘 − 𝜀 model performance in predicting recirculating flow. Since the critical region in which 
the recirculating flow phenomenon occurs is the area of the first stage blade turbine, the flow field 
and turbulence properties values will be assessed along the vertical line which spans from inlet to 
outlet channel of the first stage turbine. The results of varying turbulent Prandtl number of 
dissipation rate from 0.5 to 1.5 are given by Figure 11 to Figure 14. 

It is convenient to start the discussion with the turbulence properties. There is a well-recognizable 
pattern that shows that the decreasing of the 𝜎𝜀 value will reduce the turbulent kinetic energy (Figure 
13), the rate of dissipation of turbulent kinetic energy (Figure 14), and the turbulent effective 
viscosity (Figure 15). Furthermore, all the 𝜎𝜀 values exhibit an identical pattern, where the turbulence 
properties rise until 𝑌/𝑌𝑚𝑎𝑥  values of 0.3 or 0.4 and then decline across the remaining positions on 
the line. Based on these two graphics, the 𝜎𝜀 value of 0.5 gives the minimum deviations  

with respect to the RNG 𝑘 − 𝜀 model. This is an intriguing founding since the author’s previous 
research showed a contrast result [28]. It was found that for the recirculating flow simulation inside 
a crossflow turbine, increasing the 𝜎𝜀 value will reduce the turbulent kinetic energy and its dissipation 
rate and thus the optimum value of 𝜎𝜀 was found to be 1.5. The noticeable differences are the 
previous research used air as the fluid and the runner was set to have an angular velocity, while in 
this current study the fluid is water and the runner is considered to be static, to match the PIV 
measurement.  

Nonetheless, the case is different from the total pressure (Figure 11) and velocity (Figure 12) 
fields. In the pressure graphic, a similar pattern is observed regarding the declining value of total 
pressure as the 𝜎𝜀 decreases, but the minimum deviation is found when the 𝜎𝜀 value is 1.3, which is 
in contrast with the turbulence properties results. For the velocity field, changing 𝜎𝜀 does not give a 
significant effect to the velocity values. At location 𝑌/𝑌𝑚𝑎𝑥  = 0.5, all velocity values almost coincide 
each other, while at 𝑌/𝑌𝑚𝑎𝑥  = 1.0, the velocity predicted by the Standard 𝑘 − 𝜀 model failed to 
accurately approach the value of the RNG 𝑘 − 𝜀 model. 
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Fig. 11. Total pressure distribution along the y-
axis of the crossflow turbine blade 

 

 
Fig. 12. Velocity distribution along the y-axis of 
the crossflow turbine blade 

 

 
Fig. 13. Turbulent kinetic energy distribution 
along the y-axis of the crossflow turbine blade 

 

 
Fig. 14. Turbulent dissipation rate distribution 
along the y-axis of the crossflow turbine blade 

 
 

 
Fig. 15 Turbulent effective viscosity distribution along the y-axis of the crossflow 
turbine blade 

 
For further investigation, adjustment of the Standard 𝑘 − 𝜀 model constants of 𝜎𝑘 and 𝜎𝜀 using 

the Multi-Linear Regression (MLR) method is made on the center position of the first stage blade of 
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the crossflow turbine. Shown in Table 2, the best average deviation of the MLR results against the 

results of the RNG k-ε model on parameters; pressure at σ = 0.8, 0.9 and 𝜎𝑘 = 1, velocity at σ = 0.8 
to 1.4 and 𝜎𝑘 =1, turbulent kinetic energy, turbulent dissipation rate, and turbulent effective viscosity 

at σ = 0.5 and 𝜎𝑘 = 1. The range of average deviation in pressure and velocity parameters is quite 
small, while the range of mean deviation in the turbulence properties is tremendously large. These 

variables adjustments at the constant value of 𝜎𝑘 = 1 are taken in the range σ = 0.5 to 1.5. The 
analysis above shows that increasing the 𝜎𝜀 value will reduce the turbulent kinetic energy and its 
dissipation rate. 
 

Table 2 
MLR error of the calculation 1 for the RNG k-ε model 
Optimization 
Variable 

MLR Calculation Error for The RNG k-ε Model 

No k  Total 
Pressure 
(Pa) 

Velocity 
(m/s) 

Turbulent Kinetic 
Energy (m2/s2) 

Turbulent 
Dissipation Rate 
(m2/s3) 

Turbulent Effective 
Viscosity (kg/m.s) 

1 1 0.5 7% 3% 8% 12% 10% 
2 1 0.6 5% 2% 37% 34% 48% 
3 1 0.7 2% 1% 66% 55% 89% 
4 1 0.8 1% 0% 95% 75% 129% 
5 1 0.9 1% 0% 123% 95% 169% 
6 1 1.0 3% 0% 152% 116% 210% 
7 1 1.1 7% 0% 179% 136% 249% 
8 1 1.2 9% 0% 207% 158% 287% 
9 1 1.3 11% 0% 235% 180% 324% 
10 1 1.4 15% 0% 264% 204% 360% 
11 1 1.5 17% 1% 295% 233% 395% 

 

The results of the constant value modification which are taken in the range below σ = 0.51 and 
𝜎𝑘 = 1, are as shown in Table 3.  
 

Table 3  
MLR error of the calculation 2 for the RNG k-ε model 
Optimization 
Variable 

MLR Calculation Error for The RNG k-ε Model 

No k  Total 
Pressure 
(Pa) 

Velocity 
(m/s) 

Turbulent Kinetic 
Energy (m2/s2) 

Turbulent 
Dissipation Rate 
(m2/s3) 

Turbulent Effective 
Viscosity (kg/m.s) 

1 1 0.51 8% 2% 12% 12% 16% 
2 1 0.5 8% 2% 9% 10% 12% 
3 1 0.49 8% 2% 6% 8% 9% 
4 1 0.48 8% 2% 3% 6% 5% 
5 1 0.47 9% 2% 0% 4% 1% 
6 1 0.46 9% 2% 2% 2% 3% 
7 1 0.45 9% 2% 5% 0% 7% 
8 1 0.44 9% 2% 8% 3% 11% 
9 1 0.43 9% 2% 11% 5% 15% 
10 1 0.42 10% 2% 14% 7% 18% 

 

Modification of the k-ε model with changes in the constant value σ = 0.47 and 𝜎𝑘 = 1 has an 
average deviation on physical parameters; pressure 9%, velocity 2%, as well as for turbulent 
parameters; turbulent kinetic energy 0%, turbulent dissipation rate 4%, and turbulent effective 
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viscosity 1%. Constant value σ = 0.47 and 𝜎𝑘 = 1 are thus recommended to get a smaller deviation 
value compared to the k-ε RNG model. As the result shows the increasing the 𝜎𝜀 value will reduce 
the turbulent kinetic energy and its dissipation rate as described above. 
 
5. Conclusion 
 

The numerical study has been carried out to study the effects of the 𝜎𝜀 value on the Standard 
𝑘 − 𝜀 model performance for predicting recirculating flow in a crossflow turbine. The value of 𝜎𝜀 was 
varied from 0.5 to 1.5 in the CFD simulations, while the default value of the parameter is 1. The 
assessment was also done using the Multi-Linear Regression (MLR) method with changes in the 
parameter value from 0.47 to 1.5, to advance the analysis of the performance when the constant is 
set to be around 0.5. From both methods, it was obtained that the changes in 𝜎𝜀 can give rise to 
significant shifts in turbulence properties, such as turbulent kinetic energy, turbulent dissipation rate, 
and turbulent viscosity, which are important variables to determine the acoustic and vibration of the 
equipment. The best fit for the RNG 𝑘 − 𝜀 model was attained when 𝜎𝜀 = 0.47, implying that the 
decreasing 𝜎𝜀 will provide better results. However, the case is not applied to flow properties 
(pressure and velocity), wherein the deviations between the Standard and RNG model are notable. 
For the velocity field, there were no significant changes observed when the 𝜎𝜀 value was varied, as 
opposed to the turbulence properties. Further research must be performed to address the 
significance of the 𝜎𝜀 value on velocity and pressure fields as they are the commonly used variables 
for assessing performance. Nonetheless, the results from the present study have demonstrated the 
possibility to improve the performance of the Standard 𝑘 − 𝜀 model performance in predicting 
recirculating flow phenomenon by adjusting the constant dictating the dissipation rate of turbulent 
kinetic energy. 
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