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Article history: This study will be assessing some turbulence model for numerical simulation in Pico
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Available online 28 December 2018 and feature six-degrees of freedom (6-DoF). Then, validation and verification were

done by comparing with previous study. There are six turbulence model that
compared: standard wall function k-g, scalable wall function k-g, standard wall
function RNG, scalable wall function RNG, standard transitional SST, and transitional
SST with curvature corrections. From the results, all the turbulent models give the
almost similar results. However, if by error assessment, the RNG turbulence model
with scalable wall function was the most accurate than others. By number of
timestep iterations assessment, the transitional SST with curvature correction
resulting more quickly to convergence than others. By timestep calculations times,
the standard transitional SST has relative average calculation timestep smaller than
others. Thus, based on assessment the turbulence model suitable for numerical
simulation in pico hydro cross-flow turbine is standard transitional SST.
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1. Introduction

Indonesia recently has 95% electrification ratio than targeted to be 100% in 2025 [1]. To achieve
the target, Indonesia must electrify more than 2500 of their rural areas [2]. However, development
of on-grid electricity to the rural area is very expensive [3]. Hydropower, especially pico-hydro
which scaled below than 5 kW is suitable for the off-grid electricity in rural area in Indonesia who
has great hydropower potential [4]. Pico hydro is hydroelectric power generation that produces
power less than 5 kW [5]. This is reason pico-hydro power plant is suitable to overcome of
electricity crisis in rural area[6].
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Cross-flow turbine is well known to be used in pico-hydro power plants[7]. This type of turbine
is classified as an impulse turbine with low head and medium water discharge[8][9][10]. Cross-flow
turbine was introduced by Donat Banki (Austrian), Anthony Michell (Australian), and Fritz Ossberger
(German). From previous study, cross-flow turbine is concluded as the most suitable turbine for
pico-hydro application in rural area because of its simple shape, portable and performance stability
[31[6][7][9][11][12].

Previous studies have been carried out to improve the performance of cross-flow turbines such
as design using ng[13], energy conversion considerations on stage 1 and 2 [14], minimize hydraulic
losses [15], inlet angle (8) optimum[16], and blade shape [6]. Currently, computational fluid
dynamics (CFD) method considered so important to predict the performance of designed turbine
before applied in real condition and more accurate than analytical method [7][17]. In the other
hand, CFD method analysis results could be the initial reference before doing the experiment [7].
From previous studies, in studying the flow physics phenomenon that occurs in the internal
impeller turbine cross-flow can be done using CFD method [6]. Moreover, it makes the engineer
easier to design and apply cross-flow turbine in any place such as rural area. However, the quality
of the results conducted by CFD method were influenced by some causes such as: existence and
quality of independency test [18], definition of the boundary [19], turbulence model choosing [16],
and discretisation method choosing [19]. This study will be focus on turbulence model choosing.

The comparison of some turbulence model has conducted by Sammartano et al. in 2016 [16].
That study was comparing k-g, RNG k-g, and transitional SST turbulence model. However, the study
only compares the error of these turbulence model without enough assessment method. The
assessment of turbulence model for cross-flow turbine is become important in this era since the
increased usage of the numerical methods to build a hydropower plant. The assessment should not
only compare the error of the calculation results from some turbulence models, but also compare
the other variables. This study was assessing some turbulence model from some variables like
errors, time per iteration and average iterations to converged. Furthermore, the results of this
study can add to understanding of CFD method especially turbulence model is suitable on cross-
flow turbine.

2. Methodology
2.1 Theory of Cross-flow Turbine

Sammartano et al. [9] introduced the more accurate equation to find the inlet velocity of water
in this turbine. The equation is expressed in Eq. 1. Then, it was validated in their next study in 2016
[16]. After inlet velocity was found, the turbine construction main parameter could be found based
on Table 1.

V = Cyy/2gH — 0?R? (1)

where V is inlet velocity, Cy is coefficient of velocity, H is head, w is turbine rotating speed, and R is
the turbine outer radius.

The cross-flow turbine’s runner outer diameter and the rotation speed could be defined with
classic Eq.

U=w-D/2 2)
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Then, the runner inner diameter could be determined. The runner’s blade curve radius and
angle could be determined in Egs. 3 and 4 [8].

RZ _7,.2
2R cos(By) (3)

tan (6) _ cos(f1)

2) " sin(By) +D/d

Rp
(4)

while d/Dand r/Ris 0.75, and f7is 39°, Eq. 3 and 4 was simplified in Eq. 5 and 6.

R =0.14D (5)
§=59 (6)
Table 1
Main design parameters
Parameter Value
Angle of Attack (a) 22°[20] [21]
Diameter Ratio (d/D) 0.75 [16]
Blade’s inlet angle (51 39° [9]
Blade’s outlet angle (£52) 90° 8]
Optimum speed ratio ( V7/U) 1.8 [9][16]
Nozzle discharge angle (/) 90° [9]
Runner-Nozzle Width Ratio (IW/B) 1.5[9]

Nozzle design parameter could be defined by Eq. 7 and 8 [9]:

So=0.29D (7)
B =Q/(SV) (8)

where Spis nozzle initial height, Bis nozzle width, and Qis expected water discharge.
2.2 CFD Procedure, Case and Models

The CFD methods in this study was run on academic licensed ANSYS™ FLUENT® 18.2. Two-
dimensional (2D) domain was chosen because previous studies reported results representing three-
dimensional (3D) conditions [6]. The simulations were run using standard Volume of Fluid (VoF)
multiphases modelling with constant interfacial surface tension. First order UPWIND discretization
scheme also used in this study. This method provides stable iterating calculation results, but, it
needs a fine enough mesh to be more accurate.

The case in this study uses the similar design of cross-flow turbine inside study by Sammartano
et al. [16]. The specific design was summarized in Table 2. Then, as validation and verification of this
results of this study could be compared with Sammartano’s [16] results. The simulations case was
shown in Figure 1 and 2.
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Table 2
Specific design parameters
Design Parameter Value Design Parameter Value
Outer diameter 161 mm Inner diameter 121 mm
Number of blades 35 Angle of attack 22°
Blade’s inlet angle 39° Blade’s outlet angle 90°
Blade’s curve radius 22.5 mm Blade’s curve angle 59°
Nozzle discharge angle 90° Nozzle initial height 47 mm

To ensure the quality of the simulations, mesh and timestep independency test was conducted
before data gathering using Richardson Interpolation method [18]. This method could determine
lowest number of mesh number or timestep frequency which suitable with desirable calculation
quality. The first step of the extrapolation is to determine the convergence coefficient which is
notated as p, that shown in Eq. 9.

(3]
p=In (fz - fl)/ln(r) (9)

The extrapolation of the exact value by Richardson extrapolation could be determined by Eq. 10.

fao = fi + BT (10

which ris the ratio of refinement. Then the error calculated in Richardson extrapolation is called as
Grid Convergence Index (GCI). The GCI for the refinement process is calculated based on Eq. 11.

GCl,y, = Wmm% (11)

which is the acceptable GCl should less than 1%. After independency test conducted, this study was
use 39,928 elements of mesh and 2,500 Hz of timestep frequency. The meshing results was shown
in Figure 2.

0 01 () 01 ()
— —

Fig. 1. Boundary conditions of simulations case Fig. 2. Mesh density
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This study varies some type of turbulence models with ANSYS™ native constants value. Tested
turbulence models were standard wall function k- model, scalable wall function k-£¢ model,
standard wall function RNG model, scalable wall function RNG model, standard transitional SST
model, and curvature correlated transitional SST model. All the turbulence models were compared
with Sammartano’s Experimental results to see the error. Time of calculation and total number of
iterations was also recorded for consideration. Furthermore, this study uses feature six-degrees of
freedom (6-DoF). The 6-DoF was chosen can represent phenomenon physic more precisely because
the rotation of the wheel is the results of a simulation not a boundary condition . However, this
feature requires higher computing power than moving mesh because post processing data can be
taken if steady conditions have been obtained.

There are several pre and post processing simulation processes such as: first the imported
geometry is named as inlet, outlet, interior interface, impeller and wall. Then, the interface of
impeller and interior interface are joined to avoid error calculations because if this is not defined
the software will assume the interface as a wall. Note that simulation failures occur very often
because they fail or do not define the interface. Next step is meshing process. Furthermore, giving
the boundary conditions used such as: velocity or pressure inlet with solver types is pressure based
because the fluid used is incompressible flow; gravity of 9.81 m/s%; activating the turbulence model
to capture vortex that occur become precision; the interface that has been joined is set up using
rotational and re-meshing because when the impeller rotating, the mesh that changes in size
readjusts to the initial conditions so that errors due to calculation or rounding do not increase;
smoothing is selected to repair-improve size of mesh; and then, 6-DoF feature activation. Feature
6-DoF requires using preload and moment of inertia. The preload value can be knowing from the
experimental test, but in this study the preload used is 1 N-m. The moment of inertia can be known
from computer-aided design (CAD) software or from results of calculations using the Eq. of moment
inertia this circular ring.

2.3 Turbulence Models Assessment Procedure

This study compared three type of turbulence models, which are k-g, RNG, and Transitional SST.
Each turbulence models have divided into standard and advance featured models. So that this
study was comparing six different case, which are Standard k- model, k- model with Scalable Wall
Function, Standard RNG model, RNG model with Scalable Wall Function, Standard Transitional SST
model, and transitional SST with Curvature Correction model. The k- turbulence model is model is
using two equations which are predicting the kinetic energy and the dissipation of the turbulence
flow[22]. The first equation is predicting the kinetic energy of turbulence flow, and the second one
is predicting the dissipation of turbulence flow. The RNG turbulence model is the improvement of
the k- turbulence model which has developed by Yakhot et.al [23]. This turbulence model use
renormalization group theory in statistical technique to derive the standard k-€¢ model. The
transitional SST turbulence model is the modification of SST k-w turbulence model by adding two
more equations, which are called gamma and Retha equation[24]. The SST k-w itself is the
modification of k-w model which use two equations like k-g, and RNG k-€ model.

All mentioned turbulence model (k-g, k- plus scalable W/F, RNG, RNG plus scalable W/F,
Transitional SST, and Tr.-SST with curvature correction) was compared in three variables, which are
simulation results error from Sammartano, et al. [16] results, average timestep iteration, and
average timestep calculation time. All these three variables are representing the quality of the
turbulence models. The simulation error was the root mean square of the deviation between
simulation results and Sammartano, et al. [16] results. The average timestep iteration was the ratio
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between total number of iterations in the simulation and the number of timesteps, which is 2000.
The average timestep calculation time is the dividing of total calculation time with 2000, then
compared each other.

To summarize all the assessment variable, the Response Surface Methodology (RSM) process
was conducted in this study. The response surface methodology is a method to determine the
function of the result response to the change of some different input variable [25]. In this study, the
RSM was used to normalize and summarize the output value of these three assessment variables.
Due to all these assessment variables is better when they are smaller, the normalization function of
these variables was similar which is linear Ax + B function. The functions were transforming the
results value of each assessment variables to be in range between 1 and 6. The normalization
function for simulation results error variable is written in Eq. 12.

Ve = f(x,) = 7400x, — 107 (12)

Then, the normalization function for the average timestep iteration variable and the average
timestep calculation time variable was based on Eq. 13 and Eq. 14.

y; = g(x;) = 0.080x; — 1.5 (13)

The summary of the assessment is the sum of y,, y;, and y; which is the turbulence model with
smallest value is the most suitable model for cross-flow turbine simulation.

3. Results
3.1 Independency Test Results

This study used Richardson extrapolation method to find the suitable mesh and timestep size
for the assessment process. The variation of mesh in this study was about 62k, 40k, and 26k nodes.
The number of mesh was translated as normalized grid spacing value of 1.295, 1 and 0.772. For the
timestep independency test, the timestep frequency was varied for 500 Hz, 1250 Hz and 2500 Hz,
then translated to 4.84, 2.2, and 1 of normalized timestep spacing value. Pressure probe at point (-
0.19, 0.07) m was used for the testing variable. The location of the point in this study case is
marked as (*) in figure 1. The Richardson extrapolation results for mesh and timestep
independency is shown at the chart in figure 3 and figure 4.
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Fig. 3. Mesh Independency Result Fig. 4. Timestep Independency Result
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Figure 3 shows that the pressure was alternating up and down with increasing amplitude
respectively to the normalized grid spacing. It was expected that the exact pressure at point (-0.19,
0.007) m was -23.41 Pa by the Richardson extrapolation. From Figure 3 it can be implied that the
deviation between calculated pressure in 0.772 and 1 of normalized gird spacing value is smaller
than the same results between 1 and 1.295 of normalized grid spacing value. The reduction of
deviation is expected always happened at the smaller grid spacing than converged at -23.4 Pa. The
calculated error between calculated pressure in 0.772 and 1 of normalized gird spacing value was
0.79% which is lower than appointed threshold, which is 1%. It can be concluded that for the
assessment phase in this study can use meshing with density 40k nodes or 62k nodes. As the results
of the mesh independency test, this study is using 40k nodes meshing due to computer processor
and memory limitation.

The similar condition was also happened in timestep independency testing process. The
pressure at the same point was alternating with amplitude increment respectively to the
normalized timestep spacing. The Richardson extrapolation forecasted the exact pressure in the
timestep independency test at the same point with the mesh independency test was -28.96 Pa.
From the calculation, the error of calculated pressure between normalized timestep spacing of 1
and 2.2 was 0.24%. It was implied that timestep frequency 1250 Hz and 2500 Hz was good enough.
This study was use 2500 Hz of timestep frequency with consideration that timestep size or
frequency only affect to storage usage and total time of calculation.

The estimated exact value result from Richardson extrapolation is different in mesh
independency test process and timestep independency process because of the test sequence. The
mesh independency test was run before the timestep independency with steady state calculation
mode for resource efficiency. The timestep independency test run afterwards and must be in the
transient mode with rotating runner. The rotation of the runner induced the surrounding air then
make the surrounding air kinetic energy was risen. The rising of the kinetic energy made the
pressure of the surrounding air, including the tested point, decreased.

3.2 Turbulence Model’s Errors Assessment

The main criteria for a good turbulence model was the error with the experimental results.
Figure 5 is presenting the efficiency curve comparation in this study.
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Fig. 5. Comparison of CFD results with Sammartano’s study
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Graphics in Figure 5 show that all the turbulent models give the almost similar results. But, in
detail, it was implied that each turbulent model has different error characteristic for each V;/U.
Deviation at all point was summed for each turbulent model to summarize the results and make the
ranking list. The ranking of turbulence model’s accuracy is displayed in table 3.

Table 3
The numerical results error comparison (smaller is better)
Turbulence Model Average Error Ve

Standard k-¢ 0.01508 4.576
k-€ with Scalable Wall Function 0.01525 5.847
Standard RNG 0.01473 1.979
RNG with Scalable Wall Function 0.01462 1.211
Standard Transitional SST 0.01513 4.989
Trans. SST with Curvature Correction 0.01523 5.731

This study error assessment results show that RNG turbulence model with scalable wall function
was the most accurate model to predict the efficiency of cross-flow turbine, followed by Standard
RNG model. First remark of comparation between numerical and experimental results is the
numerical simulations results is lower than the experimental one. This phenomena was similar with
some other studies before [16][26][27]. This can be implied that the loss of the cross-flow turbine
performance caused by turbulent and velocity randomness which is could not be calculated in
analytical approach was calculated too much in numerical simulations. The RNG model could
renormalize the overcalculated turbulent to match the real condition. This caused the RNG family
could resulting the higher efficiency than others and make them closer to the experiment results.

3.3 Average Timestep Iterations Number Assessment

As the CFD simulations use the numerical approach, the simulation is using iteration process to
determine the correct value of all variables included in fluid dynamics phenomena. In ANSYS™
FLUENT® transient simulations, the maximum iteration number per timestep can be set to keep the
calculation run efficiently. However, the iteration process can be converged before the maximum
iteration number reached. A good turbulence models should have a good prediction of the exact
value of variables in faced case, so the iteration process could be minimized. The ranking of the
lowest iteration needs of turbulence models is shown in table 4.

Table 4
The average timestep iteration comparison (smaller is better)
Turbulence Model Average Iterations Timestep Vi

Standard k-& 75.429 4.534
k-g with Scalable Wall Function 48.468 2.377
Standard RNG 87.099 5.468
RNG with Scalable Wall Function 89.611 5.669
Standard Transitional SST 53.872 2.810
Trans. SST with Curvature Correction 32.389 1.091

Table 4 displayed that Transitional SST need fewer iterations to be convergence. With four
equations, this model can determine the suitable calculation method at different point of the case.
This was resulting this model more quickly to convergence than other models. The curvature
correction feature also gives a better prediction of exact value of fluid dynamic variable at different
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place in the case. However, the scalable wall function RNG needs more iterations to be
convergence although the calculation results were more precise.

3.4 Average Timestep Calculation Time Assessment

This study was run in 2000 timestep with 2500 Hz of timestep frequency. All the turbulence
models were used in the same treated calculation process which is, 2 process of parallel calculation,
same computer, and run without disturbance of other applications. The average timestep
calculation time each turbulence model then normalized so that the shortest period was become 1.
Table 5 is showing ranking of average timestep calculation time for each turbulence model.

Table 5
The relative average timestep calculation time comparison (smaller is better)
Turbulence Model Relative Average Calculation timestep A

Standard k-¢ 1.138 3.060
k-g with Scalable Wall Function 1.068 2.036
Standard RNG 1.321 5.735
RNG with Scalable Wall Function 1.288 5.256
Standard Transitional SST 1.000 1.040
Trans. SST with Curvature Correction 1.132 2.972

It can be implied from table 4 and 5 that the average needed time per timesteps has a high
relation with the needed iterations per timesteps. Otherwise, the rumor about Transitional SST
which has four equations is heavier and needs more times to calculate a CFD case was not proven.
The Curvature Correction feature even give a high impact to the needed time instead of the
number of equations in the turbulence models itself. This can be proven from the switching
position between standard SST model and SST model with Curvature Correction feature in table 4
and 5.

3.5 Summary of The Assessments

After the assessment of errors, average iteration per timestep, and average time per timestep,
the point which obtained by the turbulence model was summed as the final point. The final point of
each turbulence model then compared and ranked to nominate the most suitable turbulence
model for pico hydro cross-flow turbine CFD simulations. Figure 6 displaying the final point ranking
of turbulence models.

From Figure 6, it can be concluded that the most suitable turbulence model for pico hydro
cross-flow turbine is standard transitional SST turbulence model. Although this turbulence model
was not very good in for the accuracy, this model was very good for the calculation process
performance, especially for time spending. The remarkable result was pointed to k-€¢ model with
scalable wall function which placed in third position. With still acceptable error (about 1.5%), this
simple model could give the balance performance between errors, time, and iteration needs. Some
advanced modification of this model could increase the performance of this model to give better
prediction. The modification of k- model will be conducted in the next study.
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Fig. 6. Turbulence Model Assessment Results (smaller is better).

4. Conclusions

The assessment of six types of turbulence models with three criteria variables has been done in
this study. The most suitable turbulence model for pico hydro cross-flow turbine is standard
transitional SST turbulence model. This turbulence model has a good mark in time usage and rate of
convergence which only has y total about 8.8. However, this conclusion is still not final because the
validation data uses secondary data, but these results can be a preliminary reference that the
turbulent model has a significant effect on the results will be obtained on the pico hydro cross-flow
turbine object.
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