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there is no clarity of the most accurate model, especially in the pico hydro type
propeller. Therefore, this study compared three turbulent models based on Reynolds
Average Navier-Stokes (RANS) two equations to predicts the performance of a pico
hydro propeller turbine: standard k-g, Group Normalization (RNG) k-, and Shear Stress
Transport (SST) k- w. This study used a three-dimensional simulation method,
transient, and six-degree of freedom features. The Grid Convergency index (GCl) and
Time-step Independence Index (TCl) were used to verify the simulation results. From
the results, the CFD results were similar to the experiment results (valid). Furthermore,
there was different prediction of performance due to differences in the turbulence
model but not too high. Based on this, for prediction of performance pico hydro
propeller turbine, the standard k-€ turbulence model was recommended for use.
However, for study flow field, RNG k-g and SST k-w were recommended because they
were not over-predicted in the dissipation rate calculation.
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1. Introduction

In 2018, approximately more than 5 million people in Indonesia do not yet have access to
electricity [1]. Most of the electrification problems are in remote areas. This is caused by difficult
access, so the cost of electricity connection from remote areas to the main grid is expensive [2]. To
solve this problem, the government of Indonesia distributes diesel engines to remote areas [3]. This
solution is considered ineffective because fuel must be distributed continuously. A possible solution
is off-grid system using independent power plant based on renewable energy such as pico hydro,
wind turbine and solar photovoltaic. The pico hydro is highly considered because Indonesia has a
hydro power potential up to 19 GW in pico scale [3-5].
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Pico hydro turbine is hydropower that produces power less than 5 kW. The advantages of pico
hydro are it is easy to manufacture and has low maintenance cost [6]. One type of pico hydro turbine
that can be used in remote areas is propeller turbine. The propeller turbine is categorized as reaction
turbines which have performance relatively high and stable in low head conditions because a wide
range of specific speed (Ns) [7-9]. The propeller turbine is a turbine that has a high modularity and
compact so that it is able to be easily distributed to remote areas [7].

Since of its great benefits, several studies were conducted to improve the performance propeller
turbine. Singh et al., [10] explained that the blade length has more influence on the performance of
the propeller turbine than the number of blades. Byeon and Kim [11] explained that propeller turbine
with 4 number of blades is more effective than 3 and 5 number of blades. Podnar et al., [12]
compared two different hydrofoils and proposed a method to determine cavitation in propeller
turbine using computer aided visualization. In addition, Podnar et al.,, [12] suggest to be more
selective in determining blade profile, because it affects the formation of cavitation (reducing
efficiency). Simpson and Williamson [13] developed the manufacture method of pico scale
hydropower propeller turbine for remote areas. The study found that incorrect correspondence
between turbine rotor design and flow rate at the site significantly influenced turbine operation [13].
Alexander [14] compared 4 different propeller turbine runners designed with 4 different specific
speed. The study explained that propeller turbine with Ns 242 was the most efficient runner
compared to Ns 176, 355, and 544. Nasution et al., [15] suggested to design propeller turbine runner
based on Ns with a power function than discharge function. Based on numerical analysis, the runner
designed based power function had better performance [15]. Adanta et al., [9] explained that the
distance between blades could change the flow velocity at the outlet where this made torque
decrease causing the reduction of efficiency.

From the results of the review, the computational fluid dynamics (CFD) method is a widely used
method. It is because it is able to reduce time and cost compared to experiment method and it shows
a more detailed and extensive fluid phenomenon when compared to analytical method [16-17].
Furthermore, there are several aspects related to CFD accuracy; boundary condition, discretization
of space and time method, and turbulence models [16-18]. Errors caused by boundary conditions can
be eliminated if adjusted to be similar to the actual conditions. Discretization errors can be reduced
by independency tests [19-20]. However, for turbulence model errors, there is no clarity of the most
accurate model to use, especially in the case of turbomachinery.

In term of turbulence model, BoZi¢ and Benisek [21] compared SST k-w with the Reynolds stress
model (RSM) to calculate profile and secondary losses. The results of the study revealed that the
values of total and profile losses were lower and more accurate using the SST k-w turbulence model
[21]. Furthermore, Siswantara et al., [22] have conducted the comparison of six turbulence models
in crossflow turbine. All the turbulence models are standard wall function k-¢, scalable wall function
k-g, standard wall function RNG, scalable wall function RNG, standard transitional SST, and
transitional SST with curvature corrections [22]. The results showed that there was a difference
prediction of runner performances but not high [22]. Based on the results, the transitional SST
turbulent models were optimum [22].

Based on Siswantara et al., [22] study, turbulent models affect the predictions for turbomachinery
cases. Consequently, to determine the suitable turbulence model in propeller turbine in pico scale, a
study is needed. Therefore, the purpose of this study is to compare three Reynolds Average Navier-
Stokes (RANS) turbulence models. Turbulence models based on RANS were chosen because they are
the most widely used because of their fairly good accuracy and relatively moderate use of computer
power [23]. The turbulence models compared were standard k-g, Renormalization Group (RNG) k-¢,
and Shear Stress Transport (SST) k-w.
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2. Methodology
2.1 Geometry

The blade and draft-tube geometry in this study were the same as the geometry used by Ho-Yan
[7]. Ho-Yan’s [7] study was used because it showed more complete methods and results so that it
can be used as a validator. The following is Table 1 and Figure 1 which are the main parameters of
blade and draft-tube geometry.

Table 1

Main design parameters
Parameters Value
Number of blades, z 4

Outer diameter, Do 130 mm
Inner diameter, Di 70 mm
Tip chord length, L 109 mm
Hub chord length, L 74 mm
Blade’s angle, B 25.54°
Inlet Diameter, Din 141.3 mm
Outlet Diameter, Dout 298.06 mm
Draft tube height, T 1700 mm

(b)

Fig. 1. Simulation setup (a) schematic of boundary condition (b) visualization of mesh
2.2 Simulation Setup

The computation was run by applying the ANSYS™ FLUENT® 18.1 software. The six-degrees of
freedom (6-DoF) feature was used to get the computational results close to the actual conditions
because this feature could predict the runner rotation [24]. The 6-DoF is a solver for calculating
external forces and moments such as gravitational force and moments on an object where this solver
is a transient dynamic mesh simulation [25]. Therefore, the rotation of the propeller turbine is the
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computation result (dependent variable) and it is different from standard moving mesh and multi
reference frame (MRF) which rotation was defined in boundary condition. Furthermore, the mesh
type used was tetrahedron because this type was suitable for complex geometry such as runner of
propeller turbine (see Figure 1(b)).

There were several simulation setups used. Pressure based solver was chosen because the flow
is incompressible. There was an influence of body force (gy = -9,8 m/s?). The Inlet condition is mass
flow with 12.9 I/s. The outlet condition is pressure outlet with 0 Pa. The runner object was set to be
a moving wall. The dynamic mesh activation settings were smoothing mesh method and 6-DoF
option. The settings of 6-DoF were one DoF rotation with moment of inertia of 0.02 kg-m? and
preload of -0.02 N. m. The moment of inertia value could be found from computer aided software.
Solution method is SIMPLE because this needed computing power lower than others.

2.3 Reynolds Average Navier-Stokes (RANS)

Three turbulence models were based on RANS with two equations for compared: standard k-¢,
RNG k-g, and SST k-w. These three models are most often used for industrial and educational
purposes.

The governing equations of the standard k-e turbulence model are Eq. (1) for kinetic energy
turbulent and Eq. (2) for dissipation rate [25]:

0 a 0 ad
5 () + = (pkug) = o= | (1 + ) | + G+ Gy — pe =iy + 54 (1)

7] d 7] 7] 2
5 (0E) + 5 (pewy) = 5 [ o]+ Creg (Gic + CacGp) = Caep o + 5. (2)

where y; is turbulence viscosity; G;, and Gjare the generation of turbulence kinetic energy due to
the mean velocity gradients and buoyancy, respectively; Y, represents the contribution of the
fluctuating dilatation in compressible of turbulence to the overall dissipation rate; g, and o, are
inverse-turbulent Prandtl numbers for k and ¢, respectively;C; ¢, C,. and Cs.is constant; S,and S, are
user defined source terms.

The governing equations of the RNG k- turbulence models are Eq. (3) for kinetic energy turbulent
and Eq. (4) for dissipation rate [25]:

(Pk) + —(pkul) (ak.ueff o ) + G + Gy, —pe— Yy + S (3)

(pe) + . (peul) (ak.ueff dx ) + Cls (GK + CSsGb) CZsp K Ss (4)

The governing equations of the of the SST k-w turbulence model are Eq. (5) for kinetic energy
turbulent and Eq. (6) for specific dissipation rate (w) [25]:

(Pk) + —(pku ) = (Fk ax]) + G — Y + 5 (5)

2 (pw) + 2= (pooy) = (r —)+G — Yy + Do + S (6)
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where [, and I, are effective diffusivity ok k and w, respectively.
2.4 Independency Test

The optimum mesh number was determined by using grid convergence index (GCl) calculation
method. The GCI calculation is based on the Richardson extrapolation method [24-25]. The torque
(t) was variable that was used as an independency test data which was compared in each variation
of the number of mesh. The GCI analysis was performed on the fine mesh to medium and medium
to coarse. Eq. (7) was used to calculate GCI [26-27].

1 Tm—’[f

Tf TlZTn—l

GCly, = sp x x 100% (7)

where s is safety factor of 1.25, r is ratio of grid refinement, and T, is order of convergence
observed. r was determined by using the following [26-27]:

v = (ﬂ)O.S (8)

M

where M is mesh number. T,, was determined by the following way [26-27]:

Thy1=1In [(Z;T;; (™ — 1)) + r12Tnl/ln(T12'r23) (9)

Furthermore, since there is not yet standard method in determining the optimum discrete time,
the GCl analysis was adopted to determine the optimum discrete time called the timestep
convergence index (TCl).

3. Results and Discussions
3.1 Results

The variation of element numbers used were 318306, 691996, and 1460865 elements. The grid
element ratios (r) were 2.17 and 2.11. The GCI calculation results are shown in Table 2. Based on
Table 2, the mesh with 1460865 elements was used because it has an error below 1%. For the time
step independency, the variation of discrete time were 0.001 s, 0.002 s, and 0.005 s, which
corresponded to the frequency of 1000 Hz, 2500 Hz, and, 5000 Hz, respectively. The TCl calculation
results are shown in Table 3. Based on Table 3, the time step frequency of 2500 Hz was used.

Table 2

GCl results

Normalized Grid Number of Mesh  Torque,t r T GCl (%)
Spacing (N-m)

2.14 318306 0.806 - - -

1.45 691996 0.835 1.47 - 0.718
1 1460865 0.839 1.45 5.0305 0.109
0 Ax—>0 0.839 - - -
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Table 3

TCl results

Normalized Frequency (Hz) Torque, T r T GCl (%)
Timestep Spacing (N-m)

2.24 1000 0.315 - - -

1.41 2500 0.314 1.58 - 1.03

1 5000 0.313 1.41 0.86 0.76

0 At—>Continuum 0.311 - - -

3.2 Turbulence Model Assessments

Figure 2 describes the computational results compared with experiment result based on Ho-Yan’'s
study [7]. Figure 2(a) is a comparison graph between P (power) vs U/ C1. U is runner velocity and C;
is absolute velocity of water. From the Figure 2(a), the CFD results was valid because they were similar
to Ho-Yan’s [7] study. Figure 2(a) shows that the maximum power generated by the blade was at U/
C1 between 0.2-0.3. Then, Figure 2(b) is a comparison graph between n (efficiency) vs U/ Ci. Figure
2(b) shows that the increasing of U/ C1reduced the torque.

10
P 1,0 — Standard K-¢
Torque ——RNG K¢
(W) s (Nm) | g SST K-w
0,8 1 F‘- 1
) \’\\\\-‘!
0,6 -
4 —m— Ho-Yan's study
k-¢ standard) 0,4
——RNG k-¢
SST k-0
21 0,21
0 T T T T 1 010 T T T 1
0.0 0.1 0.2 0.3 04 0.5 0,0 0,1 0,2 0,3 0,4
u/c, u/C,

(a) (b)
Fig. 2. Simulation results (a) P vs U/C; (b) 1 vs U/Cy

3.3 Discussions

Based on Figure 2, there was difference result though it was not high. All varied turbulence
models can be said relatively similar to predicted power and torque values for each variation of U /
Ci. These results were similar to the Siswantara’s [22] study in the case of cross-flow hydro turbines.
Siswantara's [22] study shows that the changes in the turbulent model (k-g, SST, and RNG) was
different but not high [22].

Figure 3 shows the pressure contour on the pressure surface of the blade. The mechanical power
of the blade was generated by the different total pressure distribution on the pressure and suction
side of the blade. From Figure 3, the pressure distribution on the pressure side of each blade was not
so different (relatively similar) which caused the prediction of performance of blades in Figure 2 was
not much different.
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(@) (b) (c) (d)
Fig. 3. Pressure contour on blade surface (a) legend (b) standard k-& (c) RNG k-& (d) SST k-w

On the other hand, based on Figure 4, there were differences of flow phenomena in the draft
tube. Based on Figure 4, prediction of flow in the standard k-€ model was longer than prediction of
SST k-w and RNG k-€. The difference in the prediction of the three turbulent models was caused by
the different assumption of the range of mixing length used by the three models.

pathlines-1
Velocity Magnitude

by
"/'m .
P‘ ,‘\. \

3.21e+00
3.05e+00
2.89e+00
2.73e+00
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2.09e+00
1.93e+00
1.77e+00
1.61e+00
1.44e+00
1.28e+00
1.12e+00
9.63e-01

8.03e-01

6.42e-01

4.81e-01

3.21e-01

1.61e-01

0.00e+00

[mis]

(a) (b) (c) (d)
Fig. 4. Path line of velocity of water a) legend (b) standard k-& (c) RNG k-& (d) SST k-w

Versteeg and Malalasekera [16] stated that the standard k-€ turbulence model predicted the high
mixing length values than SST k-w and RNG k-€. This is why the standard k-& turbulence model was
over predicted when the flow was in the production regime and was too diffusive which can be seen
in Figure 4(a). Figure 4(a) shows that the magnitude velocity of swirling flow was not higher compared
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to the others (see Figure 4(b) and 4(c)). The length of prediction swirling ensures that the standard
k-g turbulence model was over predicted in calculating the dissipation rate.

The different predictions of the standard k- with RNG k-g& turbulent model was due to the
equation of € of RNG k-¢ that had been modified for calculating the rotating flow effect (swirling)
[28]. The RNG k- turbulence model was developed to correct over-predictions made by the standard
k-g [29-30]. As a result, the RNG k-g& was not too diffusive compared to the standard k-¢.

From Figures 2 and 3, the prediction of swirling flow between the SST k-w and the RNG k-&
turbulence model was similar (insignificantly different). The SST k-w turbulence model was developed
to improve the prediction of swirling flow. This improvement occurs due to the modelling of shear
stress between boundary layer which was proportional to the turbulence kinetic energy [31-32]. This
is the reason for the chaotic and fluctuating behaviour of the flow. The SST k-w turbulence model
was a good preference because the measurement of the adverse flow was more precise than the
standard k-w turbulence model.

4. Conclusions

Predictions of comparative performance of propeller turbine in pico scale using three turbulence
models based on RANS two equations (standard k-€, RNG k-g, and SST k-w) had been carried out.
From the results, there was different prediction of performance due the variation of turbulence
model but not too high. For prediction of performance propeller turbine in pico scale, the standard
k-g turbulence model was recommended to use. However, for study flow field, RNG k-€ and SST k-w
were recommended because they were not over-predicted in calculating the dissipation rate.
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