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ABSTRACT

Article history:

The computational method has long been used in propeller turbine studies. However,
there has not yet been a comprehensive explanation for mesh and timestep
independency method or verification for propeller turbine simulation. Hence, this study
explains propeller turbines' mesh and timestep independency method. The
computational software for this case is ANSYS® FLUENT 18.2™. The grid convergency
index (GCI) and the Courant number (Cn) analysis determine the optimum mesh and
timestep size. Based on the results, the mesh number of 691996 (medium) is
considered appropriate in this case because the GCI is below 1%. The 691996 mesh has
a size (Δx) of 0.432 mm. The Cn is 0.72 (the water velocity of 0.63 m/s) based on the
investigation; therefore, the timestep size for this case of 0.0005s. Then, verification of
the CFD results in the propeller turbine can be indicated by visualising the pressure
contour; the pressure on the upper side of the runner should be higher than the lower
side. The deviation average of CFD results in secondary data of 14.48%. The deviation
is presumably because of missed information about the CFD setup geometry with real
conditions. Thus, the independency method using the GCI method and C n analysis is
recommended for propeller turbines. CFD results show that torque, power generated,
and efficiency of the propeller turbine toward its rotation have a similar pattern to
secondary data; it can indicate that the CFD results of the propeller turbine are verified.
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1. Introduction
Propeller turbines are reaction turbines where the energy absorbed is kinetic and pressure [1–3].
The propeller turbine is often used as a power plant because of its stable efficiency due to the wide
specific speed (Ns) range of 300 to 1000 m-kW [4]. The Ns for the turbine is a function of turbine
rotation (n), head (h), and power [5]. The Ns is a non-dimensional number that aims to determine a
condition's turbine dimension [6]. The propeller turbine is similar to the Kaplan turbine, where
propeller turbines have a fixed blade while the Kaplan turbines do not [4, 6]. Since the Kaplan turbine
*
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has an adjustable blade, it is desirable for mini scales to the top. In contrast, propeller turbine is in
demand for microscale to the below [8].
The development of technology makes computational methods interesting in studying the
propeller turbine [8-9]; since the computational methods can describe the physical phenomenon
more than experimental and analytical [11]. Therefore, converting energy from fluid to runner is well
understood [12].
Studies examining propeller turbines using computational methods have been carried out.
Adanta et al., [13] studied the effect of gaps between blades on the energy conversion process.
Simulation from computational methods describes the flow field in the propeller turbine in detail and
precision [13]. The computational results visualise changes in fluid velocity vector due to wide gaps
between blades [13]. Warjito et al., [14] investigated the transfer of energy on flat and aerofoil blades
in propeller turbines. Computational results can visualise the difference in pressure on the upper and
lower blade [14]. Based on results, for propeller turbines with small-scale such as pico hydro (< 5 kW),
a flat blade is recommended [8, 13] since the production of lift and drag force by aerofoil blade is not
significant [14]. Then, the comprehensive CFD method for propeller turbine is done by Cifuentes et
al., [9]. Cifuentes et al., [9] compared the inflation layers around the blade and concluded that it
affects the CFD results. Hence the mesh quality should be considered for propeller turbine
simulation. Ramos et al., [15] evaluated the propeller turbine performance using the CFD method.
Ramos et al., [15] recommended the CFD method as verificatory first the propeller turbine
performance.
Furthermore, the feasibility study propeller pump applied as a turbine was done using the CFD
method [16]. Based on the results, CFD can be applied to predicting propeller turbine of pump
performance [16]. A study of the integrated CFD method to the electrical generator for propeller
turbine to predict the power losses were done by Borkowski et al., [17]. In addition, Borkowski et al.,
[17] studied the effect of the turbulence model on power losses prediction. Based on the results, the
k-ɛ standard can predict power losses in propeller turbines [17]. Then, the CFD method was used to
calculate the propeller turbine performance by changing the flow rate and the number of blades [18].
The advantage of the CFD method is that it can study the flow field more comprehensively than
experiments [19]. Hence the analysis aerodynamics small scale blade propeller turbine mostly uses
the CFD method [20]. The CFD results can be used as a reference to determine the appropriate shape
and angle of the aerofoil to increase the lift runner force [20].
Although the computational method has long been used in propeller turbine studies, there has
not yet been a comprehensive explanation for mesh and timestep independency method or
verification for propeller turbine simulation. Hence, this study explains propeller turbines' mesh and
timestep independency method. The computational software for this case is ANSYS® FLUENT 18.2™.
The grid convergency index (GCI) [20-21] and the Courant number (Cn) analysis [19] are used to
determine the optimum mesh and timestep size.
2. Methodology
2.1 CFD Method
The simulation has three stages: pre-processing, processing, and post-processing. This study only
describes pre-processing step. The pre-processing activity is divided into three parts [9]: import
geometry from computer-aided design (CAD) software to Ansys Fluent, meshing process, and setup
of simulation or defining boundary conditions [23].
The turbine geometry used is from Warjito et al., [24], and as validator is Ho-Yan study's [25]. The
detailed geometry: the number of blades (z) is 4, outer diameter (d1) of 130 mm, inner diameter (d2)
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of 70 mm, angle of attack at the inlet (α1) of 34.8°, stagger angle (ζ) of 73.7°, blade angle at the inlet
(β1) of 72.4°, angle of attack at the outlet (α2) of 7.5°, blade angle at the outlet (β2) of 74.9°, inlet
diameter (D1) of 141.3 mm, outlet diameter (D2) of 298.06 mm, and draft tube height (t) of 1.7 m.
The visualisation of the geometry in Figure 1.

Fig. 1. Schematic of propeller turbine

ANSYS® FLUENT 18.2™ was used for computational calculations. Three-dimensional (3D) analysis
using six degrees of freedom (6-DoF) features was applied due to the complex shape of the propeller
blades. The 6-DoF feature was chosen because the rotation is an independent variable; the rotation
depends on the mass flow of fluid hitting the blade [24-25]. Pressure-based solver is applied because
the fluid flow is incompressible (water) [19] with a transient approach (timestep). Therefore, the
mass conservation and momentum conservation equation become [26-27]
𝜕(𝜌) 𝜕(𝜌𝑢𝑗 )
+
=0
𝜕𝑡
𝜕𝑥𝑗

(1)
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𝜕(𝜌𝑢𝑖 ) 𝜕(𝜌𝑢𝑖 𝑢𝑗 )
𝜕𝑝 𝜕(𝜏𝑖𝑗 − 𝜌𝑢𝑖 ′𝑢𝑗 ′)
+
=−
+
+ 𝜌𝑔𝑖
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑖
𝜕𝑥𝑗

(2)

where p is pressure, τij is shear stress, and -ρui'uj' is Reynolds stress. -ρui'uj' is calculated based on the
Reynolds Average Navier-Stokes (RANS) viscous model; the turbine propeller flow is expected to
occur in turbulence [11]. - ρui'uj' becomes [28-29]
−𝜌𝑢𝑖 ′𝑢𝑗 ′ = 𝜇𝑡 (

𝜕𝑢𝑖 𝜕𝑢𝑗
2
𝜕𝑢𝑖
+
)𝛿
) − (𝜌𝑘 + 𝜇𝑡
𝜕𝑥𝑗 𝜕𝑥𝑖
3
𝜕𝑥𝑖 𝑖𝑗

(3)

Therefore, the Reynolds Average Navier-Stokes (RANS) viscous model based on two equations of
the k-ɛ standard is applied for this case. The k-ɛ standard can represent fluid phenomena with
reasonably good accuracy [9, 30]. The standard k−ε equation is [33]
For k:
𝜕(𝜌𝑘) 𝜕(𝜌𝑘𝑢𝑖 )
𝜕
𝜇𝑡 𝜕𝑘
((𝜇 + )
) + 𝐺𝑘 + 𝐺𝑏 + 𝜌𝜀 + 𝑌𝑀 + 𝑆𝑘
+
=
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑖
𝜎𝑘 𝜕𝑥𝑗

(4)

For ε
𝜕(𝜌𝜀) 𝜕(𝜌𝜀𝑢𝑖 )
𝜕
𝜇𝑡 𝜕𝜀
𝜀
𝜀2
(𝐺
)
+
=
((𝜇 + )
) + 𝐶1𝜀
+ 𝐶3𝜀 𝐺𝑏 − 𝐶2𝜀 𝜌 + 𝑆𝜀
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑖
𝜎𝜀 𝜕𝑥𝑗
𝑘 𝑘
𝑘

(5)

2.2 Independency Test Method
The torque generated by the runner is the parameter used for the mesh number test—the mesh
number test using grid convergency index (GCI) analysis. The GCI calculates the error of each mesh
number against the exact value (τ→∞) [20-21]. τ→∞ is the extrapolation by torque fine mesh (τf),
torque medium mesh (τm), and torque coarse mesh (τc). Therefore, the analysis error of each mesh
number becomes

GCIfm = Fs

1 τ m − τf
100%
τf rfm qn − 1

(6)

where Fs is the safety factor or estimation tolerance of 1.25, r is the grid refinement ratio of
rfm=(mf/mm)0.5. m is the number of mesh. Then, qn is obtained from numerical calculations using
analysis

 τ −τ

q n +1 = ln  c m rfm qn −1  + rfm qn / ln ( rfm  rmc )
 τ m − τf


(

)

(7)

The initial value for Eq. (7) of 2. Then, the τ→∞ is calculated using the extrapolation approach
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 τ −τ 
τ→ = τf −  mqn +1 f 
 rfm − 1 

(8)

Further, analysis of the normalised grid spacing (h) is done using Eq. (8). The example of Eq. (8)
analysis is

h cm =

r
2
; h mf = cm
rcm
rfm

(9)

For the timestep size (Δt), the calculation of the independency test is recommended to use the
Courant number (Cn) [19]. The Cn is a non-dimensional analysis that visualises particle fluid passing
through a mesh; ideally, Cn of 1 [19]. The Cn is more than 1 considered the particle uncalculated in
the mesh (particles skip a cell) [19]. The calculation of Cn is

Cn = u i 

t
x

(10)

3. Results and Discussion
3.1 GCI Calculation Results
The minimum elements number for GCI analysis is three [20-21, 32]. There are three elements
number verified: 318,306 (coarse), 691,996 (medium), and 1,460,865 (fine). Therefore, r fm of 1.453
and rmc of 1.474. Forward, using Eq. 9, h for coarse of 2, medium of 1.36, and fine of 0.93. The h for
τ→∞ of 0; 0 is assumed ∞.
Torque of each mesh number of: 0.806 N·m (coarse); 0.835 N·m (medium); and 0.839 N·m (fine).
Then, the numerical calculation for qn using Eq. (7). Based on the numerical calculation, the qn of
5.0694. Further, the extrapolation of τ→∞ using Eq. (8) was based on the calculation τ→∞ of 0.84 N·m.
Next, GCI analysis using Eq. (6). GCI analysis shows that the fine mesh has 0.1%, a medium of 0.7%,
and a coarse of 2.67%. Figure 2 is the relation of torque and GCI to h.
Based on Figure 2(a), the mesh number of 691,996 (medium) is considered appropriate in this
case because the GCI is below 1%. The visualisation of the 691,996 mesh can be seen in Figure 2(b).
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Fig. 2. Mesh Independency test results (a) GCI Results (b) 691996 mesh visualisation
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3.2 Cn Calculation Results
There are three timesteps size (Δt) was compared: 0.0025s (1000 Hz), 0.001s (2500Hz), and
0.0005s (5000 Hz). The 691996 mesh has a size (Δx) of 0.432 mm. The probe water velocity at
coordinate 0.2,0,0. The investigation location is 0.2 m from the inlet and in the centre of the tube.
Based on the investigation, the water velocity of 0.63 m/s. Table 1 is the result of calculations using
Eq. 1 with these data. Based on Table 1, the Δt for this case of 0.0005s (5000Hz).
Table 1
Cn calculation results
Parameters
Δt
Δx
ui
Cn

Value
0.0025s; 0.001s; 0.0005s
0.432 mm
0.63 m/s
3.62; 1.45; 0.72

3.3 Validation of Works
Figure 3(a) is the relation of torque (τ) to the rotational speed; the relation is linear. Based on
Figure 3(a), the τ increases the n decreases. τ CFD results in the Ho-Yan study [25] have the same
pattern (Figure 3(a)). Figure 3(b) is the relation of power mechanic (Pmech) and efficiency (η) to n; the
relation is parabolic. Based on Figure 3(b), the maximum η and Pmech occur at 200 rpm; this condition
is similar to the case of Ho-Yan [25]; this work adapts Ho-Yan's study [25]. The relation in Figure 3 is
similar to previous works [12, 33] and in other turbines such as the Turgo turbine [36], Pelton turbine
[37], and breastshot waterwheel [38]. Based on Figure 3, the deviation average of CFD results in the
Ho-Yan study [25] is 14.48%. Therefore, the CFD results are verified.
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Fig. 3. Comparison of CFD results to Ho-Yan study [25] (a) τ to n (b) Pm to n

Figure 4 is a visualisation of the pressure contour of the CFD results. Based on Figure 4, a pressure
gradient occurs between the upper and lower sides of the runner. The upper side runner has a higher
pressure than the lower. The visualisation of the pressure contour of the CFD results in Figure 4 is
similar to the Adanta et al., study [13]. Based on Bernoulli's principle, the water velocity on the upper
side is lower than on the lower side. Based on Figure 4, the draft tube works well and indicates that
the CFD results follow real conditions. The low pressure on the lower side is necessary because the
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runner needs the suction effect. The suction effect is generated due to low pressure on the lower
side, increasing the runner torque. Hence the draft tube should be placed below the water level;
otherwise, the draft tube pressure returns to atmospheric pressure. Therefore, the visualisation of
the pressure contour shown in Figure 4 can indicate verification of the CFD results in the propeller
turbine.

(a)

(b)

Fig. 3. Visualisation of pressure contour at 200 rpm (a) Front view (b) Top view

4. Conclusions
This study explains propeller turbines' mesh and timestep independency method. The
computational software for this case is ANSYS® FLUENT 18.2™. The grid convergency index (GCI) [2021] are used to determine the optimum mesh, and the Courant number (Cn) analysis [19] for timestep
size. Based on the results, the independency method using the GCI method and C n analysis is
recommended for propeller turbines. CFD results show that torque, power generated, and efficiency
of the propeller turbine toward its rotation have a similar pattern to secondary data; it can indicate
that the CFD results of the propeller turbine are verified. The deviation average of CFD results in
secondary data of 14.48%. The 14% deviation is presumably because of missed information about
the CFD setup geometry with real conditions; because the validator uses secondary data. In addition,
the reference study [25] does not explain in detail the uncertainty and error of the measuring
instrument.
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