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understood. The transient simulation is necessary to study the flow of physical
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phenomena. However, there is no recommendation for the transient approach for
USWW. The boundary conditions for the transient approach often used for rotating case
objects is a moving mesh. Therefore, this study investigates moving mesh as a USSW
transient approach to predict its performance. Based on the results, the average
deviation from simulation results to experimental data of torque is 22.1%, mechanical
power is 5.75%, and efficiency is 5.75%. The average deviation reading of torque is 2.93
N-m (not a significant difference), mechanical power is 0.47 W, and efficiency is 1.19%.
Further, the curve data simulation results to experimental data show a similar pattern,

Keywords: expressed by exponential for torque and polynomial for mechanical power and efficiency.
Moving Mesh; Transient Approach; Thus, a transient approach using the moving mesh feature is recommended for the
Undershot Waterwheel; Pico hydro USWW case; because the data pattern and reading deviation are reasonable.

1. Introduction

In Indonesia, the need for electrical energy increases every year. Natural resources that cannot
be renewed are limited, so the use of renewable energy continues to be developed as an energy
source for power generation. There are limited non-renewable fuels, so renewable energy continues
to be developed as a source of energy for generating electricity [1]. Therefore, water energy is
prospective to be used as an energy supply for power plants [2,3].

The undershot waterwheel (USWW) is a type of turbine often used in a power plant [4]. The
USWW has the advantages of a relatively simple design, simple maintenance, and relatively low
repair costs [5]. The USWW can operate in the discharge of 0.9 to 1.2 m3/s and head in the condition
of under-very-low-head or 0.1to 1.5 m [6,7].

The issue of global warming makes the feasibility study of the USWW as a power plant continue
to be developed [8,9]. Sari et al., [4] studied the best ratio of the wheel tangential velocity to
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upstream water velocity (U/C1) for USWW design. Based on the results, 0.4 U/C; indicates a good
agreement for USWW design [2]; this hypothesis is based on the experimental data, where the
condition is not similar to Denny's [10] mathematical analysis. Nishi et al., [11] adopt the shape of a
crossflow turbine blade (curvature) to be applied to the USWW. Based on the results, the USWW
blade shape influences mechanical power (Pmech), Where the straight shape is preferred over
curvature [11]. Then, the ratio of blade height to submerge (h/h.p) becomes an important concern.
Yah et al., [12] investigated that 1 h/hy, is the ideal condition to reach the optimum USWW
performance. Since the results by Yah et al.,, [12] are not comprehensive, Warjito et al., [6] re-
investigate the h/hy, ratio using the computational fluid dynamics (CFD) method. Based on
hypotheses Yah et al., [12] and Warijito et al., [6], the 1 h/hy is considered realistic to be applied in
USWW for the run of river conditions. Then, Warjito et al., [13] adopted the Pelton turbine blade
number (z) equation for the USWW by computational fluid dynamics (CFD) method. Warijito et al.,
[13] used the boundary condition is 1 h/hyp, adaptation of the z equation for USWW yields 8, hence
it is considered unreasonable for larger scales.

Furthermore, Adanta et al.,, [14] evaluate the proposed equation z by Warjito et al., [13].
Evaluation using the CFD method with a six-degrees of freedom (6-DoF) feature accommodates the
moment of inertia of each wheel [14]. Based on the results, the highest performance is produced by
20 blades; however, more stable performance is produced by 8 blades [14]. A provisional hypothesis
is determining the z USWW cannot yet be proposed. USWW!'s hydraulic behaviour still needs to be
studied more using the CFD method. The CFD method can visualise the flow field in more detail than
experimental and analytical [15]. The transient approach using 6-DoF is considered inefficient for
case USWW because it requires a large computational power (long time) due to long stable torque
conditions [15]. A moving mesh is a transient approach that is appropriate and requires lower
computational power. Therefore, this study aims to examine the reliability of the moving mesh
approach for USWW transient conditions to investigate its hydraulic behaviour.

2. Methodology
2.1 Computational Method

ANSYS® FLUENT 18.1™ Academic version was used as the computational software. The two-
dimensional (2D) analysis approach represents real conditions for a case undershot waterwheel [5].
Undershot waterwheel simulation does not involve heat; hence the mass conservation approach is
applied. The mass conservation equation in the transient condition is [16]:

0p 9py

ot OX.

]

-0 (1)

Then, the flow that occurs is assumed to be turbulence. The turbulent flow approach based on
Reynolds Average Navier-Stokes (RANS) is considered capable for the undershot waterwheel
simulation [17,18]. The equation of the RANS approach is [19,20]:

d pu, 0 puu; op O t;—pyu'u.’
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Where p is pressure, Tjj is shear stress, and -pu;'uj' is Reynolds stress. For the -pu;'u;' is [21]:

—oU.'U.'= %+% _g k + %6 (3)
pYi U =y (9Xj % 3 p [ 8xi i

The Reynolds stress has two variable unknowns: turbulence kinetic energy (k) and viscous stress
(ue) [22]. This study applied the k-€ turbulence model to predict the fluid's kinetic energy (k) and
turbulence dissipation rate (g). The standard k-¢& turbulence model equation is for k [22,23]:

0 pk 0 pkuy; o n, ) Ok
+ —=—||p+—"|=—|+GC +G, +pe+Y, S (4)
ot X, O [M o ) ox. K , +pe+Y,, +S,
And for € [22]:
0 pe 0O pey; o w, | 9e . 2
20 T e £ 6, +C,.6, —Cop+S. )
ot OX; OX; [[ 0. ) Ox; ) Tk T 2P +S.

The VoF is a numerical approach to predicting the interaction of two or more fluids, such as water
and air. At the inlet, no accompanying air (100% inlet is water); the setting VoF of water (aw) value
was 1, and the VoF of air (az) was 0. At the outlet, the air is the dominant fluid; the a, of 1. Numerical
calculation of the nature of the mixture of density (p) [22]:

P =Py TP, (6)

and viscosity (u) [22]:

I = Qb T+ Qlglty (7)

Figure 1 shows the boundary conditions used: inlet (velocity inlet), outlet (pressure outlet), stator
(interface domain irrigation), and rotor (interface domain wheel). The velocity inlet is 1 m/s, and the
pressure outlet is 0 Pa (atmospheric pressure). There are five variations of the wheel rotation (n): 0
rpm 5 rpm, 10 rpm, 15 rpm, and 20 rpm; the n adjusts to the experimental data [5].
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Fig. 1. Boundary condition CFD method
2.2 Mechanical Power and Performance Analysis

The t is the main parameter or data of the computational results, while the n is the boundary
condition. The Pmech is the function of the T and n, which become:

Prech =T-© (8)

Performance or efficiency (n) is the ratio of Pmech to the potential energy of water (Ppot). Ppotis a
function of fluid density (p), discharge (Q), head (h), and gravity (g). The analysis of the n is:

P
n: mech (9)

pot
2.3 Independence Test Method

Torque (t) is the parameter used for the mesh independency test. Grid convergency index (GCl)
analysis is used to mesh the independency test. The GCl is capable of establishing each mesh number
error to the exact value (tx=~). The GCl calculation analysis is:

1 Tmedium — Tfine
an __
Tfine I’fm

GCl,, =F, -100% (10)

Fs is a safety factor of 1.25, ris the grid refinement ratio (rim=(Mfine/Mmedium)®>), and q is the order
of convergence observed. M is mesh number. The normalisation of mesh number (h) is done by
inverse comparison, where hy is 1, ht is hsi-rer, hm is herem, and he is hm rme.

Qpa =1In 10 (G T ) (11)

Teoarse — Tmedium q,-1 q
[ (B ™) [+ o™

Tedium — Tine
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Further, the extrapolation approach was used to predict the tx>~ [24]. The prediction by applying
the two finest resolutions; the concept extrapolation calculation is [24]:

T, =T _[Tmedium ~ Tine J (12)
——~ fine q,+1 _1

r-fm

The Courant number (Cn) analysis is used for timestep independency analysis to determine the
timestep size (At). The Cyis the ratio of fluid velocity to At per Ax, becoming:

C,=u,-= (13)
AX

The Cn is a non-dimensional analysis representing the time a fluid particle stays in one mesh cell
[22]. The C, is ideally below 1 (C, < 1); since it exceeds 1 like a particle skips the cell, the timestep is
higher than mesh size [22].

3. Results and Discussion
3.1 Mesh independency Test Results

Four mesh numbers are compared to get the optimum mesh number: 21.3k (coarse), 33.4k
(medium), 50.5k (fine), and 85.1k (finest). From the mesh number, the rsis 1.3, the rim is 1.23, and
the rmcis 1.25; then the hsiof 1, hfof 1.3, hm of 1.6, and hc of 2. The T of each mesh is 15.2 N-m (coarse),
35.9 N'm (medium), 36.1 N-m (fine), and 36.2 N-m (finest). Then, determine g using Eq. (9):

Qo =1In (M(Ls“-"“)) +1.3*%|/1In(1.31.23) = 4.03

36.1-36.2

Then, extrapolation of txs~ using Eq. (10):

36.1-36.2

1340841 _1] =36.25

T, =362 —[

Finally, calculate GCl using Eq. (7). Example GClI calculation for case fine to finest mesh is:

1 36.1-36.2

GCl, =125 - 22——22:2
ff 36.2 1.3*%® 1

-100% = 0.19%

Figure 2 shows the results of the GCI calculation. From Figure 2, GCls has an error of 0.19%, GClm
of 0.53%, and GClmc of 48.9%. Based on Figure 2, 50.5k (fine) mesh is used for this case because it has
an error below 1% (range from 0.19% to 0.53%). Figure 3 is the visualisation of 50.5k mesh.
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Fig. 3. Visualisation of 50.5k mesh USWW

3.2 Timestep Independency Test Results

Three timestep size are compared to get the its optimum: 0.0016s (625 Hz), 0.001s (1000 Hz), and
0.0005s (2000 Hz). The 50.5k mesh number has an average size of 0.001736 m. Further, the average
local water (fluid) velocity at 0.1 m from the inlet and 0.1 m from the irrigation wall is 1.09 m/s. Then,
calculate the Cn using Eq. (13). Example calculation of the C, is:

00026 _, oo

C,=109 ———=
0.001736

n

Table 1 is the result of the calculation of the C, for the three timestep sizes. Based on Table 1, the
timestep size of 0.001s (1000 Hz) is suitable for this case because of the C, of below 0.7.

Table 1

Cn calculation results

Ax (m) Timestep size  Frequency  Average local fluid Cn
(s) (Hz) velocity (m/s)

0.001736 0.0016 625 1.09 1.005
0.001 1000 0.628
0.0005 2000 0.314
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3.3 Results

Based on Figure 4, the average deviation of t simulation results in experimental data of 22.1%.
The deviation in percentage is categorised as significant; however, the average reading is 2.93 N-m;
not a significant difference. Then, the t curve by simulation results to experimental data shows a
similar pattern. Figure 4 indicates that the simulation data is verified. Furthermore, the average
deviation of Pmech Of simulation results to the experimental data is 5.75%, and the reading categorised
of 1.89 W. Deviation Pmech and T is similar because Pmech is the function of T and the relation is
proportional (Eq. (8)).

Based on simulation results and experimental data, USWW has a peak operation at 10 rpom. From
Figure 4, the USWW operating range for this case is recommended from 5 rpm to 15 rpm.

350 ™ 1 =35822.19(1-e™144)22 19.(1-e"/1449) 15
N _ K P sim=1.1434+2.55:n-0.126-n
\ * L, 4 - = ~ N
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Fig. 4. Relation of t and Pmech to n
Figure 5 shows the relation of n to n by simulation results and experimental data. The relation of

n to n is a polynomial quadratic; the peak operation at 10 rpm with n is 35.83% from simulation
results and 31.22% from experimental data.
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Fig. 5. Relation of nto n

Figure 4 and Figure 5 confirm that experimental data confirms the simulation results are valid and
verified. Hence, a transient approach using the moving mesh feature is recommended for the USWW
case; because the data pattern and reading deviation are reasonable.

3.4 Discussion

Figure 6 is the visualisation of water volume fraction by simulation results. Based on Figure 6,
there is one active blade, where it can be seen that there is a difference in water levels upstream and
downstream. Figure 6 shows that the mechanism of water energy absorbed by the USWW blade is
dominated by hydrodynamics force; this hypothesis is similar to Warijito et al., [13].

Water Liquid. Volume
Confour 5
1.000e+000

5.000e-001

0.000e+000

Fig. 6. Visualisation of water volume fraction from the simulation result

The absorption of the hydrodynamics force is confirmed in Figure 7. The pressure received by the
active blade from top to bottom has increased, and the received force has similar distribution
because the relation pressure to force is proportional [25]. The top of the active blade receives less
force than the bottom due to the influence of atmospheric pressure [25]. The increases in USWW
performance are by increasing the water level gradient upstream to downstream. Furthermore, the
visualisation of water volume fraction in Figure 6 is similar to real conditions [5], and the visualisation
of pressure distribution in Figure 7 to the analytical method [13].
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Fig. 7. Visualisation of pressure contour by simulation results

4. Conclusions

The issue of global warming makes research on renewable energy-based power plants the main
focus, and water turbines are no exception. USWW is a water turbine considered appropriate for
electrification in remote or rural areas, especially in Indonesia. Using the CFD method in the USWW
study is a suitable solution for investigating physical flow phenomena so that the energy conversion
process can be appropriately understood. In the CFD method, the boundary conditions for the
transient approach often used for rotating case objects is a moving mesh. Therefore, this study
investigates moving mesh as a USSW transient approach to predict its performance. Based on the
results, the average deviation of T from simulation results to experimental data of 22.1%, and Pmech
and n of 5.75%. The average deviation of T is categorised as significant; however, the average reading
is 2.93 N-m (not a significant difference), and 0.47 W and 1.19% for Pmech and n, respectively. Then,
the T, Pmech, and n curve by simulation results to experimental data shows a similar pattern. Thus, the
simulation results are valid and verified by experimental data. Hence, a transient approach using the
moving mesh feature is recommended for the USWW case; because the data pattern and reading
deviation are reasonable.
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