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Abstract

This study examined the effect of the water channel slope angle on breastshot waterwheel turbine performance using the
computational fluid dynamics method with six-degrees of freedom (6-DoF) feature. The method and 6-DoF feature were chosen
because turbine rotation is a computational result and the flow pattern can be represented more precisely. Computational results
using the 6-DoF feature were used as the basis for recommending a ratio of rotational velocity for a wheel ( U ) with an inlet
velocity (W ), or U/W , for turbine design. Five slope angles were analysed, and the results indicated higher efficiency was
produced by a 10◦ slope angle while the lowest was 25◦. Based on results, a higher slope angle channel could cause losses or
leakage due to water leading to a gap between the wheel and channel. As such, a method of increasing the kinetic energy of
water by modifying the channel shape, such as having an angle, requires additional attention to the water velocity direction.
Moreover, stable efficiency occurs in a ratio of U/W between 1.1 - 1.6. Thus, it is estimated that the optimum turbine design
recommended for U being 1.1 to 1.6 times W .
c⃝ 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of the scientific committee of the 6th International Conference on Power and Energy Systems Engineering (CPESE
2019).
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1. Introduction

The breastshot waterwheel is one of the oldest types of pico hydro turbine technology, but the development of
research at the beginning of the 21st century. The breastshot waterwheel uses a bucket in the middle to absorb
energy into the shaft to produce electricity [1]. In the 21st century, most development research has been performed
using the computational fluid dynamics (CFD) method and breastshot turbines are no exception. Among the topics
of breastshot waterwheel research completed using CFD methods are the physical phenomena of the fluid [2–4],
the influence of a turbulent model on prediction results using CFD method [3,4], losses that improve the bucket
shape [2,5], the influence of wheel rotational speed (n) on performance [1], the effect of the number of blades [3,4],
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the contribution of the kinetic energy of water to the power being produced [2–4] and the breastshot waterwheel
characteristics that relate to power losses [6].

From these topics, several conclusions have been obtained. First, turbulent models for breastshot waterwheel
turbines use shear stress transport k-ω [7] or standard k-ω [2]. Based on the results, shear stress transport k-ω is more
precise because turbulent viscosity is analysed in greater detail than with standard k-ω, but it also requires greater
computing power [8]. Therefore, this study used a standard k-ω turbulence model to simplify the calculation process.
Second, determining the number of blades remains an optimisation method [3,4] and still requires a comprehensive
study to propose empirical equations that facilitate the application in certain conditions. Third, the discussion about
the effect of the kinetic energy (E K ) of water into performance is ongoing, since analysis of variance testing with
a confidence level of 90% concluded that E K has a significant effect while using a 95% level found there was no
E K effect on performance [2]. Despite this, current views hold that E K has an influence [1,3,4].

To prove that E K influences performance, this study will vary the shape of the water channel before examining
the wheel using CFD methods with a six-degrees of freedom feature (6-DoF) (see Fig. 1). The 6-DoF feature
was used because the rotation of wheel is not a boundary condition but the result of computation. Furthermore,
this feature is capable of predicting flow patterns better than moving mesh for engine power. The computational
results using the 6-DoF feature will also be the basis for recommending an optimum ratio of the rotational velocity
of wheel (U ) with the inlet velocity (W ), or U/W , for turbine design. Thus, this study will examine the effect
of the water channel’s slope angle on the performance of a breastshot waterwheel turbine, specifically the power
generated, using the CFD method with a 6-DoF feature, and recommending the optimum U/W ratio for turbine
design.

Fig. 1. Geometry design.

2. Methodology

2.1. Geometry

This study is a follow-up study that will use the following main parameters [2]: radius outer (Ro) = 1.04 m;
radius inner (Ri ) = 0.67 m; annulus (d) = 0.37 m; angular speed (ω) = 10.31 rpm; width (B) = 0.25 m; and inlet
height (t) = 0.05 m. The representation of the main parameters and the variations of the slope angle to be analysed
can be seen in Fig. 1. A detailed geometry analysis can be accessed in the previous study [2].

2.2. CFD methods

Computational calculations will be performed using commercial software CFD i.e. ANSYS Fluent 18.1TM with
two-dimensional analysis and 6-DoF feature. Such analysis is considered representative for predictions of flow
pattern and the performance of the breastshot waterwheel turbine [1,2].

The simulation will be divided into three stages: pre-processing, processing and post-processing. Pre-processing
consists geometric name selecting (such as inlet, outlet, interface wheel, interface interior, wheel and wall (see
Fig. 1), as well as the interface wheel and interface interior being joined so that software does not consider the
interface to be a wall), meshing and determining boundary conditions. Among those conditions will be a pressure
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inlet of 490 Pa (the standard k-ω turbulent model was chosen because resulting prediction is quite representative
[2], an inertia moment of 125 N m (obtained with computer-aided design software), a preload of 18.75 N m, an
activation of the volume of fraction model with friction stress between water and air assumed at 0.0728 N m, a
rotating and re-meshing activation used for mesh changes in size to adjust to the initial conditions and smoothing
selected to repair–improve the mesh size.

Upon determining all boundary conditions, the grid convergence index (GCI) analysis, or mesh independency
test, will be completed. The GCI will determine the optimum mesh number to be used. The concept of calculating
the GCI can be seen in a previous study [9]. As no method for determining an optimum time step size exists
presently, the GCI analysis concept will be adopted to a timestep independency test.

3. Results and discussions

3.1. Results

To ensure the mesh number and time step are optimal for use, a convergence analysis was performed using the
GCI concept. Fig. 2 shows a summary of the convergence calculations for both mesh number and the time step
size. Variations in the mesh number were analysed: 30,190 elements were normalised to 4.04; 123,031 elements to
2; and 493,483 elements to 1. Based on GCI analysis, the largest mesh number was used due to it having an error
rate of 0.22% against the exact value its. Variations in the time step frequency were then analysed: 125 Hz were
normalised to 2; 250 Hz to 1.44; and 500 Hz to 1. Based on the timestep convergence index (TCI), the timestep
frequency of 500 Hz, or size of 0.002 s, was used with an error rate of 3.12% against its exact value.

Fig. 2. Results of convergency analysis.

Fig. 3 displays graphic patterns of simulation results similar to the results of previously conducted experiments
[10,11], where turbines had optimum operational conditions. As shown in Fig. 3, higher efficiency is generated by
channels with a slope angle of 10◦. However, the efficiency difference between 10◦, 15◦ and 0◦ is insignificant. The
channel slope angle at 20◦ and 25◦ produced lower efficiency than that of 0◦, 10◦ and 15◦.

3.2. Discussions

From Fig. 3, the ηmax obtained from the slope angles of 0◦, 10◦, 15◦ and 20◦ was between 0.55 and 0.61 with a
U/W ratio of 1.15–1.58. Furthermore, the stable efficiency obtained in the U/W ratio ranged from 1 to 1.6. This
condition is similar to a previous study, where efficiency was stable between 1 to 1.4 [11]. Thus, for optimal design,
U should be 1.1 to 1.6 times W .

The low efficiency of 20◦ and 25◦, when compared 0◦, 10◦, 15◦ angles, indicates that water E K increments
have an influence due to slope angle increments but does not significantly affect the waterwheel’s efficiency. The
slope angle may have had an insignificant effect at larger angles (20◦ and 25◦) due to appreciable amounts of
water entering the gap between the wheel and the channel (see Fig. 4c). Water flowing between the wheel and
the channel tended to increase losses and leakage. While the 10◦ and 15◦ slope channels had a water velocity
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Fig. 3. Graph of relationship of U/W to efficiency (η).

Fig. 4. Water volume fraction visualisation at optimum condition in different slope: A. 0◦, B. 10◦, C. 25◦.

vector aimed directly to the bucket, they simultaneously maintained the direction of the tangential wheel, keeping
the pressure received by the bucket higher than 0◦ slope channel. The high pressure received by the bucket was
good for the performance of breastshot waterwheel because its increased torque, as evidenced by the water volume
fraction contours in Fig. 4.

Another study on the channel slope angle of breastshot waterwheels was performed using jumping water [12].
The study’s results differed from the present study’s results, suggesting that jumping water could improve turbine
performance [12]. This improvement would be due to the increased angle of the jumping water causing U to
increase and produce greater power [12]. According to the theory of the law of mass conservation, using jumping
water increases losses because the passes are increased [13]. However, the increased turbine performance based
on the ratio between torque (τ ) and U did not reach optimal conditions. When U increases, simultaneously the τ

received by the wheel decreases. However, it should be noted that the power remains dependent on τ because the
waterwheel is a type of turbine suitable for low head and large discharge.

4. Conclusions

When increasing the E K of water by introducing an angle to the shape of a channel, the direction of the water
velocity must be monitored. A higher slope angle channel (in this case, 20◦ and 25◦) can cause losses or leakage at
the gap between the wheel and channel, preventing water from converting its E K , via the bucket, into mechanical
power. Based on the present study’s results, the optimum U/W ratio for breastshot waterwheel turbine performance
is 1.1 to 1.6, which can be used as a reference for designing breastshot waterwheel turbines.
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