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Breastshot water wheels have very good simplicity, efficiency, and low head working 
range which is suitable for use in tropical rainforest villages in Indonesia. One of the 
weaknesses of the breastshot water wheel is that it has a very slow rotational speed 
which makes it need a high transmission ratio to be coupled with the generator. This 
study investigates the performance of a breastshot water wheel at smaller diameters 
and modifying the bucket inlet angle (36°, 49°, 71°, and 90°) by the computational fluid 
dynamics (CFD) method. In this case, the breastshot waterwheel's diameter ratio is 
equal to the head. Based on CFD results, the new configuration (this study) allowed us 
to increase the rotational speed to 30 to 35 rpm, higher than typical rotational speeds 
of breastshot water wheels of less than 10 rpm. Then, the bucket inlet angle and wheel 
rotation affect the performance of the breastshot waterwheel and are expressed using 
empirical law. Based on the empirical law approach, the 49° bucket is recommended 
because it has a stable efficiency above 60% and a wide operating range; the large 
discharge fluctuations do not change the turbine performance significantly. 
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1. Introduction 
 

Off-grid electricity development can help accelerate isolated rural areas [1]. Waterwheels have 
been used to transform the potential energy from water streams into usable energy for hundreds of 
years [2]. As the traditional hydropower machine, breastshot waterwheels have good simplicity, 
efficiency, and low head working range [3,4], thus are suitable to be used in tropical rainforest villages 
in Indonesia [5]. However, there is still a lack of study about this water wheel to improve its ability to 
produce electricity, especially on the power take off-grid system [6,7]. 

There are several studies focused on breastshot water wheels. Muller et al., [8] developed a 
procedure to design a breastshot water wheel with an overflow inlet. The procedure considers the 
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water transfer at the inlet, the downstream energy transfer, and the water outflow. This paper also 
mentions some recommendations from a previous study [9], where the water wheel diameter (D) 
was suggested to be equal to the potential head (H) added 3.5 m (D=H+3.5 m) or about twice the H. 
The laboratory-scaled experiment testing reported the maximum waterwheel efficiency was about 
87% at the wheel tangential velocity and water absolute velocity ratio (U/C1) of 0.6 [8]. More 
suggestions about D are reported in Quaranta and Revelli [16]. 

Quaranta and Revelli conducted several studies about breastshot wheels during 2015-2018. The 
first study developed an analytical approach for estimating power losses inside a breastshot water 
wheel, validated using experimental testing [10]. To design a breastshot waterwheel, some losses 
should be considered: hydraulically losses, impact losses, and leakage losses, which should be 
minimized, especially by optimizing the inflow [10]. Another study was conducted to find the optimal 
filling ratio by varying the water inflow: the optimal filling ratio was about 50% [11]. Another 
Quaranta and Revelli study was the search for the optimum bucket number for breastshot wheels, 
finding that it is 48 for the investigated wheel. Still, a general rule was also proposed to generalize 
results [12]. Another study about bucket number has conducted by Warjito et al., [13], concluding 
that the breastshot water wheel bucket number impacts its performance, affecting the exchange of 
kinetic and hydrostatic energy, as confirmed in [12]. However, the increment of kinetic energy in 
water inflow does not increase or decrease this waterwheel's performance [14,15]; it means this 
waterwheel could self-adjust the water inflow energy. Besides that, incrementing inlet velocity, for 
example, by increasing the channel angle slope, can increase the rotational speed [14,15]. 

One weakness of the breastshot waterwheel is its very slow rotational speed (n) [15]. All these 
studies discussed shown the optimum n is between 7.5 to 20 rpm. The low n makes this waterwheel 
needs a high ratio transmission to be connected with the generator to harvest its mechanical energy 
to electrical energy [11,17]. The high transmission ratio makes the application of breastshot 
waterwheels more complicated, with additional losses which affect its performance [18,19]. The 
higher n could be attained by increasing the inlet tangential velocity and decreasing the D. The 
strategy of this study was to convert the potential energy into kinetic energy and to direct it into the 
buckets just above the waterwheel shaft. Hence, this study examines the feasibility of breastshot 
waterwheels with a small diameter and modifying the bucket inlet angle (β) to use the computational 
fluid dynamics (CFD) method in ultra-low-head conditions.  

 
2. Methodology  
2.1 Water Wheel Design and Modeling 

 
This waterwheel has been designed to work on a dammed river that generates one meter of the 

potential head. The diameter and potential head ratio (D/H) of the breastshot waterwheel chosen is 
1. 1 D/H is smaller than the recommendation in prior studies [16,20,21]. The hydraulic depth of the 
inflow (hu) is 0.45 m to increase the water kinetic energy; theoretically, this condition could generate 
an inflow velocity (C1) of about 3 m/s. The design parameters and the size are briefly shown in Table 
1.  
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Table 1 
Breastshot water wheel design parameters 
Parameters Dimension 
Gross potential head (H) 1 m 
Channel depth (hc) 0.18 m 
Inflow depth (hu) 0.45 m 
Outflow depth (ht) 0.1 m 
Wheel's diameter (D) 1 m 
Wheel's bucket's depth (ds) 0.2 m 
Bucket's deep angle (βD) 50° 
Bucket's deep radius (R2) 0.15 m 
The angle of attack (α) 30° 
Bucket's inlet angle (β) 36⁰, 49⁰, 71⁰, and 90⁰ 
Inflow width angle 5° 
Inflow width (S1) 0.1131 m 
Channel width 0.5 m 

 
Then, Figure 1-a shows the two-dimensional (2D) design of the waterwheel. Therefore, the 

strategy of this study was to convert the potential energy into kinetic energy and direct it into the 
buckets just above the water wheel shaft.  

The wheel rotation for simulation setup of 15 to 45 rpm, this to know the optimum velocity ratio 
condition of this waterwheel. In previous discussions, Muller [8] found that the optimum U/C1 was 
0.6. However, Quaranta and Revelli [15] recommend the velocity ratio of this waterwheel as 0.4. In 
contrast, based on Euler's momentum theory, the optimum U/C1 should be 0.5. The optimum of U/C1 
does not depend on the C1 but also on the potential energy exchange, the blade inclination, and the 
bucket shape. Therefore, the bucket inlet angle (β) is important to vary, using the following angles of 
36⁰, 49⁰, 71⁰, and 90⁰. This β was the suitable inlet angle for mentioned U/C1 ratios based on velocity 
triangle approach. Figure 1-b shows the variation of β. 
 

 

 

 
(a)  (b) 

Fig. 1. Case study geometry: (a) General design, and (b) Inflow and bucket configurations 
 

The modeling of the breastshot waterwheel working process using the planar two-dimensional 
simulation. The pressure in the inlet is set as a boundary condition (BC) at 1,765 Pa to keep the 
potential head stable due to the possibility of fluctuating water flow. The pressure outlet has been 
used to keep the wheel immersion depth condition. The surrounding boundary also used a pressure 
outlet at atmospheric pressure. Figure 2 shows the boundary condition. 
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Fig. 2. Boundary condition 

 
2.2 Meshing and Time Discretization 

 
The breastshot waterwheel model was divided into about 63,000 elements of the numerical 

mesh. The 63,000 mesh elements were obtained from the mesh independency process using the 
Richardson extrapolation method. They were tested in three meshing sizes, which are 1 mm (254k 
mesh), 2 mm (63k mesh), and 4 mm (16k mesh). The Richardson extrapolation method is called the 
grid convergency index (GCI) [21]. Based on GCI analysis, the error of 254k elements was about 0.01%, 
the 63k elements mesh of 0.17%, and the 16k elements mesh of 4.53%. Thus, the simulation used 
63k elements of the mesh. Furthermore, the y+ number was kept between 30 to 300 with the mesh 
adaption feature. The visualization of 63k mesh is presented in Figure 3. Then, the simulation 
timestep was 0.002 s [1,15,23], where the error of 1% to 3%.  

 

 
Fig. 3. Visualization of mesh 

 
2.3 Simulation Specification 

 
The simulation ran using ANSYS® Fluent 19.1™ Academic Version with a feature moving mesh 

dynamic approach. The moving mesh rather than six degrees of freedom (6-DOF) to avoid charging 
phenomena bias; the phenomena have been reported in previous studies [22]. The pressure-based 
approach of mass conservation; the governing equation for the mass conservation for pressure based 
on the transient condition of: 
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It is assumed the fluid flow is turbulent. Therefore, the governing equation Reynolds Average 

Navier-Stokes is applied as a numerical calculation of fluid flow momentum: 
 

     τ ' 'i j ij i ji
i

j i j

u u u uu p
g

t x x x

        
   

                            (2) 

 
p is pressure, τij is shear stress, and -ρui'uj' is Reynolds stress. The numerical calculation for the -ρui'uj' 
is [23]: 
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Then, the standard k-ε is the turbulence model for numerical calculation for the physical 

phenomenon of turbulence flow. The governing equation for the standard k-ε is [25,26], for k: 
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and for ε [24]: 
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The breastshot waterwheel operates at atmospheric pressure, so the volume of fluid (VoF) 

approach is necessary for the simulation. The governing equation for VoF is, for density (ρ): 
 

w w a a                                       (6) 
 

and for viscosity (μ): 
 

w w a a                                       (7) 
 
Then, the surface tension modeling between water and air was set at 0.0728 N/m. The simulation 

was run with pressure at the inlet, which was specified as 1,765 Pa, and the inlet channel depth was 
0.18 m. The pressure at the water outflow pressure outlet was 981 Pa; the immersion depth was 0.1 
m. The simulation used two zones, the rotating and the static zone, that have connected each other 
with an interface. The wall BC of the bucket was specified as a moving wall, which is considered 
rotating at a certain angular velocity, by the moving mesh option. 

The SIMPLE pressure-velocity coupling scheme to solve the governing equations was used. Cell-
based least square gradient method and first-order upwind method momentum, turbulent kinetic 
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energy, and turbulent dissipation rate spatial-based discretization were used for the solution solving. 
The PRESTO method was used to discretize the pressure. The initialization was referred to the 
surrounding outlet, with an air volume fraction equal to one. Furthermore, the inflow channel region 
was marked to be patched with zero air volume fraction. Furthermore, the simulation was run for 
1400 timesteps, with the maximum number of iterations per timestep being 150. 

 
3. Results and Discussions 
3.1 Transient Simulation Process 

 
The simulation ran for 4000 timesteps resulting in 4 seconds of simulation time. Data generated 

from the simulation were saved automatically every two timesteps; data is processed when the mass 
and torque flows stabilize. The transient process from the beginning of the simulation to the steady 
condition of β of 36° and 40 rpm case is briefly displayed in Figure 4.  
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Fig. 4. The simulation results - the transient process 

 
3.2 Simulation Results 

 
Figure 5 shows the relation of τ and Pm to n; a for τ and Pm to n expressed by linear, and b for Pm 

to n is parabolic. From the linear approach (Figure 5-a), the 71° bucket generates a torque of 85.3 
N·m higher than the 49° of 78.38 N·m, 36° of 73.11 N·m, and 90° 49.52 N·m. From the parabolic 
approach (Figure 5-b), Pm maximum for bucket 36° and 90° occurs at 35 rpm, and for 49° and 71° 
occurs at 30 rpm. Based on Figure 5-b, the bucket 71° generates Pm of 171.9 W higher than the 36° 
of 165.21 W, the 49° of 165.11 W, and 90° of 128.84 W.  
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(a)  (b) 

Fig. 5. Simulation results: (a) Relation of τ to n; and (b) Relation of Pm to n 
 
Figure 6 shows the relation of performance (η) to n expressed by parabolic. Based on the 

parabolic approach, the η maximum of 36° bucket of 79.96% is higher than 71° of 74.94%, 49° of 
66.3%, and 90° of 58.7%. The 36° bucket has an unfavourable hydraulic behaviour (significant 
decreases in performance) when wheel rotation changes. From Figure 6, the 71° bucket performs 
better than 36° and 90°. However, from operating condition (n), the 49° bucket more preferable 
because the wheel rotation changes performance decrease is not significant. 
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Fig. 6. Relation of η to n 

 
3.3 Discussion 

 
Quaranta and Revelli [15] recommend the U/C1 0.4 for optimum breastshot waterwheel 

performance. The U/C1 ratio for the breastshot waterwheel is ambiguous. Water entering the blade 
is relatively calm (C1 → 0 m/s) and has potenƟal energy (head); this condition is similar to Archimedes 
turbine. For the breastshot waterwheel, operating conditions are more relevant to use a specific 
speed (Ns); calculation of Ns using: 
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Figure 7 shows the relation of η to n, expressed by parabolic. Based on Figure 7, a 49° bucket is 
recommended for use since it has a stable efficiency above 60% with a range of Ns from 0.4 to 1.2. 
The Ns range of a 49° bucket is similar to the parabola fit range of all data. The proposed 49° bucket 
breastshot waterwheel has better performance than the previous research [15,23]. The wide Ns 
range defines that large discharge fluctuations do not change the turbine performance significantly; 
this is to be expected on the site.  
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Fig. 7. Relation of η to Ns 

 
The determination of the influence of β and n (variable) to η (response) for data in Figure 6 is 

using the response surface method (RSM). The significance of the effect of β and n on η depicted 
using Eq. (9). The accuracy Eq. (9) by root means square error (RMSE) of 9.02%; categorized is verified. 

 
2 2

1 2 3 4 5 6j j β j n j β j n j n β                                          (9) 
 
Where [j1, j2, j3, j4, j5, j6] of [19.62, 0.18, 3.46, -0.012, -0.075, 0.03]. Then, based on Table 2, F more 

than Fsignificance means β and n significantly affect η (response).  
 

Table 2 
Analysis of variance relation of β and n to η 

 Degree of freedom Sum of square Mean square F Fsignificance 
Regression 5 3644.28 728.86 6.71 0.0011 
Residual 18 1954.06 108.56   

Total 23 5598.35     

 
Figure 8 shows the fraction of water within the control volume. From Figure 8, the 71° bucket 

generates greater torque than others, presumably because no water downstream is trapped in the 
bucket, so it does not block wheel rotation. The graph where the behaviour of the torque is shown 
in Figure 5-a. For 36° and 49° in Figure 8, water before going downstream looks stuck at the end of 
the bucket arm; this condition is not preferred in waterwheels because it becomes lost. In the case 
of a 90° bucket, the water contained in all active blades looks proportional, which is advantageous. 
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Based on Figure 5-a, the torque generated by the 90° bucket is not as expected; presumably, the 
water flowing into the next active blade through the leakage between the wheel and the channel 
wall is a rotational flow. Rotational flow is indicated by an air phase formed in the middle of the water 
phase; it looks like a lot of water in a 90° bucket on its active blade. Therefore, based on the 
phenomenon of water volume fraction in Figure 8, the reasonable 71° bucket converts water energy 
into torque better than the others; still, a bucket with higher torque is not necessarily recommended. 
 

 

 

 
(a)  (b) 

 

 

 
(c)  (d) 

Fig. 8. Visualization of water volume fraction: (a) 36°; (b) 49°; (c) 71°; and (d) 90° 
 
Figure 9 shows the velocity contour. Figure 9 is similar to Figure 5 and Figure 8, where the torque 

generates by the 71° bucket is greater since the water volume it holds is more than the others. Then, 
for the 71° bucket, the active bucket at the top hold, and the water has velocity. The positive effect 
of water on the velocity in the bucket is wheel rotation increases, and the natural consequence effect 
is the wheel vibration generated certainly increases (negative effect). The vibrations in the turbine 
are avoided because they can damage civil construction and cause mechanical joining wear. For the 
36° bucket and 90° bucket, a lot of water downstream still has velocity; this indicates the water 
potential energy is not maximally converted. In contrast, for a 49° bucket, the water velocity in the 
downstream ranges by 0.3 to 0.5 m/s, indicating the water potential energy is properly converted 
into mechanical energy. Therefore, based on Figure 7 and Figure 9, the recommended breastshot 
waterwheel bucket inlet angle for this case is 49°. 
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(a)  (b) 

 

 

 
(c)  (d) 

Fig. 9. Visualization of velocity contour: (a) 36°; (b) 49°; (c) 71°; and (d) 90° 
 
Furthermore, the performance was good enough for simple electricity harvesting in isolated rural 

areas with perennial stream rivers. This study reveals that the breastshot water wheel can work well 
at 35 rpm (rotational speed), which means that this water wheel only needs of 1:50 transmission to 
be coupled with an alternating current (AC) generator. This is simpler than using three or more stages 
of 1:100 – 1:200 transmission. The increase of simplicity of this water wheel is believed to make the 
breastshot water wheel more reliable in generating electricity, especially in isolated rural areas in 
Indonesia. 

 
4. Conclusions 

 
The breastshot waterwheels have good simplicity, efficiency, and low-head range [3,4] since they 

are suitable to be used in a tropical rainforest village in Indonesia [5]. The weakness of the breastshot 
waterwheel is it's very slow rotational speed (n) between 7.5 to 20 rpm [15]. Reasonably, the higher 
n could be attained by increasing the inlet tangential velocity and decreasing the wheel diameter (D). 
The strategy of this study was to convert the potential energy into kinetic energy and direct it into 
the buckets just above the waterwheel shaft. Hence, this study examines the feasibility of breastshot 
waterwheels with a small diameter and modifying the bucket inlet angle (β) to use the computational 
fluid dynamics (CFD) method in ultra-low-head conditions. The D/H ratio for CFD method of 1 with 
four vary β (36°, 49°, 71°, and 90°). The D/H ratio of is smaller than recommendation [9] of twice of 
the H (head). Based computational results, the β and n affect the performance of breastshot 
waterwheel and expressed using parabolic. The performance maximum for 36° bucket of 79.96% is 
higher than 71° of 74.94%, 49° of 66.3%, and 90° of 58.7%. Based on specific speed (Ns) 
considerations, 49° bucket more preferable because as a stable efficiency above 60% with a range of 
Ns from 0.4 to 1.2. The wide Ns range defines that large discharge fluctuations do not change the 
turbine performance significantly; this is to be expected on the site. 
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