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Abstract- The efficiency of a waterwheel is a measure of its capacity to convert the kinetic energy of flowing water into 

mechanical energy. The rotation of a waterwheel is influenced by several parameters including blade shape, number of blades, 

nozzle angle, and rim diameter. This study focuses on finding the parameters that influence the rotations per minute (RPM) of 

the waterwheel. The research method involved analysis, modelling, and a validation step. The results show that the triangular 

blade was an improvement over previous research on waterwheels with propeller blades. Our experiments produced 5,73 higher 

efficiency than a vane having a nozzle angle θ of 20°. 
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1. Introduction 

Global warming is a great concern to Indonesian 

people[1]. More sustainable practices require the use of clean 

energy sources. Achieving sustainable energy use requires 

everyone to use energy wisely, and in a way friendly to the 

environment. The developments of renewable energy sources 

are necessary[2] because: (a) oil prices are unstable and (b) 

mineral-based energy reserves are limited. 

Hydroelectricity is an important component of the world’s 

renewable energy supply. In 2011, hydroelectricity accounted 

for 15% of the world electricity production[3],[4] Among all 

renewable energy sources, water has the lowest cost and is the 

most reliable resource. Micro-hydro is popular because of its 

simple design, easy operation, and inexpensive installation[5]. 

Recent research of micro-hydro used a waterwheel in Dusun 

Gambuk Pupuan Tabanan Bali, Indonesia[6],[7],[8] to 

produce only 0,7 kW of energy. It is possible that the 

waterwheel was inefficient because it was unable to convert 

the maximum amount of water energy. The parameters of the 

waterwheel included a head of 17 m, a water discharge of 40 

L/sec, 23–26 rotations per minute (RPM), and a diameter of 

200 Cm, which should produce more than 0,7 kW[9]. 

Hydropower systems are classified, in accordance with 

their installation capacities, as large, medium-size, small, and 

micro[10]. Micro-hydro systems generally have a generating 

capacity of less than 100 kW. The capacity of power 

generation is determined by the ability of the waterwheel to 

convert the water’s kinetic energy into mechanical energy. 

Physicists generally describe waterwheels as analogous to 

physical, biological systems[11],[12],[13],[14]. Flowing 

water flow has a capacity of energy, and the waterwheel 

converts the kinetic energy of flowing water to generate 

electricity. This study focuses on finding the parameters of the 

waterwheel to produce a maximum RPM. 

Research on hydropower converters show that some 

parameters of the waterwheel design have great impact on 

efficiency[15],[16]. Rotation of a waterwheel depends on the 

radius, blade, water discharge, volume, and nozzle angle[17]  

The volume of the blade is affected by gravitational force, 

causing the waterwheel to rotate clockwise. The speed of the 

waterwheel is measured in RPM, whereas the radius of the 

waterwheel determines the torque produced. 

Previous research examined the overshot waterwheel [15], 

including the analysis of physical and mathematical models. 

In this study, the authors analyzed an overshot waterwheel of 
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cross-flow turbine with mathematical models, especially 

looking at the flow in the space between each blade, conducted 

simulation of the model, made a prototype of the waterwheel, 

and compared efficiency with previous research. A 

waterwheel prototype was developed with an adjustable 

nozzle length, nozzle position, and nozzle angle. The highest 

RPM of the waterwheel is determined by adjusting these 

parameters. 

Propeller blade design developed by Denny[15] was 

compared with our model. Both prototypes of the models were 

developed with equal diameter, blade thickness, and blade 

number. The purpose was to obtain real data for both models. 

The technical results proved that our model was able to 

produce higher RPM. 

2. Design Overshot Waterwheels 

2.1. Previous Model 

The ideal overshot waterwheel[15] model has 12 

triangular buckets attached to the wheel rim. Each bucket 

moves freely on the horizontal axis. Buckets are filled with 

water that drops vertically through the channel. The water-

filled bucket causes the waterwheel to spin. Low spill angles, 

φ1, near the rim of the wheel cause the buckets to shed water; 

otherwise, no water is spilled. It was assumed that the wheel 

is frictionless and works by turning a millstone. The difference 

between the ideal waterwheels and the real waterwheels is in 

the mathematical analysis and physics, whereby an ideal 

waterwheel does not exist. First, real waterwheels did not have 

pivoted buckets. This design was adopted to ensure that water 

does not spill out as the wheel turned. Instead, the rim of the 

wheel is partitioned off into sections rotating with the wheel, 

and so the amount of water spilled out increases as the spill 

angle (φ) increases[15]. As the wheel turns, water also 

splashes over the sides into the buckets and falls from the 

higher buckets to lower buckets. 

To make the overshot waterwheel model more realistic, 

Denny[15] made a number of changes. First, real waterwheels 

do not have pivoted buckets. Instead, the rim of the wheel is 

portioned off into sections, as shown in Figure 1. They rotate 

with the wheel, and so water spills out increasingly as φ 

increases. Also, water splashes over the sides as it flows into 

the buckets. Efficiency of overshot waterwheel model 

developed by Denny, as shown at equation (1) 

η = {1+sin(φ)} / {2 + v2/(2 g R)} (1) 
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Fig.1. Overshot waterwheel with canted vanes[15] 

2.2. New Model 

A new design of waterwheel blade shape is changed from 

propeller into a triangle. The new model is compared with the 

previous design to show if RPM changes with the change of 

nozzle angle. The parameters of waterwheel include diameter, 

blade thickness, blade number, and length of nozzle. Water 

discharge was equal for all tests. The parameters of the model 

used were diameter = 50 cm, thickness = 10 cm, number of 

blades = 8, and length of nozzle = 13 cm. The design of the 

model can be seen in Figure 2. 

The blades are attached at the edge of the wheel and 

installed following the line of the diameter rim. It was placed 

on each line in the opposite direction between the left and right 

side. It determines the direction of rotation of the waterwheel. 

Mathematical analysis of the new waterwheel model is 

described in more detail in section 3. 
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Fig.2. Design of new model waterwheels 

The waterwheel model is made from acrylic material and 

rotates clockwise when water fills the blade. Details can be 

seen in Figure 3. The video demonstration of this model can 

be accessed at You Tube [18]. 
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Fig.3. Model of waterwheels simulation 

3.  Mathematics Analysis of New Model 

The waterwheel model is made in a standing position, and 

the blades are placed between two rims. The water is 

restrained on one-half of the blades, while the others are empty. 

Influence of earth gravitational force on the volume of water 

causes the wheel to spin on its axis. In this study, 16 triangular 

blades were attached on the edge of the wheel. The number of 

blades affects the simulation model, and is a consideration for 

the ease of construction. Our experience shows that if the 

waterwheel is inefficient, then water energy is not optimally 

converted to mechanical energy. 

SECTOR

A

SECTOR

B

SECTOR

C

 

Fig.4. Sector blade of waterwheel 

Water volume of each blade is calculated depending on 

the position of the blades on the rim while it is in motion. It is 

computed by multiplying surface area by thickness of wheels. 

With simple mathematics, the authors split the surface area of 

the water on each blade into three sectors. The blades 

positioned on the right side of the rim were divided into three 

sectors, namely, A, B, and C, as in Figure 4. Sector A is at an 

angle (α) between 0° and 45° (first quadrant includes blades 1, 

2, 3, and 4). In sector A, α is the angle between vertical axis 

with the surface line of blade positions 1, 2, 3, and 4 on the 

rim. Sector B is at an angle (α) between 0° and 45° (first 

quadrant includes blades 5, 6, 7, and 8). In sector B, α is the 

angle between the horizontal axis and the surface line of blade 

positions 5, 6, 7, and 8 on the rim. Sector C is an angle (α) 

between 0° and (−45°) (fourth quadrant includes blades 9, 10, 

11, and 12). In sector C, α is the angle between horizontal axis 

with the surface line of blade positions 9, 10, 11, and 12 on the 

rim. 

3.1.  Sector A 

In Figure 5, we compute the surface area of QQXRUXQ. 

It is obtained by computing the surface area of triangle QXR, 

QQN, and RRM. Further, we compute the length of the line 

MN, the surface area of a triangle MNX, and the area of 

QQRRXQ, then the surface area of a triangle RRU and the 

surface area of QQXRUXQ was obtained, as shown in 

equation (3). 
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Fig.5. Surface area of sector A 

Triangle QXR is computed by the following formula 

 LQXR = ¼ (QR)2 tan(θ) (2) 

Area of RRU is computed as 

LRRU =   

{(PR)2 sin(½α)[cos(α)-cos(2α) sin(90-α)]/cos(θ-α)} (3) 

Surface area of QQXRUXQ is equal to equation (3) minus 

equation (2); the result is shown in equation (4). 

 

Surface area of QQXRUXQ = 

A = {2sin2(½α) tan(90-θ)[((PR)2+(PQ)2-½ (PR+PQ)2)]} 

B = {½sin(½α)(PR+PQ) QR(tan(90-θ)tan (θ)+1)} 

C = {½ (QR)2 tan(θ)} 

D = {(PR)2 sin(½α)[cos(α)-cos(2α) sin(90-α)] / cos(θ-α)} 

 LQQXRUXQ = [A-B+C-D] (4) 

3.2.  Sector B 

Figure 6 shows the computation of the surface area 

TQXRT. First, the triangle QXR (equation 2) and TQR are 

calculated. It is used to compute line TR and QS, then the 

surface area of triangle TQR is obtained by summing the 

triangle TQR and QXR, as shown by equation (7). 
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Fig.6. Surface area of sector B 

Surface area of a triangle between points QRT is 

computed by the formula: 

 LQRT = ½ (QR)2 tan(α)  (5) 

where the area of QXR is 

 LQXR = ¼ (QR)2 tan(θ)  (6) 

The surface area of TQXRT is computed with the 

triangles QXR and QRT, and the result is shown in equation 

(7) 

LTQXRT  = ¼ (QR)2[tan(θ)-2 tan(α)] (7) 

3.3.  Sector C 

In Figure 7, we compute the plane area of AXR, where 

line AR is the surface area of the water contacting the blade. 

The angle BXA is represented with (β), the angle XRQ is 

represented with θ, and the angle ARQ is represented with α; 

therefore, the angle XRA is represented as (θ) − (α). The blade 

angle of XRQ is equivalent to 180° − 2θ, which makes the 

blade an isosceles triangle. So, a triangle of XBR is a right 

triangle, whereby the angle of BXR is 90° − (θ − α). 

 

Fig.7. Surface area of sector C 

 

Surface triangle area of AXR is computed to use a length 

line of RA and a height of triangle AXR. The area of triangle 

AXR is shown in equation (8). 

 LAXR =  

(QR)2{sin2(θ-α) tan(β)+sin(θ-α)cos(θ-α)}/(8cos2(θ))  (8) 

4.  Result and Discussion 

4.1.  Volume Blade Calculation 

4.1.1.  Simulation result 

Applying equations (4), (7), and (8), the surface area of 

each blade is computed using Matlab simulation. When 

compared with previous research results[15], this study more 

clearly shows the volume of each blade and inference during 

blade movement at various angles (α). If the distribution of 

water on each blade is known, then a moment of inertia of each 

blade can be calculated. This result shows the influence of 

water mass inside the blade that causes the waterwheel to spin. 

4.1.2.  Experiment result 

To test the validity of equations (4), (7) and (8), we 

compared the calculated results with manual measurements. 

The process measurement is performed in the laboratory of 

FMIPA Chemistry ITS Surabaya using a cup of 100 ml 

PYREX brand IWAKI ±0.5 ml, whereby it is recorded when 

a cup of water enters the blade. Similar steps are completed on 

blades 2–12. The results of the experiment can be seen in 

Figure 8.  

 

  

Fig.8. Relationship volume and the number of blades 

4.2.  Obtaining the highest RPM by experiments 

4.2.1.  Nozzle length 

During the experiment the nozzle length was varied, and 

effect on the waterwheel was measured in RPM. The nozzle is 

made of ½-inch-diameter-PVC pipe with lengths including 3, 

5, 8, 10 and 12 cm. The position of the nozzle upon the blade 

was at angles (α) of 0°, 11.25°, 22.5°, 45°, 56.25°, 67.5°, 

78.75°, 90°, 101.25°, and 112.5° with the angle between 

blades being 11.25°. Measurement RPM of the turbine uses 

tachometer. It is placed on the horizontal axis of the 

waterwheels. The experiment shows that a shorter nozzle will 

result in a higher RPM. The highest RPM measurement 

obtained was seen when the nozzle angle position was 56.25° 

(blade 6) is 68.3. This is one adjustment that may increase the 

efficiency of the turbine. 

4.2.2.  Nozzle angle direction 

Nozzle angle (α) direction is an angle between the nozzle 

and a vertical axis can be seen in Figure 9. It is always higher 

than the blade’s position, because water fills the blades.  
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Fig.9. Position of theta and alpha angle. 

The process is done with a nozzle in a fixed position on the 

blades; the direction of the nozzle is then adjusted from an 

angle 0° to the angle at which water comes out of the rim (the 

waterwheel is not turning). The direction of the nozzle is 

adjusted, and then the RPM of the wheel is measured and 

recorded. The analysis shows that the same angle position of 

nozzle and blades results in greater RPM compared to a 

perpendicular position. The largest RPM of the waterwheels 

occurs when the blade angle is approximately 40.4°. 

4.3.  Comparison with the new model 

This author makes two model waterwheels from acrylic 

material with equal size where one of the blades is shaped like 

a propeller (model A) and the other is shaped like a triangle 

(model B). The RPM of the waterwheels is measured with a 

tachometer. The RPM values are recorded at various positions 

(i.e., nozzle angles). Each waterwheel consists of eight blades, 

as compared to the mathematical analysis that evaluates 

waterwheels with 16 blades. 

The experiment is performed at angles of 0° and the 

nozzle angle adjusted from 0° to 60°. The nozzle angle (α) of 

model A is adjusted from 0° to 25°, but the nozzle angle in 

model B ranges from 0° to 22.5°. The maximum RPM of 

model A is 158.18 with a nozzle angle of 20°. The maximum 

RPM of model B is 200.80 with a nozzle angle of 17.5°. This 

result shows that the model B waterwheel moves 35% faster 

than the model A waterwheel. Figure 10 shows the RPM of 

model A versus model B. 

 

Fig.10. RPM of model A higher than that of model B. 

The next step is to compare the RPM of model A to model 

B at angles of 5° and 10°. The maximum RPM of model A 

was at 124.85 and 170.28 with nozzle angles of 20°. Model B 

RPM was 182.95 and 194.70 with angles of 17.5° and 15°. 

This result shows that the RPM of model A was lower than 

that of B by approximately 50% and 13.4%, respectively. 

The same comparisons were made for an angle axis (θ) of 

15°, 20°, and 40°, which resulted in model A being nearly 

equivalent to model B. The maximum RPM of model A was 

224.52, 222.08, and 201.97, whereas the RPM of model B was 

215.58, 213.58 and 204.025. Figure 11 shows the RPM of 

model A versus model B. 

 

Fig.11. RPM of model A equal model B. 

The same experiment for an angle axis of 35° resulted in 

model A being faster than model B. Maximum RPM of model 

A was 193.1, whereas the maximum RPM of model B was 

152.68. Figure 12 shows the RPM of model A as compared to 

model B. 

 

Fig.12. RPM of model A lower than that of model B 

 

Having obtained the RPM ratio because of changes in 

nozzle angle and axis, we can find the value of the efficiency 

of the waterwheel. The value of the efficiency is calculated by 

comparing the output power with input power. The input 

power is calculated from the energy of water entering the 

turbine. The output power is calculated from the value of 

measuring currents and voltages on the generator. The results 

of measurements of current (I) and voltage (V), and the results 

of the calculation of power (P) and efficiency (η) is shown in 

Table 1. 

0 10 20 30 40 50 60
0

50

100

150

200

250
Theta 0 Degrees

Alpha degree

R
P

M

 

 

Model A

Model B

0 10 20 30 40 50 60
0

50

100

150

200

250
Theta 15 Degrees

Alpha degree

R
P

M

 

 

Model A

Model B

0 10 20 30 40 50 60
0

20

40

60

80

100

120

140

160

180

200
Theta 35 Degrees

Alpha degree

R
P

M

 

 

Model B

Model A



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH  
Second Author et al., Vol.4, No.4, 2014 

1018 
 

Table 1. Comparison all of angle (θ) model A and model B 

Angle 

(θo) 

Model A (Propeller) Model B (Triangle) 
(η) 

efficiency   

status 

Opti

mal 

(αo) 

I   

(A) 

V  

(V) 

P 

(W) 

η   

(%) 

RPM 

Max 

Opti

mal 

(αo) 

I      

(A) 

V     

(V) 

P   

(W) 

η   

(%) 

RPM 

Max 

0 22,5 0,20 2,35 0,46 14,60 131,90 22,5 0,15 1,30 0,19 6,00 81,00 A>B 

5 20 0,19 2,30 0,44 13,92 133,30 22,5 0,17 1,80 0,31 9,75 106,80 A>B 

10 20 0,20 2,35 0,46 14,60*) 131,10 20 0,16 1,65 0,26 8,41 95,10 A>B 

15 30 0,19 2,40 0,44 14,14 132,30 20 0,18 2,40 0,44 13,91 130,90 A=B 

20 20 0,19 2,30 0,43 13,70 129,20 20 0,21 2,60 0,53 16,98 138,60 A<B 

25 17,5 0,19 2,25 0,42 13,26 131,10 20 0,21 2,65 0,54 17,31 141,60 A<B 

30 17,5 0,19 2,40 0,46 14,53 132,40 20 0,18 2,05 0,36 11,43 117,30 A>B 

35 17,5 0,18 2,10 0,37 11,71 120,60 20 0,22 2,90 0,64 20,32*) 161,70 A<B 

40 17,5 0,17 1,85 0,31 10,02 107,30 20 0,21 2,80 0,57 18,28 150,80 A<B 

45 17,5 0,18 2,10 0,37 11,71 121,60 20 0,18 2,35 0,43 13,70 126,00 A<B 
*) Maximum of efficiency 

Figure 13 and Figure 14 respectively show the resulting of 

RPM waterwheel based on changes in nozzle angle (α) and 

axis angle (θ) for models A and Model B. The maximum RPM 

of Waterwheel triangle Model higher than the propeller model. 

 

Fig.13. RPM of model A base on nozzle angle (α) 

 

Fig.14. RPM of model B base on nozzle angle (α) 

The total extractable hydraulic power from the flowing 

water is given by the following expression: Pin = ρ g Q H. 

Where Pin is the hydraulic power input to the wheel (W), ρ is 

the density of water (1.000 kg/m3), g is the acceleration due to 

gravity (9,81 m/s2), Q is the volumetric water flow rate 

(0,00064 m3/s), H is the difference in line upstream and 

downstream of the wheel = 0,5m. Pin is calculated (3.14 W). 

Pout = V I. Where Pout is power output of small generator (W), 

V is the measurement voltage (V) and I is the measurement 

current of the circuit (A). The Efficiency is following 

expression:  η = Pout / Pin. The comparison of power output for 

all axis angles between model A and B is shown in Figure 15. 

 

Fig.15. Power output of model A versus model B 

 

Fig.16. Efficiency of model A versus model B 

The experimental results show that the maximum 

efficiency of model A is approximately 14.60 at θ = 10°, 

whereas in model B the maximum efficiency is approximately 

20.32 at θ = 35°. The Efficiency of model A was lower than 

that of model B at θ = 20°, 25°, 35°,40°, and 45°, but at θ = 0°, 
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5°, 10°, 15°, and 30°, the RPM of model A was higher than 

that of model B.  

In Figure 16 is shown that the efficiency of the model A 

higher than model B at an angle theta 0o until 15o. At this point 

the water on the blades is able to optimally convert into energy. 

Indeed, the energy is not so great because of it resulted from 

the influence of the mass of water and gravity. This is 

evidenced when the angle theta increases, the energy produced 

on the wane. 

5. Conclusion 

Based on the section 4.1.2 above is found that the actual 

volume of water attached to the waterwheel is 5.36 times the 

volume of the blade. The capacity of water in the waterwheel 

can be increased by increasing the width of the waterwheel 

linearly, assuming that water flow is constant. 

Rotation of the waterwheel is affected by the length of 

nozzle, with a shorter nozzle producing higher RPM. This 

shows that the coefficient of the nozzle used affects the RPM. 

Base on the section 4.2.1 above is found that the highest RPM 

measurement obtained was seen when the nozzle angle 

position was 56.25° is 68.3. 

Waterwheels with triangular blades produce higher RPM 

than waterwheels with propeller-type blades, because the 

volume of water retained in the triangular blade is higher than 

the volume retained by a propeller blade. The mass of water 

in the waterwheel produced the moment inertia and then 

produced higher angular velocity, which caused the 

waterwheel to spin faster. 

Nozzle angle 20° is optimal to produce the highest 

efficiency for waterwheel propeller and triangle. While the 

optimal axis angle, found respectively for the propeller 10o and 

20o triangle. With axis angle of 15o will produce the same 

RPM. 
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