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 The energy crisis is a severe problem facing the world, including 
Indonesia. Along with the times, innovation is needed to implement 
sustainable energy. Non-fossil energy sources have not been widely used, 
and efforts are still needed to utilize these energy sources. The 
waterwheel was the first device used in water production. One of the 
innovations for the sustainability of non-fossil energy is to make a 
waterwheel. There are still several waterwheels in Indonesia, but an 
investigation is needed to determine their condition. So in this study, 
investigating the breastshot water wheel uses a nozzle-based 
construction with variations in the degree of inclination of the spray 
against the TSR value. The results showed that the greater the inclination 
of the nozzle angle, the higher the velocity of the water flow when it 
enters the wheel. Adding water speed to this wheel will increase the 
momentum and tangential force. An increase in the tangential force will 
increase the wheel's torque so that the wheel strength will increase. This 
increase in power will, of course, result in greater efficiency, thereby 
increasing the tip speed ratio (TSR).  
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1. INTRODUCTION  
One of the world's most severe problems today is the energy crisis [1][2]. The energy source that most 
people use is fossil energy. The use of fossil energy by industrial companies in various countries has 
worsened the situation of fossil energy [3]. The energy crisis and global warming arising from fossil 
energy have directed attention to seeking new and renewable energy sources as sources of energy 
production that are efficient and sustainable [4][5]. Population growth, technology and industrial 
development of a country will increase energy consumption, so efforts must be made to increase the 
energy supply [6]. Development and economic development to achieve a decent standard of living will 
increase energy demand in the future [7]. This condition can turn energy into a profitable commodity 
that is very promising. This opportunity encourages various parties to make efforts to provide and 
manage efficient energy by utilizing new and renewable energy sources such as water energy [8]. Water 
energy is a renewable energy that can come from nature directly. Indonesia has a very large source of 
water energy, which can be used as a source of electrical energy [9]. The provision of sufficient, easy, 
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inexpensive, environmentally friendly and sustainable electricity is indispensable for the future 
development of the Indonesian economy. Indonesia's electrification rates can be seen in Figure 1 below. 

 
Figure 1. Indonesia’s electrification rate  

Source: [10]  

They decreased physical energy. However, fossil fuels and energy can be offset for decades. 
Consequently, many countries have developed alternative energy strategies to achieve sustainability 
[11]. Indonesia is the biggest archipelago country in the world. Indonesia has 18,306 islands and a sea 
area of 3,544,743.9 km2. Due to this maritime location, Indonesia's air pollution is very high. Moreover, 
Indonesia has highlands with different heights when viewed from the sea. Geographically, Indonesia 
has enormous wind potential. The utilization of hydropower or installed hydropower capacity in 2013 
only reached 7,572 MW of the total hydropower capacity of 75,000 MW, an increase of 80% from 2008 
of 4,200 MW. Meanwhile, the installed capacity of geothermal power plants in 2013 reached 1,343.5 
MW, an increase of 13% compared to 2008 of 1,189 MW, or an average annual growth of 2.6% for the 
last five years [12][13]. Meanwhile, alternative non-fossil/renewable energy sources are still 
underutilized, as shown in Table 1. Other non-fossil energy sources have yet to be widely utilized, and 
efforts are still required to utilize these energy resources, which have so far been used to provide non-
fossil energy sources. Fossil energy. Fossil energy in the national energy mix [14][15]. Indonesia's new 
renewable energy (EBT) target can be seen in Figure 2 below. 
 

 
Figure 2. Indonesia's new and renewable energy targets  

 A hydraulic motor is a machine that converts mechanical energy into active fluid energy (potential 
energy and kinetic energy) or vice versa. Hydroelectric equipment is generally divided into two main 
categories: 1. Work equipment Is a hydraulic tool that converts mechanical energy into hydraulic 
energy. For example, pumps, compressors, blowers, fan valves, etc. 2. Engine power Is a hydraulic 
motor that converts water energy into mechanical energy on the shaft, for example, water heaters, 
water treatment plants, gas turbines, waterwheels, and others. The waterwheel was the first device 



Int J of Basic & App Sci p-ISSN 2301-8038   e-ISSN 2776-3013  

 

Experimental study of a breastshot waterwheel with the degree of inclination of the nozzle spray against the tip 
speed ratio (Muhammad Helmi Kurniawan, et al) 

151 

used in water production. The main difference between a waterwheel and a hydraulic system is that 
the waterwheel rotates—flow velocity when the flow changes direction and velocity [16][17]. The wheel 
can be defined as a mechanical device that works in the shape of a wheel, with a bucket (cover or 
column) on an arc, positioned at an angle to the horizontal; the water wheel is a mechanism for 
transmitting hydrodynamic energy mechanically in the form of torque in the axle. The water cycle 
takes advantage of the natural contrast of a small stream surface. The water going in and out of the 
cycle has no excess pressure, only atmospheric pressure. The water reaches the wheel arches, which 
are most directly connected to the engine [18].  

However, even so, the use of waterwheels still exists today because it also has advantages over 
water turbines, namely their simple and inexpensive construction and easy and inexpensive 
maintenance [19]. Although it has many disadvantages compared to water turbines, this 
straightforward technology is suitable for use in remote villages as long as the potential for hydropower 
sources is sufficiently guaranteed. Historical data show that the principle of converting hydropower 
into mechanical energy has been known for over 2,500 years by using a simple wooden waterwheel as 
a generator. The use of waterwheels started in India, then spread to Mercer, and then continued to 
Europe and America. The systematic design of waterwheels began in the 18th century when much 
research was carried out to improve the waterwheels' performance. Eventually, the turbine 
construction was brought to the water. The theoretically designed waterwheel, built on a poncelet, was 
widely used in England in the early 19th century [20].  

In the previous study [21], which focused on sediment analysis from river events of 0.09708 
d3/x and a head of 0.26 x, the nipple waterwheel can be used as an independent power plant in remote 
areas. Technical test results are available. 112.6 W maximum mechanical power with 45.5% efficiency 
at par.77.9 Nm at 13.8 rpm. Moreover, research results show that the dam. This is exacerbated by water 
waste (domestic waste) [22]. Methods with greater inclination (in this case, 20° to 25°) can cause loss 
or leakage of the space between the holes. Moreover, the waterway dramatically affects the efficiency 
of the waterwheel. Adequate Maximum (ηmax) depending on tilt angle, 10°, 15°, and 20° 55% and 61% 
from 1.15 to 1.58.   

In addition, the waterwheel design is solid and easy to build, work on and repair construction 
structures that generate operating costs and less maintenance. Figure 3 shows the specifications of the 
different waterwheels. 
 

 
Figure 3. Classification of waterwheels. 

Source:[23]  

According to the method of applying water to the wheel's blades against the wheel axle, which is often 
applied In the current river flow, waterwheels are classified as undershot, overshot, and breastshot 
(middle shot) waterwheels [19][24][25]. The water flowing into and out of the wheel has no excess 
pressure, only atmospheric pressure. The speed of the water flowing into the wheel must be large 
because if the speed is large, the impetus on the blades of the water wheel will be greater. The research 
that will be carried out is an experimental study of the breastshot waterwheel using a construction-
based nozzle with a variation of blade angle to the tip speed ratio (TSR) value and analyzing the 
performance and performance of the breastshot waterwheel using a system (nozzle tilt angle) to 
improve the performance of the waterwheel [26]. 
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2. RESEARCH METHOD 
The conceptual study describes the relationship between theoretical concepts for research purposes 
[27]. So the relationship between theory and problem, Either the idea of solving the problem at hand 
or the idea of a solution [28]. No concept It must be based on the theoretical framework concept. This 
study is an application and application of knowledge in the field of hydraulics that can be used as a 
solution and manufacturing project planning. Reference in analyzing industrial equipment failure and 
predicting system operational limitations so that it becomes a safety standard for the operation of 
industrial machines in the field of energy conversion. In this research, an experimental analysis of the 
breastshot water wheel will be carried out using a variation of the slope of the nozzle angle, namely 
with a double nozzle [(25°), (15°)] & [(20°), (10°)] to the Tip Speed Ratio (TSR) value.) to improve the 
performance of the waterwheel. The waterwheel blades have 12 curved blades and use a nozzle as a 
flow cross-section [29]. The blade used is a curved type and includes three main parts, namely a shaft 
with a diameter of 1.5 cm, a diameter of 48 cm made of acrylic material and a blade totalling 12 blades 
which has a thickness of 2 mm made of transparent acrylic material which is mounted around the disc. 
The planned dimensions of the water wheel are shown in Figure 4 below.  

 
Figure 4. The image of the waterwheel blade has 12 blades [30] 

The water that comes out of the overflow channel of the upper water tank will flow into the water 
channel; it is in this part of the water channel that all tests are carried out, starting from testing the 
water discharge, testing the depth of immersion, and other tests [31]. After this drain, the water will 
flow back into the bottom of the water tank. The water channel in this study has a length of 300 cm 
and a width of 25 cm and uses an acrylic plate material. The schematic picture of the waterwheel 
installation research process can be observed in Figure 5 below. 
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Figure 5. Waterwheel Channel Installation With Double Nozzles [32] 

This study uses acrylic and filament materials in the manufacture of nozzles with a manufacturing 
process with 3D printing where the filament materials are combined under computer control to create 
3D (visual real) and to be further analyzed through experimentation [33][34]. Calculation of the water 
flow rate, the water wheel coefficient, and the number of nozzles to be used so that this research can 
be studied scientifically. A nozzle is often a pipe or square of varying cross-sectional area and can be 
used to direct or modify the flow of a fluid (liquid or gas). Nozzles are often used to control the flow 
rate, velocity, direction, mass, shape, and pressure of the emergent stream. The nozzle has a different 
diameter at both ends, which aims to determine the flow velocity that will exit the nozzle, namely a 
large diameter at the inlet and a small diameter at the outlet, resulting in a change in the velocity of 
the fluid flowing through the nozzle. The nozzle velocity of the fluid increases according to the 
pressure energy. The main principle of using a nozzle for water or incompressible fluids uses the 
principle of the law of continuity, namely the conservation of mass. 

3. RESULTS AND DISCUSSIONS 

3.1 Test data. 
The overall data from the waterwheel test results with variations in the degree of nozzle tilt, 

water flow rate, and waterwheel shaft rotation can be seen in the table below: waterwheel test results 
data. The following is shown in the data table taken at each water wheel test with variations in the 
degree of inclination of each nozzle. 

Table 1. Waterwheel Test Data with Double Nozzle Variation of Degrees of Nozzle Tilt (25°-15°) at a discharge of 15 
litres/second. 

Information 
Spin Speed 

[RPM] 
Fb [N] 

Debit 
[m3/s] 

Pm (Watt) Efisiensi (%) 
Torsi 
(N.m) 

ater flow rate (v) =. m/s 
RPM = n (rpm) 
Pm = Mechanical Power 
Fb = Braking Force 

102 0.02 0.015 0.022858228 0.05461437 0.00214 
102 0.02 0.015 0.022858228 0.05461437 0.00214 
102 0.01 0.015 0.011429114 0.02730718 0.00107 
102 0.01 0.015 0.011429114 0.02730718 0.00107 
100 0.01 0.015 0.011205014 0.02677175 0.00107 
99 1.57 0.015 1.741595295 4.16113279 0.16799 
99 1.59 0.015 1.763781222 4.21414085 0.17013 
99 1.57 0.015 1.741595295 4.16113279 0.16799 
97 1.57 0.015 1.706411551 4.0770695 0.16799 
… … … … … … 
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The discussion of this sub shows the effect of discharge and rotation on the power produced by the 
windmill at each variation of the angle of the nozzle inclination. From the Waterwheel Efficiency 
equation, the efficiency value is the amount of mechanical power (Pm) divided by the water power 
(Pa). In other words, the relationship from the mechanical power equation is that if the wheel's power 
increases for the same water power conditions, the efficiency of the wheel also increases. Therefore the 
discussion in this sub-chapter will be based on the graphic relationship between wheel rotation (rpm) 
and efficiency (ɳ). Thus to fully understand the efficiency of the mill in the operation of the mill in this 
study, the following graph shows the relationship between water rotation (rpm) and efficiency (ɳ) for 
each variation of the angle of the nozzle inclination. 

Table. 2. Waterwheel Test Data with Double Nozzle Variation of Degrees of Nozzle Tilt (20°-10°) at 15 litres/second discharge. 

Information 
Spin Speed 

[RPM] 
Fb [N] 

Debit 
[m3/s] 

Pm (Watt) Efisiensi (%) 
Torsi 
(N.m) 

Water flow rate (v) 
=. m/s 
RPM = n (rpm) 
Pm = Mechanical 
Power 
Fb = Braking Force 

102 0.02 0.015 0.010756813 0.02753666 0.00107 
102 0.02 0.015 0.010756813 0.02753666 0.00107 
102 0.01 0.015 0.021513626 0.05507331 0.00214 
102 0.01 0.015 0.010756813 0.02753666 0.00107 
100 0.01 0.015 0.010308613 0.02638929 0.00107 
99 1.57 0.015 0.278332543 0.71251095 0.02889 
99 1.59 0.015 0.494813409 1.26668613 0.05136 
99 1.57 0.015 0.484504797 1.24029684 0.05029 
97 1.57 0.015 0.474196184 1.21390754 0.04922 
… … … … … … 

3.2 Data processing (waterwheel efficiency). 
This discussion shows the effect of discharge and rotation on the power produced by the 

windmill at each variation of the angle of the nozzle tilt. It is known that besides power and torque, 
efficiency is also one of the parameters of the wheel's performance. Thus to fully understand the 
efficiency of the mill in the operation of the mill in this study, the following graph shows the 
relationship between water rotation (rpm) and efficiency (ɳ) for each variation of the angle of 
inclination of the nozzle in the figure below In figure 6 it can be seen that the phenomenon of the 
relationship between rotation and efficiency at each angle of the nozzle tested and for each variation 
of the angle of the nozzle inclination where the load decreases or in other words the rotation value 
increases, the turbine efficiency increases [35][36]. In other words, the research results show that the 
greater the angle of inclination of the nozzle, the more water flow will increase the rotational speed 
when it enters the waterwheel blades, so the efficiency of the wheel will also increase. With the use of 
a nozzle, the water flow into the wheel will be concentrated. The concentration of this water will 
reduce the wastage of water out of the water wheel. By increasing the slope of the nozzle angle, there 
will be an increase in the speed of the water flow when it enters the wheel, resulting in higher efficiency. 
This happens because of an increase in the speed of the waterwheel so that the power of the waterwheel 
also increases. This is due to the fact that the kinetic energy of the water flow can be used more in a 
water wheel with a tilt angle of the water wheel with the potential power of the available water. 
Therefore, the higher efficiency of the waterwheel with a greater variation of the nozzle inclination 
angle can be understood because, in the previous section, higher mill power was also obtained in the 
waterwheel with a greater variation of the nozzle inclination angle. 
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Figure 6. The relationship between the nozzle angle and maximum efficiency with variations in the double nozzle angle [(25°-
15°)] & [(20°-15°)] at a water discharge of 15 litres/second. 

 
The graph in the picture above shows the relationship between rotation (rpm) and efficiency above 
with variations in the angle of the double nozzle [(25°-15°)] & [(20°-15°)] at a water discharge of 15 
litres/second, showing the conditions The most excellent efficiency for the waterwheel operation angle 
(25°-15°) is at 63 rpm, which is 89.28%. The lowest efficiency is at 16 rpm, which is 35.49%. The most 
excellent efficiency for angle (20°-10°) is found at 44 rpm, 86.26%, and the lowest efficiency is at 20 
rpm, which is equal to 42.72%. The relationship between the nozzle angle and the efficiency of the 
wheel shows a different pattern for each water wheel with variations in the angle of the nozzle. This 
phenomenon occurs because the flow conditions are in open channels where the increasing steepness 
or slope of the water nozzle used causes the area and flow velocity to increase. The behaviour of the 
flow and the blades of the waterwheel was recorded in the form of video recordings to determine the 
phenomena that occurred. The video recording results will be displayed in the form of a series of 
images that represent each movement of the water wheel. From these pictures, it can be observed the 
movement of the blade and the flow hitting the blade. For better observations, several videos were 
taken at the highest momentum received by the blade, where the maximum waterwheel conditions 
will provide maximum thrust on the waterwheel blades, as shown in Figure 6. In addition, observations 
were also made on the worst conditions of the wheel performance to understand the phenomenon 
flow under these conditions. 
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Figure 7. The water flow behaviour at the inlet side of the double nozzle. 

 
Figure 7 above shows that changes in flow behaviour at the inlet side of the water wheel can be due to 
differences in loading on the shaft. The greater the loading, the greater the water turbulence, and the 
most significant water oscillation is at the corner nozzles (20°-10°). By increasing the angle of the 
nozzle, there will be an increase in the speed of the water flow when it enters the wheel. This condition 
also explains that the greater the inclination of the nozzle angle, the efficiency of the water wheel will 
increase so that the torque generated will also increase, and the shaft power will increase. If the shaft 
power increases, the efficiency will also increase because the shaft power is directly proportional to the 
efficiency [36]. The performance of the waterwheel can also be observed based on the head and 
capacity of the water flow towards the generator shaft and the efficiency of the wheel. The performance 
of the turbine can also be seen from the speed, the ratio of the flow rate, and the specific rotation of 
the turbine or waterwheel operations. Collisions that result in hydraulic losses from the water jets and 
changes in the direction of the water jets when they enter the waterwheel blades and conditions like 
that can be predicted to reduce the work efficiency of the waterwheel. The pattern of jets of water 
flowing in the flow waterwheel is influenced by the number of active blades that are hit by water from 
the waterwheel nozzle. The number of active blades is determined by how large the nozzle angle is; 
the more significant the nozzle angle, the more active blades [37][38]. Changes in flow behaviour at 
the inlet side of the water wheel are caused by differences in the loading on the shaft. The greater the 
loading, the greater the water circulation, the largest water circulation is at the nozzle angle (25°-15°), 
and the smallest is at the nozzle angle (20°-10°). This causes a backflow that opposes the absolute speed 
of the water flow and a large enough pool of water that gives a force load that is opposite to the 
direction of torque on the blade. This condition also explains that the higher the rotation, the more 
optimal the wheel power tends to be. 

3.3 Tip speed ratio (TSR). 
 Tip Speed Ratio (TSR) is the ratio between the tangential velocity at the blade's tip and the 

fluid's actual velocity. 
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Figure 8. Relationship between tip speed ratio (TSR) and efficiency with double nozzle angle variations [(25°-15°)] & [(20°-15°)]. 

Maximum efficiency occurs when using a double nozzle variation with an angle (of 25°-15°). In other 
words, the results of the study show that the greater the angle of the nozzle, the greater the velocity of 
the water flow when it enters the wheel. The addition of water velocity into this wheel will increase 
the momentum and will increase the tangential force. The increase in this tangential force will increase 
the torque of the wheel so that the power of the wheel will increase. This increase in power will, of 
course, result in greater efficiency resulting in an increased tip speed ratio (TSR). While the value of 
the tip speed ratio (TSR) and the value of the efficiency produced by the water wheel will increase if 
the value of the tip speed ratio (TSR) is lower due to the influence of the additional load on the water 
wheel rotation, then after reaching the highest limit (peak) then the value of the efficiency of the wheel 
water produced will gradually decrease. Figure 8 above shows the relationship between the tip speed 
ratio (TSR) and the waterwheel's efficiency. The efficiency produced by using the slope of the nozzle 
angle will increase as the tip speed ratio (TSR) increases, and each graph shows trendlines that differ 
from one another [26]. 

 

 

Figure 9. The relationship between the nozzle angle and the optimum tip speed ratio (TSR), namely the tip speed ratio (TSR) 
with the highest efficiency 

Figure 9 above shows that the optimum tip speed ratio (TSR), namely the tip speed ratio (TSR) with 
the highest efficiency, reaches the highest value at the tip speed ratio (λ) = 0.6752, which is 89.28% 
with an angle [25°-15 °]. The increase in the efficiency of the water wheel is caused by an increase in 
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the rotation and torque of the water wheel, which causes the output power to increase while the input 
power from the water flow will remain the same. The tip speed ratio (TSR) is influenced by the 
magnitude of the quotient of the measurement of the tangential speed of the water wheel with the 
incoming water flow rate (λ= U/V) [39]. This best performance is due to the kinetic energy of the water 
flowing through the water wheel rotor. The angle of the nozzle and the blades that are tightly arranged 
causes a large thrust against the surface of the blade so that the water wheel can increase the number 
of revolutions (rpm). A waterwheel with a steep nozzle angle has the highest efficiency value so that it 
is able to carry out optimal energy transfer so that the resulting thrust is greater. The large thrust force 
results in optimal waterwheel efficiency and performance. The greater the angle of the nozzle used will 
increase the efficiency of the waterwheel [40][41].  

4. CONCLUSION  
Maximum efficiency occurs when using a double nozzle variation with an angle (of 25°-15°). In other 
words, research results show that the greater the angle of the nozzle, the greater the velocity of the 
water flow when it enters the wheel. The addition of water velocity into this wheel will increase the 
momentum and will increase the tangential force. The increase in this tangential force will increase 
the wheel's torque so that the wheel's power will increase. This increase in power will, of course, result 
in greater efficiency and an increased tip-speed ratio (TSR). While the value of the tip speed ratio (TSR) 
and the value of the efficiency produced by the water wheel will increase if the value of the tip speed 
ratio (TSR) is lower due to the influence of the additional load on the water wheel rotation, then after 
reaching the highest limit (peak) the value of the efficiency of the wheel water produced will gradually 
decrease. As for the graph of the relationship between efficiency and tip speed ratio above with 
variations in the double nozzle angle, it shows the operating conditions of the water wheel, the most 
significant tip speed ratio for the double nozzle angle (25°-15) with a tip speed ratio of 0.6752 is equal 
to 89.28% and the lowest efficiency is the tip speed ratio of 0.1714 which is 35.49%. While the highest 
efficiency is at the tip speed ratio of 0.4715, which is 86.26% with an angle (of 20°-10°), and the lowest 
efficiency is at the tip speed ratio of 0.2143, which is 42.72%. In other words, the study results show 
that the greater the angle of inclination of the nozzle, the more efficiency of the wheel will also 
increase. 
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