Volume 11. Number 1. 1-17

https://ejournal.radenintan.ac.id/index.php/al-biruni/index

APRIL 2022

Jurnal ilmiah pendidikan fisika Al-Biruni e-ISSN: 2503-023X

P-ISSN: 2303-1832
DOI: 10.24042/jipfalbiruni.v11i1.10060

The performances of undershot waterwheel with butterfly-shaped blades
and the radius of grasshopper's elbow: The utilization efforts for river

electrical energy potential

Suhartono®’, Rahmad Rudianto?, Sri Fatmawati® Saiful Azis*

1.2.3.4 Insitut Agama Islam Negeri Palangkaraya, Kalimantan Tengah, Indonesia

*Corresponding Address: suhartono@iain-palangkaraya.ac.id

Article Info

ABSTRACT

Article history:

Received: October 16, 2021
Accepted: March 12, 2022
Published: April 29, 2022

Keywords:

Butterfly blade;
Grasshopper elbow;
Pico hydro;
Undershot;
Waterwheel.

Based on the amount of discharge or current, the river flows in Central
Kalimantan have the potential to produce electrical energy. The purposes of
this study were to design an undershot type of floating waterwheel and to test
the effective bending angle at the radius of the grasshopper elbow in
producing the most optimum power. This research uses experimental
methods. The tools used are: mobile phone, multimeter, the gate of light, timer
counter, flow rate, and the dimensions of the waterwheel diameter is 6 meters.
Grasshopper angles vary from 0°, 30°, 45°, 60° and 90° with a submerged
blade depth of 0.24 m. The results showed that the undershot waterwheel with
a flexible pinwheel (like a grasshopper's elbow) produced a faster and more
effective rotation than a wheel with a fixed pinwheel and blades. Because the
waterwheel has a flexible pinwheel and the butterfly blades experience little
resistance when moving in water, the wheel generates more electrical energy
than a wheel with fixed pinwheels and blades. At the angle of bending of the
radius of the grasshopper blade 30° with the butterfly blade, it produces more
optimal electrical energy than angles 0°, 45°, 60°, and 90°. Suggestions for
further research are to test the waterwheel in weak and medium current rivers.

© 2022 Physics Education Department, UIN Raden Intan Lampung, Indonesia.

INTRODUCTION

The utilization of renewable energy
sources is the right alternative to overcome
the limited access to electricity in Indonesia,
especially in remote community areas
(Warjito et al., 2018). The largest use of
renewable energy sources and is projected to
increase is electricity sources originating
from hydropower Fields(Faria & Jaramillo,
2017; Kougias et al., 2019; Manzano-
Agugliaro et al., 2017; Pérez-Sanchez et al.,
2017; Punys et al., 2017; Punys et al., 2019).

One of the efforts to deal with a crisis in
the field of electrical energy is to develop a
type of small-scale hydroelectric power
plant, pico hydro as an alternative way to
utilize natural energy in the form of flowing
water and as a way to protect the environment

and preserve it (Arias-Gaviria et al., 2017;
Brykata & Podgodrski, 2020; Krajaci¢ et al.,
2018; Nishi et al., 2015; Quaranta et al.,
2017; Quaranta et al., 2020; Quaranta &
Revelli, 2018; Quaranta & Wolter, 2021).
Hydropower offers advantages over fossil
fuels because it uses water as a renewable
energy source and a sustainable energy
supply (Ali & Kumar, 2017; Masud & Suwa,
2018; Zhou et al., 2019). Pico hydro is a type
of hydroelectric power plant that produces
electricity with an output power of less than
5 kW. Small-scale hydropower plants are
receiving attention because of their high
availability, suitable construction sites, and
less impact on environmental damage
(Balkhair & Rahman, 2017; McManamay et
al., 2020; Nishi et al.,, 2020; Quaranta &
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Revelli, 2017a; Sritram & Suntivarakorn,
2017; Moe et al., 2019).

The undershot wheel can operate at less
than 2 m head so that it can be placed in small
rivers in flat areas, close to population
centers (Denny, 2004; Permanasari et al.,
2019). The undershot waterwheel is
recommended for electrification in remote
areas in Indonesia because of its simple
shape, which results in higher efficiency at
low head conditions compared to other
turbines (Warjito et al., 2018). The undershot
waterwheel is recommended because of its
effectiveness when operating at the low head
(Moshfegh, 2011; Miller & Kauppert, 2004)
in addition, because of its simple shape, the
undershot waterwheel is an economical,
efficient wheel, and many people know this
technology (Quaranta & Miuller, 2018) so
that it is effectively applied in remote areas.
The way the undershot waterwheel works is
that if there is a flow of water that flows, it
will hit the blade wall located at the bottom
of the waterwheel (Setyawan et al., 2019).

The potential of water flow as Pico hydro
scale electrical energy is found in rivers that
flow throughout the year with maintained
discharge, therefore it is important to realize
the effective use of renewable energy
sources, including high power hydroelectric
energy at low cost. Waterwheels used as
hydroelectric power can be broadly
classified, namely waterwheels used in
channels with high and low head/peak, and
waterwheels used in open areas with very
low head/peak channels (Irwan et al., 2019;
Nishi et al.,, 2017; Nishi et al., 2020;
Quaranta, 2018; Yahagi et al., 2016).

The Pico-hydro Power Plant requires
heavy river flow to produce an optimum
power (Fajri et al., 2019). Pico hydro has
been widely used by developing countries
such as Asian and African countries to
generate electricity in remote areas due to
lower life cycle costs, cheaper investment,
and operating costs than solar photovoltaic
(PV) and wind turbines (Adanta et al., 2020;
Ho-Yan, 2012; Ming et al., 2018; Warjito et
al., 2018). This is because Pico hydro-scale

waterwheels in the form of open channels can
be applied on a small to medium scale in
rivers and irrigation canals in various remote
locations (Nishi et al., 2014; Nishi, et al.,
2020).

Several locations in the world have great
potential in the use of renewable hydro
energy, such as the island of Kalimantan in
Indonesia, it has hundreds of tributaries that
flow throughout the year (Kholig., 2015;
Pranoto et al., 2018). The river topography
pattern in Kalimantan has relatively flat
characteristics with a low coastal shape and
extends almost flat, the wider the shape of the
river, the greater the volume of water going
to the sea, there is also additional water from
its tributaries, the water discharge varies
according to the season so that the speed
flow, water depth, and substrate composition
vary according to flow length and river width
which is influenced by tides (Lindawati,
2018; Norhadi et al., 2015). The undershot
waterwheel is more suitable for river
characters that have a low and very low head
difference (Nishi et al., 2014; Nishi et al.,
2020; Nishi et al., 2020).

The shape of the blades affects the level of
performance of the wheel. Simulating the
shape of a pinwheel with straight blades is
more efficient than curved blades in a
crossflow (Nishi et al., 2014; Nishi et al.,
2020; Nishi et al., 2020). In addition, the
performance of the mill is affected by the
depth of the blade submerged in the water
flow. Experimental analysis of the effect of
the depth of the blade submerged by water
flow on the undershot waterwheel shows the
optimal value at a submerged depth of 40 mm
compared to 20 mm, 60 mm, and 80 mm
(YYah et al., 2016). The effectiveness of the
number of blades and the shape of the blades
for the undershot waterwheel shows that the
highest performing model is the six blades in
the shape of a tick (Jamlay et al., 2016), also
previous research has provided many
methods for improving the performance of
the undershot wheel, such as modifications to
blade geometry or concepts work, planning
and design processes, use of appropriate
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materials, and so on. Even though the
development and application of this
technology have taken decades, determining
the appropriate number of blades is still
based on assumptions (Jamlay et al., 2016;
Warjito et al., 2018). Similar research that
has been carried out, namely the performance
of the undershot waterwheel with bowl-
shaped blades shows that the bowl-shaped
blade waterwheel is suitable as an alternative
to small-scale power plants (Permanasari et
al., 2019; Quaranta & Revelli, 2018; Sule et
al., 2020).

This study aims to refine and improve the
performance of the wheel in previous studies.
This research varied the pico hydro scale
undershot waterwheel with the geometric
shape of the butterfly blade with the radius of
the grasshopper's elbow. This is expected to
improve the performance of the mill. This
research also made improvements to the
prototype from the original 2 meters diameter
of the wheel to 3 meters and the number of
pinwheels increased to 12 blades. Therefore,
the purpose of this research is to design and
manufacture a pico hydro scale undershot
waterwheel with the geometric shape of a
butterfly blade with the radius of the
grasshopper's elbow, in addition to testing the
performance of the wheel as shown by the
electric power generated by the wheel.

This research intends to build an
undershot waterwheel with a very low head
and a waterwheel for open channels such as
medium rivers and weak rivers. Wheel
design with geometric shapes that can change
flexibly, and it takes the form of animal
limbs, namely butterfly wings, and
grasshopper elbows. Previous research tested
the type of butterfly blade waterwheel
compared to a fixed blade turbine. The results
showed that the butterfly blade was more
efficient than the fixed blade (Suhartono et
al., 2017). The results showed that the turbine
output power and efficiency on a straight
runner blade were greater than that of a
curved blade (Nishi et al., 2015; Nishi et al.,
2020). The pico hydro scale floating power
plant engineering considers the condition of

the river's surface current which is not so
heavy and drives the wheels as a rotating
generator. Power plants are designed to rotate
properly when on the surface of the water
with weak currents, are affordable, and are
easy to manufacture.

METHODS

The method used in this research is the
experimental method. The data collection
consists of measuring the speed of water
flow, the generator rotational speed in rpm
(rotation per minute), the amount of voltage,
and the electric current on the lamp load. This
measurement is based on the speed of the
water pushing the blade of the wheel.

The output power (Pout) is then
calculated using the following equation
(Franco et al., 2019; Quaranta, 2018; Warjito
et al., 2018):

& — d2
P,.=\|p.8 > Wlu (1)

where the depth of the incoming water hits
and pushes the blade (d1), the depth of the
water coming out of the blade (d2), the width
of the blade (W), the gravitational
acceleration (g), and the density of the water
(p), the speed of entry (u), with adds d> =
0.5d.

Control Volume

Figure 1. Hydrostatic pressure acting on vertical
blades.

Collecting data in this study requires
several instruments as shown in table 1.
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Table 1. Data collection tools

Tool Quantity
1. Mobile phone 1 piece
2. Multimeter 2 pieces
3. Gate of light 1 piece
4.  Timer counter 1 piece
5  Flow rate (Pasco scientific) 1 piece

The following are the stages of data
collection.

a. The rate of water flow is measured using
a flow rate. The measurement of water
flow speed is done by placing the flow rate
in line with the placement of the
waterwheel (about 50 cm in front of the
wheel) and the water flow. This is done so
that the speed of the water flow regarding
the flow rate is the same as the speed of
the water that hits the waterwheel as
shown in Figure 2.

Figure 2. Installation of Flow Rate on the
waterwheel

Figure 2 is a tool for measuring the speed
of water currents. The tool is connected to
a mobile phone via Bluetooth to see the
values obtained through the SPARKvue
application. The value that appears in the
application is the value of the water flow
velocity during the test.

b. Measure the rotation of the wheel using
the timer counter on the shaft of the wheel
then see the time printed on the timer
counter screen.

c. Voltage and electric current are measured
using a multimeter.

d. The generator in this study functions as an
energy converter in the waterwheel, which
aims to get an overview of the function

and how much the waterwheel's
performance is in producing electric
power against changes in the speed of the
water that drives the blade.

Instrument equipment for data collection
in the pool can be seen in Figure 3.

Figure 3. Instruments used in data collection
Multimeter; b. Timer counter; c. Mobile
Phone; d. Multimeter; e. Generator.

Figure 3 is the instrument used in data
collection from the generator, namely 2 (two)
multimeters, a timer counter, and a mobile
phone. The multimeter is here used to
measure the voltage and current generated by
the generator when the generator is rotating.
The timer counter is used to measure the
rotational speed of the generator pulley.
Mobile phone to see the speed of water flow
as measured by flow rate. The data of
measurement results are water velocity,
generator rotation speed, and generator
power. Permanent magnet generator (PMG)
power capacity is 500 watts, 12-volt ac
voltage, 3 phases, and a rotation speed of 600
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rpm. The AC voltage generated by the PMG
is then converted into a DC voltage, and
rectified using an AC to DC rectifier. The
voltage generated by the generator is stored
in the accumulator (battery). This generator
was chosen based on several considerations
include being able to operate at low speeds,
maintenance needs, and easy spare parts
procurement.

The design and manufacture of the
pinwheel were carried out in the physics
laboratory of the Palangkaraya State Islamic
Institute and data collection was carried out
in the pool in the front yard of the IAIN
Palangkaraya student dormitory which has a
length of 20 meters and a width of 20 meters.
The time of designing, manufacturing, and
assembling the pinwheel for 5 months
(March to July 2019) and the time of data
collection in August 2019.

The speed of the water is obtained by
pulling the wheel of several people. Figure 4
shows the flow chart of this research.

Start

Study of literature and
making a pinwheel design

!

Makingz and aszambling 2
picohydre scale
waterwhesl in the
laboratory

¥

Waterwheel endurance test in
pond

Trial
successfiol

Data collection with the test variable
i3 the shape of the waterwheel blade

¥

Diata analysis

}

| draw conclusions |

Figure 4. Research flowchart

RESULTS AND DISCUSSION

The design of the undershot-type
waterwheel with the shape of a butterfly
blade and the radius of the grasshopper's
elbow that has been successfully made is
shown in Figure 5. The wheel consists of 2
pieces which are attached to a buoy made of
6 PVC pipes and each is assembled with 2
pieces of PVC. The wheel buoys are also
added with 12 empty drums which aim to
strengthen the wheel buoy system. The wheel
that is made has 12 blades with pinwheel
spokes that are placed on an iron plate. The
disc diameter is 60 cm. The floating pico
hydro generating system consists of two
waterwheels, a generator, a battery, and a
buoy. The float is used to make the wheel
hold the water. The dimensions of this
waterwheel as shown in Table 2.

2T 3
Figure 5. The undershot waterwheel that has been
made and its dimensions

Table 2. Dimensions of waterwheel

Waterwheel Component Size
1, Radius of Waterwheel 1.5 meters
2. Construction width 5 meters
3. Construction length 6 meters
4.  Shaft iron length 6 meters
5. Number of blades per turbine 12 pieces
6.  Outer Diameter 3 meters
7. Inner Diameter 2 meters
8. Blade Length 1 meter
9. Blade Width 0.4 meter

Figure 6 shows the dimensions of the
radius in the shape of a grasshopper's elbow
and the blade of a pinwheel in the shape of a
butterfly's wings.
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(a) The radius of the grasshopper's elbow

(b) The blade of the waterwheel is shaped like a
butterfly wing

Figure 6. Waterwheels that have been made and their
dimensions

Portable floating pico hydro is an efficient
device compared to conventional devices
(Dewatama et al., 2020). This system is
relatively inexpensive and easy to operate
and does not disturb the ecology of the river.
The output power increases exponentially
with the flow of water. The design of the
floating power plant is made portable so that
it is easy to use in areas where it is needed,
cheap, and easy to maintain. All variables
were measured with the same stages and
treatments for each variation of fixed blades
and butterfly blades.

In the butterfly blade wheel, the two parts
of the blade can close and open by 90°.
Changes in the rotation of the wheel when in
the air after getting out of the water, the blade
is closed and when it will enter the water the
blade opens. The radius of the grasshopper's
elbow also changes the distance from the
center point of the wheel depending on the
angle variation at the elbow, so that this

section experiences a flexible motion when
the blade enters and leaves the water as
shown in Figure 7.

b. The wheel is seen
from the side with
the direction of the
current and its
rotation.

a. The wheel is seen

from an oblique
position on the side.

Figure 7. The Undershot Waterwheel with a
Butterfly Blade and Grasshopper Elbow
Radius

To adjust the bending angle of the
grasshopper's elbow, use a restraint system
(small bolt) at the point of bending the
grasshopper's elbow so that the bending
angle can be adjusted as shown in Figure 8

Figure 8. Adjusting the angle of the grasshopper's
elbow bending.

The floating waterwheel test is carried out
in a pond with a length of about 20 meters
and a width of about 15 meters as shown in
Figure 9, in the form of testing the water
speed, generator rotational speed, voltage,
and current generated by the generator at the
effective depth of the submerged blade that
has been determined from previous research,
namely 0.24 meter from the depth. The whole
blade is 0.44 meters, and the bending angle
of the grasshopper's elbow is different from
the variations. Data was collected by pulling
a floating waterwheel from one end of the
pond to the other, which is 15 meters away.



Jurnal ilmiah pendidikan fisika Al-Biruni, 11 (1) (2022) 1-17 7

y

Figure 9. Wheel tsting pool

The waterwheel output power is obtained
by equation (1). Because this study uses 2
waterwheels, so the total power is 2 times the
power of the wheel, as shown in table 3.

Table 3. Results of output power (Poy) and total

power

Vv u Pout P total = 2 X Pout
(msh  (msh)  (watt) (watt)
0.40 0.20 42.57 85.15

\' u Pout P total = 2 X Pout
(mst)  (ms? (watt) (watt)
0.50 0.25 53.22 106.43
0.60 0.30 63.86 127.72
0.70 0.35 74.50 149.01
0.80 0.40 85.15 170.29
0.90 0.45 95.79 191.58
1.00 0.50 106.43 212.87
1.10 0.55 117.08 234.16
1.20 0.60 127.72 255.44
1.30 0.65 138.36 276.73
1.40 0.70 149.01 298.02
1.50 0.75 159.65 319.30

di=0.24m,d,=0.12 m, p=1005.615 kgm?, g

=9.8 ms?;

Table 4 shows the experimental test
results of the butterfly blade waterwheel with
several bending angles of the grasshopper's
elbow. The variations in the bending angle
are angel 0o, 300, 60°, and 90°. The
experimental results consist of generator
speed and generator power at variations in
water speed.

Table 4. The experimental results of the butterfly blade wheel experiment with variations of the grasshopper's

elbow bending

water Angle 0° Angle 30° Angle 45° Angle 60° Angle 90°
speed “Generat Power  Generator Power Generat Power Generat Power Generator Power
(mis)  or speed  (watt) rotation (watt) or (watt) or (watt) rotation (watt)

(rpm) (rpm) speed rotation (rpm)
(rpm) (rpm)

0,4 83,23 6,70 105,17 10,08 142,54 11,43 161,32 18,39 200,86 34,39
0,5 90,28 7,88 108,01 11,49 121,36 10,60 169,05 20,09 155,40 23,80
0,6 100,12 23,26 140,99 17,49 195,76 11,32 183,37 25,20 224,43 53,70
0,7 106,18 21,72 164,90 24,38 186,80 36,96 198,23 31,22 234,01 57,62
0,8 115,65 24,51 177,33 28,57 203,25 31,95 209,82 37,13 231,00 50,48
0,9 120,26 31,17 214,65 40,53 209,34 38,44 222,83 44,44 276,37 71,07
1,0 170,54 46,28 212,09 45,00 229,45 51,41 232,65 57,24 280,64 62,57
1,1 205,21 58,71 224,57 71,62 235,70 57,68 252,53 65,67 272,36 62,79
1,2 216,91 65,66 264,67 87,22 244,50 65,18 264,17 77,80 251,99 67,35
1,3 230,33 73,52 259,06 79,47 253,21 79,21 291,00 106,88 230,86 59,70
1,4 240,65 85,94 279,04 106,63 270,20 94,34 283,96 115,60 273,47 102,75
15 280,45 121,45 304,52 157,66 291,12 105,71 293,36 120,51 276,27 104,54
Figures 10a and 10b present a electric power and the rotation of the
comparison of the performance of generator on the speed of the water. The

waterwheels based on experimental values
with variations in the bending angle of
grasshoppers. The performance of the
waterwheel is shown by the results of the

speed of this water drives 2 rotating
waterwheels that are connected to the pulley
system to a generator that is given a lamp
load of 200 watts. Two waterwheels are
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attached on one axis. Electric power and
generator rotation increase with increasing
water speed. The theoretical analysis output
power is calculated to be greater than the
electric power converted by the generator
rotation. The results of experimental
calculations using a 200-watt lamp load

throughout the range of the speed of the water
that drives the blade of the wheel.

The correlation between electric power
and the rotation of the generator (RPM) to the
speed of the water can be seen in Figures 10a
and 10b.

180.00
160.00
140.00
120.00
100.00
80.00
60.00
40.00
20.00
0.00

0.0 0.5 1.0 1.5 2.0
WATER VELOCITY

GENERATOR OUT PUT POWER
(WATT)

~——&— ANGLE 0 ANGLE 30 ANGLE 45

ANGLE 60 —@— ANGLE 90

(@)

400.00

300.00

200.00
100.00

0.00
0.0 0.5 1.0 1.5 2.0

WATER VELOCITY

GENERATOR SPEED (RPM)

~——o— ANGLE 0 ANGLE 30 ANGLE 45

ANGLE 60 —e— ANGLE 90

(b)

Figure 10. (a). Correlation of electric power to water speed. (b). Correlation of generator RPM rotation to the

water speed

The output electric power of the generator
has a characteristic value and shape. The
output electric power will increase with the
change in the speed of the water that drives
the butterfly blade at every change in the
bending angle of the grasshopper's elbow
from 0°, 30° 45° 60° and 90° as shown in
figure 11.

Angle 0°

Angle 30°

Angle 45°

Angle 60°

Angle 90°

Figure 11. Bending angle of the grasshopper’s elbows

Water velocity is the most important
factor for undershot waterwheels (Denny,
2004). The shape of the constant radius of the
bending angle of 0° is a reference for
comparison to the range of electrical power
at the load and the RPM generator rotation
speed. This is seen in experimental values.
The number of kinetic turbine blades is one
of the variables that greatly affect the rotation
and tangential forces that determine the
power and efficiency of a kinetic turbine
(Quaranta & Revelli, 2017b; Suparman,
2017).

Simultaneous measurement of electrical
power with a 200-watt lamp load, generator
rotation speed in rpm, and water speed. The
measurement result shows the difference
between the experimental value and the
calculated result. The difference between
experiment and analysis occurs mainly due to
mechanical friction losses which are not
considered in the calculations. The calculated
efficiency of the waterwheel (n) is greater
than the experimental value, except in the
higher rotation speed range, the value is close
to the experimental value. This can be seen
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from the chart pattern. The results of the
comparison of the experimental values of
butterfly blade waterwheels with variations
in the radius of the grasshopper's elbow show
that the maximum output power and
maximum efficiency of the wheel at a
bending angle of 30° are around 49.38% at a
water velocity of 1.5 m/s. The findings in this
study have shown to some extent the
qualitative characteristics of the performance
of the butterfly blade undershot type
waterwheel  with  variations in  the
grasshopper angle and flow plane of the
waterwheel equipped with blades from
different bending angles. The low efficiency
of the wheel is probably due to the very low
rotational speed (Quaranta & Miller, 2018).
The design of the physical model of the
waterwheel as a power plant where the
results of this study show the relationship of
flow velocity (cm/s) to energy (watt-hour)
(Junaidi & Hendri, 2014).

The graph of the correlation between the
generator electric power and water speed for
the bending angle 0° on the pinwheels can be
seen in Figure 12.

140.00

y = 3.580324044x :
R2=0.9219

120.00

100.00

80.00

60.00

40.00

20.00

Generator Output Power (Watt)

0.00
0.00 0.50 1.00 1.50 2.00

Water speed (m/s)

Figure 12. Correlation of electric power to the speed
of water from the rotation of the wheel at an
angle of 0°

The graph of the correlation between the
generator rotation in rpm and water speed for
the bending angle 0° on the pinwheels can be
seen in Figure 13.

350
300 y = 49.079eL176%

250 R2=10.9645 .4
200 pa
150
100

al
o O

0.00 0.50 1.00 1.50 2.00

Generator speed (RPM)

Water speed (m/s)

Figure 13. Correlation of the generator rotation to the
speed of water for the grasshopper angle
OO

Figures 12 and 13 show there is no change
in the length of the radius to the center of the
wheel. The blade of the waterwheel moves to
close and open when entering and leaving the
water. Electrical power and the rotation of the
generator (RPM) are more dominant due to
the shape of the blades. The graph of the
experimental results using the line theoretical
equation approach provides an overview of
the rate of change increase in power and
generator rotation of 114.75 watts and 197.22
RPM over a water velocity range of 0.4 m/s
to 1.5 m/s. The graph shows a pattern of
exponential function characteristics with an
upward trend, with changes in a ripple of
electrical power and the rotation of the
generator (RPM) which is not large because
it is only influenced by the wheel blades that
close and open when entering and leaving the
water at an angle of 90°.

The graph of the correlation between the
generator electric power and water speed for
the bending angle of 30° on the pinwheels can
be seen in Figure 14.

180.00
160.00
140.00
120.00
100.00
80.00
60.00
40.00
20.00
0.00

y = 3.9735g24524
R?2=0.9806

Generator Output Power
(Watt)

0.00 0.50 1.00 1.50 2.0

Water speed (m/s)

Figure 14. Electric power to water velocity for
grasshopper angle 30°
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The graph of the correlation between the
generator rotation (rpm) and water speed for
the bending angle of 30° on the pinwheels can
be seen in Figure 15.

140.00
120.00
100.00
80.00
60.00
40.00
20.00
0.00
0.00 050 100 150 200

Water speed

y = 4.760321908x
R2=09104 4

Generator Output
Power (Watt)

350,00
£ 300.00
250.00
200.00
150.00
100.00
50.00

0.00
0.00 0.50 1.00 1.50 2.00

Water speed

y =132.24x+ 89.641
R? =0.9206

Generator Speed (r

Figure 15. Rotation of the generator to the speed of
water for the grasshopper angle of 30°

Figures 14 and 15 show the bending angle
of 30° where there is a change in the length
of the radius to the center point of the wheel.
The radius of the wheel that is bend makes
the distance between the tip of the radius and
the blade has a shorter distance than when it
is straight, also the blade on the wheel closes
and opens simultaneously with the change in
the length of the radius when moving in and
out of the water is more flexible. The
characteristics of electrical power and the
rotation of the generator (RPM) are caused
by the shape of the butterfly blade and the
bending angle of the radius of the wheel
which makes it flexible to move. and the
results of the images and graphs of the
experimental results as well as the theoretical
line equation approach provide an overview
of the rate of change increase in power and
generator rotation of 147.59 watts and 199.35
RPM in the water velocity range of 0.4 m/s
to 1.5 m/s. The results of the electrical power

graph show the characteristic pattern of the
exponential function and generator rotation
(RPM) with a linear pattern with an upward
trend, with changes ripple in electrical power
and generator rotation that are not large
because they are not only influenced by the
wheel blades that close and open when
entering and leaving the water, also
influenced by changes in the length of the
radius to the center point of the wheel which
causes of pounding.

The graph of the correlation between the
generator electric power and water speed for
the bending angle of 45° on the pinwheels can
be seen in Figure 16.
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Figure 16. Electric power to the speed of the water at
a grasshopper right angle 45°

The graph of the correlation between the
generator rotation (rpm) and water speed for
the bending angle of 45° on the pinwheels can
be seen in Figure 17.
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Figure 17. Rotation of the generator to the speed of
the water at a grasshopper angle of 45°

Figures 16 and 17 show the 45° bending
angle. There was an increase in power and
generator rotation of 94.28 watts and 148.58
RPM at the water speed range of 0.4 m/s to
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1.5 m/s. The electrical power graph showed a
rippling change of electric power and
generator rotation that it's getting bigger. It is
influenced by the wheel blades closing and
opening when entering and leaving the water,
also influenced by changes in the length of
the spokes to the center of the wheel.

The graph of the correlation between the
generator electric power and water speed for
the bending angle of 60° on the pinwheels can
be seen in Figure 18.
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Figure 18. Electric power against the speed of the
water at a grasshopper right angle 60°.

The graph of the correlation between
the generator rotation (rpm) and water
speed for the bending angle 60° on the
pinwheels can be seen in Figure 19.
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Figure 19. Rotation of the generator to the speed
of the water at grasshopper angle 60°.

Figures 18 and 19 show the 60° bending
angle. There was an increase in power and
generator rotation are 102.12 watts and
132.03 RPM at the water velocity range of

11

04 m/s to 1.5 m/s. There is power
instability and lower RPM rotation than
other bending angles. There is a rippling
change in the electric power and the
generator rotation is getting bigger and
more unstable.

The graph of the correlation between
the generator electric power and water
speed for the bending angle 90° on the
pinwheels can be seen in Figure 20.
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Figure 20. Electric power to the speed of the water at
the grasshopper right angle 90°

The graph of the correlation between the
generator rotation (rpm) and water speed for
the bending angle of 90° on the pinwheels can
be seen in Figure 21.
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Figure 21. Rotation of the generator to the speed of
the water at a grasshopper angle of 90°

Figures 20 and 21 show the 90° bending
angle. The increase in power and generator
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rotation shows 70.15 watts and 75.41 RPM
at the water velocity range of 0.4 m/s to 1.5
m/s. The electrical power graph shows the
same pattern as the previous bending angle,
with changes in the electric power ripple and
the generator rotation getting bigger and
more unstable than bending angles 60°. At a
bending angle of 90° the effect of the
gravitational force on the mass of the radius
and the flexible blade is the widest from the
previous angle, thus making the wheel spin
slower because when it moves becomes
heavier with the greatest pounding impact
when it flips in the air before the blade enters
the water.

The bending angle of the spokes of the
grasshopper causes a change in the length of
the spokes to the center of the wheel so that
the spokes bend and make the distance
between the tip of the spokes and the blade
shorter when straight providing a stable
impact on the wheel. The bending angle of
30° is the angle indicating the maximum
effective performance of the wheel. This can
be seen from the experimental values which
tend to increase and are more stable than the
bending angles of 0°, 45°, 60°, and 90°. At
an angle of 30 °, it provides a stable impact
effect and strengthens wheel rotation without
causing deceleration. When the angle is
greater than 30 with a maximum at an angle
of 90 °, there will be a deceleration of the
wheel rotation.

Figure 22 shows the shock when the wheel
enters the surface of the water and when it
comes out of the water because this
flexibility causes the wheel to have a small
resistance while in the water so that the
rotation of the wheel is faster than the wheel
with a constant blade and radius and not
flexible. Figure 23 shows the shape of the
flexible motion of the pinwheel while in the
air. When the inflexible blades move out of
the water, the water is carried upward by the
blades, and the amount of water carried
upward increases with increasing rotation
speed. Water carried upward is considered a
contributing factor to the reduction in turbine

efficiency (Adanta, 2018; Nishi et al., 2014;
Siswantara et al., 2018)

Qy‘\ i = }
~ il
ST

Figure 22. The pattern Figure 23. The shape of

of water surfaces the flexible motion
when the blade of the wheel in the
enters and leaves the air

water.

The results of the development of the
waterwheel model with the butterfly blade
and grasshopper elbow spokes increase the
flexibility of the blade and spokes, reducing
the water carried upwards so that it can
increase the rotating speed of the wheel when
pushed by the airflow as has been done in the
study on the undershot cross-flow air turbine
with straight blades (Nishi et al., 2014; Nishi,
et al., 2020; Yahagi et al., 2016).

The flexibility of the wheel occurs when
entering and leaving the water surface and
also when the wheel is in the air. The position
of the radius of the pinwheel is from bending
then moving in rotation until the position of
the radius of the wheel is straight. The angle
of the wheel perfectly opens simultaneously
from an upright position at the very top
position towards when it will enter the water
surface.

The rpm rotation of the generator is
generated from the speed of the water that
drives the waterwheel and the generator
which is loaded with a 200-watt lamp. The
undershot waterwheel uses the flow from the
waterwheel that hits or rotates the blade at the
bottom of the wheel (Moe et al., 2019). The
relationship of each change in bending angle
of the grasshopper's radius produces different
values during an increase in water speed It
can be seen that the nature of the output has
a change in electrical power and the
generator rotation (RPM) fluctuates in
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different intervals and an upward trend in the
graph at an angle of 0°, 30°, 45°, 60°, and 90°.
This rapidly stretching and opening
movement together gives a pounding effect.
This is due to the influence of gravity on the
mass of the radius and the flexible blade
falling on the wheel so that it makes the
wheel spin spontaneously fast at a certain
angle. This has the opposite effect, resulting
in slower rotation of the wheel as the bending
angle of the trunk radius approaches the 90°
angle. To eliminate the damage from the
impact of the pounding effect on the
supported radius, the part that is pounded is
given a damper iron which works the same as
a spring so that the part of the wheel that is
pounded is not damaged. The magnitude of
this pounding effect is influenced by the
bending angle formed by the radius, so it
affects the rotation of the generator and the
electrical power it produces. At a bending
angle of 30°, the influence of the gravitational
force on the mass of the radius and the
flexible blade is most effective that it makes
the wheel spin faster, because when it moves
with the most stable pounding and increases
the thrust of the wheel rotation by the water
when it flips in the air before the blade enters
the water thus producing power electricity
from a stable and optimum waterwheel.

CONCLUSION AND SUGGESTION

A Waterwheel with flexible pinwheels
and blades produced a faster and more
effective rotation than waterwheels with
fixed pinwheels and blades. The Electrical
energy at the angle of 30° of bending of the
grasshopper's pinwheel with the butterfly
blade was more optimal than at the angles of
0°, 45° 60° and 90°. Flexibility in the
pinwheels and blades of the wheel provides
less resistance when the wheel moves in the
water so that the wheel can turn a pico hydro
scale generator and generate electrical
energy. The maximum efficiency of the
wheel for the angle of 30° of buckling of the
grasshopper's elbow radius is about 49.38%
at a water speed of 1.5 m/s refers to table 3
Output power results (Pout) with total power

by the wheel at a speed of 1.5 m/s is 319.30
watts and table 4 conversion into electrical
energy at a speed of 1.5 m/s is 157.66 watts.
If the bending angle on the pinwheel is
getting bigger, it will cause the waterwheel to
spin slower. The efficiency of grasshopper
pinwheels and butterfly blades is better than
wheels with fixed pinwheels and blades.
Suggestion for further research is to test
waterwheels in rivers with weak and medium
currents.
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