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Abstract

Environmental degradation due to the use of conventional fossil
fuel remains an obstacle to sustainable development. For this
reason, many countries currently consider the integration of
renewable energy sources into their power sectors as an
economically friendly and promising alternative to the use of
fossil fuels. One form of green technology is the pico-propeller
turbines. This turbine works based on the pressure of flowing
water and its best performance is determined by the hydraulic
stability of its blades. It is thus necessary to design suitable and
hydraulically stable runner blades for these turbines. Therefore,
this study aims to design a suitable runner blade for a pico-
propeller turbine model that will aid in the optimal extraction of
electrical energy from the fluid flow in sewer lines. The turbine
wheel consists of four blades per section with a diameter of 0.150
meters and a pivot point of 0.30 meters and it was designed to fit a
5-inch diameter pipe with blade angle configurations of 25°, 30°,
and 35°. Furthermore, performance tests were conducted at
different flow rates, ranging from 0.00134 m3/s to 0.0047 m3/s
with a 3.5 m head, after which the findings were compared to that
of the other research. The results showed that maximum
efficiency and performance were achieved with the blade angle of
25° at a flow rate of 0.0027 m3/s.
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1 Introduction

The increasing use of conventional fuel energy technologies
remains an obstacle to sustainable development. For this reason,
the global community now considers the integration of renewable
energy sources as a promising and economical prospect of green
energy [1]. Furthermore, environmental factors play an important
role in future power generation [2], and in the use of renewable
energy sources including solar energy, biomass, geothermal, and
hydropower, which has become a major focus in the world's
energy sector. Several considerations led to promoting the use of
hydropower as an energy source. These considerations include the
fact that: hydropower is one of the renewable energy sources
which has not been optimally utilized [3], hydropower is more
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efficient than wind and solar energy [4], it does not cause
pollution, it is reliable, and it is cost-effective compared to the use
of conventional fossil fuels as a source of energy [5, 6, 7]
Hydroelectric power is a green technology that can be generated
by various types of turbines depending on the head and flow rate
available at the location, as well as several other water-related
conditions [8].

Currently, various types of water turbine technology have been
developed both on a large and small scale, and the pico-propeller
is a type of reaction turbine that generates power by combining
water pressure and movement. It is usually used for low heads
with relatively large discharges, and its runners comprise 2 to 6
blades and are placed directly in the river. The main aspect of
pico-propeller turbines for small-scale power generation at low
head conditions is that the turbine is capable of generating
electricity with maximum output power leading to the Best
Efficiency Point (BEP) [9]. In addition, the main component of
these turbines is their runner blades, which directly convert the
potential energy of the flow into mechanical energy through the
rotation of the shaft. Therefore, it is necessary to pay special
attention to the design of the turbine runner blades, as well as the
turbine blade wedge. [10]. Furthermore, several studies have been
conducted on turbine runner blades, both experimental and
computational. [11, 12, 13]. The results showed that the shape of
the blades can increase the turbine's efficiency by 73.9% [14], but
an increased between-blade distance, flow coefficient, and head
led to a decrease in shaft power and efficiency by 33 kW and 4%,
respectively [15]. The previous study's runner blade design is
shown in Fig 1.

Fig 1. Runner Blade Design

Based on the results from previous studies, it is important to pay
attention to not just the turbine’s discharge, head, and specific
speed parameters, but also to the parameters of its runner blades
(such as the tilt angle, number of blades, and turbine diameter)
when designing turbines for improved performance. Accordingly,
the turbine blades in this study were designed to efficiently extract
energy from the fluid flow in sewer lines. Three runner blade
models were designed from the considered variations of the three
angles of 25°, 30°, and 35°, after which they were tested in a pico-
propeller turbine prototype which was developed for evaluation.

2 Methods

This study was conducted using several mathematical
equations and experimental methods. Emphasis was laid on the
purpose and concept of this experiment which includes the design
planning, prototyping, testing, and measurement phases. The test
and measurement data were then compiled into tables and graphs
for further use in evaluating the turbine blade's performance.

Small-scale turbines (Pico) certainly cannot be designed such
as large-scale turbines, and this is due to their difference in shape
and size. Generally, small-scale turbines have low speed and this
affects their ability to drive the generator at sufficient speed,
which is why they cannot produce standard frequency power.
Furthermore, reduction of the head is generally followed by a
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decrease in flow velocity, and the speed of the moving objects, in
this case, the generator also decreases. To achieve the same
performance as a high-head turbine, the fluid's flow rate must be
increased. The flow rate significantly impacts the turbine's
diameter and rotation speed. A sketch of the head and a diagram
of the process of converting water movement and pressure into
electrical energy are shown in Fig 2.
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Fig 2. Head Sketch and Water Flow Process Diagram [16]
2.1 Design concept

A turbine's working capacity is generally dependent on its
operating conditions and can be obtained by using the graph in Fig
3 [17]. Furthermore, turbines can be grouped according to their
specific speeds, and their basic dimensions can be easily estimated
once the specific speed is known. Various statistical studies in
various schemes have been conducted to determine the specific
speed correlation for each turbine type based on the net head. The
specific speed was calculated using Equation (1) [16].
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Fig 3. Turbine Selection Graph [18]
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Where H, is the effective water drop height (m)

The propeller turbine of axial flow is a type of high-speed
turbine because its blades move in the direction of the fluid flow,
thereby making the blade's speed greater than the flow. The
vectors acting on the turbine runner blades are shown in Fig 4.

To achieve the best efficiency and performance of a turbine, its
blades must first be modified. The blade and hub make up a
rotating part known as the turbine runner. Furthermore, achieving
optimal performance by modifying the profile of the blade
geometry should be carried out while taking into account the
simplicity of its construction. Obviously, the design of a turbine
runner blade is very complex. In this study however, the design
was simplified.
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Fig 4. Vector Speed and Direction of Rotation of the Turbine
Runner Blade [18, 19]

The turbine's capacity can be calculated using Equation (2).
_ PgQHNA 2)
1000

Where Q is the flow of water (m*second), H is the height of the
waterfall (m), n,, is the efficiency of the turbine (%), p is the
density of water (kg/m°), and g is the acceleration due to gravity
(9.81 m/s?).

2.2 Blade and hub design

The turbine blade and hub dimensions in each section were
calculated using Equations (3) to (8).

J
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Usually, modifications are made to turbine design to determine
the best blade alignment and optimize its efficiency [10]. The
process of identifying the previously optimized model was carried
out computationally by [20]. A schematic diagram of the flow
direction and the runner blade's diameter with the velocity triangle
on an axial flow turbine is shown in Fig 5.

Inlet

(b)
i v
—de g +— inlet
A ™
Sl || Ny S
H outlet ; N ™ G
Rir |_ 1 bt RN
=

(a)

Fig 5. (@). A Schematic Diagram of Turbine Blades and Flow
Direction at Input and Output, (b) Speed Triangle Grid, and (c)
Cylindrical Cut on the Blade [18]
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Tangential velocity (u) is the force exerted by the water that
enters and exits the turbine. Its magnitude can be determined by
Equation (9).

U=T*n (9)

The absolute velocity (c) is the force released as soon as the
flowing water hits the blade surface and can be determined by
Equation (10).

Hy xg (10)
u

Cu1 =

The relative speed (w) is the force exerted by the turbine inlet
and outlet and can be determined by Equations (11) to (14).

Wyr = Cy1 = U (11)
L (12)
m=
* 2 _ 2
4, ="~ D) (13)
4
(14)

Weo = Wieo + Wi

To obtain the accuracy of the angle of deviation, the angle of
attack must be subtracted from the angle of glide (180-Boo) and
this can be determined using Equation (15).

Wi (15)
B = arccos —

Weo

2.3 Turbine blade characteristics

This section discusses the steps taken to determine the main
characteristics of the pico-propeller turbine blades.
1.  Lift coefficient
The coefficient of lift for each radius can be determined by
Equation (16).
wi—wi+2xg

(o =

2
K*W4
o pxCE
Patm-Hs=Pmin-NsX—57,
K*'W&
o = Q (16)
g = —
43
nxDZ
A3 = £

4

2. Rasiolft
After the lift was known, the thickness of the turbine blades,
which has the ratio I/t, was then determined using Equation (17).
1

From Equation (12), the slip angle was assumed to be in the
following range:

A=25°+3°
3. The reciprocal value of I/t
The reciprocal value of I/t was determined in advance.
Through the reciprocal value, the ratio of the coefficient of lift
obtained was {,/{,. Using this ratio, the coefficient of lift , was
determined using Equation (18).

L _ g X Nnxu (18)

t ws

Cm cos 1
X — — X —
u sin(180 — B, — 1) {,

4. Drag force
information on the drag coefficient (¢,,) of different profiles
with each curve representing one of the profiles listed beside the
graph as shows Fig 6. Furthermore, profile selection was carried
out based on the complexity level of the shape and dimensions of
the blade being planned.
3
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Fig 6. The Ratio of ¢, and ¢, for Different Profiles [21]

5. Slip angle
The slip angle was calculated to determine the turbine blade’s
inner diameter thickness using Equation (19).

A= arctanf—j (19)

6. Angle of attack

The angle of attack was calculated to determine the turbine
blade's outer diameter and thickness, as shown in Fig 7 The angle
of attack was calculated to determine the turbine blade's outer
diameter and thickness, as shown in Fig 7.
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Fig 7. The Ratio of {4 and § for Different Profiles [21]
2.4 Experimental testing method

The test experiment was designed by adjusting the pipe's shape
and size to the location using direct measurements. The test
location facilitated the measurement of flow rate and head used in
the calculations. Furthermore, testing was conducted on each
runner blade by adjusting the flow rate using valve openings 1 to 8
with detailed steps as follows:

1. Prepare the test equipment and measuring devices to be used.
2. Make sure the blade is correctly installed.

3. Set the blade for a 25° tilt angle on the turbine shaft and
make sure it is installed properly.

Ensure there are no leaks.

Check the valve opening and make sure the available water
flow is appropriate.

4.
5.
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6. Ensure that the measuring tools are appropriate and can be
used properly.

7. Do the test several times by adjusting the valve opening
according to the planned discharge.

8. Measure the blade's number of rotations by placing a
measuring instrument (digital tachometer) on the turbine
shaft.

9. Record and document every process carried out.

10. Repeat steps 3 until 9 to test the turbine blades with a tilt
angle of 30° and 35°.

11. After completing all the testing processes for the three
turbine blade angles, clean the tool and test site.

To put it simply, the sequential test processes are shows Fig 8.
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Fig 8. Schematic of the Test Layout

2.5 Research variable
1. Independent Variable

An independent variable is a variable that influences even the
measured, manipulated, and selected factors of the study to
determine the relationship between observed phenomena. The
independent variables in this study are:

- The head was 3.5 meters.

- The flow rate variations, which were 0.00134 m*/sec, 0.0015
m%/sec, 0.0017 m%sec, 0.002 m*/sec, 0.0022 m*/sec, 0.0027
m%/sec, 0.0034 m®/sec, and 0.0047 m*/sec.

2. Dependent Variable

Dependent variables are those variables whose magnitude is
influenced by the independent variable. The dependent variables
in this study include shaft rotation, turbine output power, and
efficiency.
3. Control variable

These are simply constant variables. The control variables used
in this study are:
1.  The three turbine angle variations, namely 25°, 30°, and 35°.
2. The test time (3 minutes).
2.6  Test flow chart

The test flow is presented in Fig 9.

Test equipment calibration

]

| Install turbine }

3 Results and Discussion

3.1. Main Dimensions of Turbine Blades

The values required to calculate the runner blade's diameter are
listed in section 2. Using these values, the main dimensions of the
blades were obtained. These dimensions, as well as the velocities
and angles of the occurring triangles, are shown in Tables 1 and 2,
respectively.

Table 1. Main Dimensions of Turbine Blades

Parameter Symbol  Value Unit
Blade outside diameter D, 0,15 [m]
Hub diameter D; 0,03 [m]
Blade cross-sectional area A 0,022 [m]
Blade center diameter D, 0,0165 [m]
Total blade width L 0,135 [m]
Distance between blades Ly 0,129  [m]

Table 2. Velocity and Angle of the Resulting Velocity Triangle

6=D, 5 4 3 2 1=D;
d 015 0,126 0,102 0078 0054 003  [m]
u 82 629 56 428 2,97 165 [mfs]
Cur 295 35 432 565 616 734 [mis]
Cuz 313 371 458 599 666 7,79  [mis]
wy 525 -342 -128 137 271 424  [mfs]
wy, 507 -321 -1.02 171 299 446  [m/s]
Wy 516 -331 -1,15 -154 324 429  [mis]
w, 004 004 004 004 004 004 [m/s]
" 525 534 128 137 019 -143 [mis]
w, 508 321 102 171 055 -1,89 [mis]
we, 516 331 1,15 154 032 -157 [mis]
Bos 180 179 178 1 0 0 [°]

(180 — B,) O 1 2 179 180 180 [°]
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Result analysis

Fig 9. Test Flow Chart

3.2. Blade Characteristics

The lift coefficient for each radius was determined using
Equation (17). After which the ratio /¢ was determined using
equation (18) with an assumed slip angle value of 3°. The lift
coefficient ratio {a/{4 could be seen from the reciprocal values in
Fig 6 section 2. Using this ratio, the lift {4 and drag coefficient of
different profiles were obtained from Fig 7 in section 2, while the
slip angle was determined using Equation (19). The main design
characteristics of the turbine blades were also obtained and the
results are shown in Table 3.

Table 3 Blade Characteristics

Parameter Symbol Value Unit
Lift coefficient (a 1,38 ]
I/t ratio 1/t -0,084 [-]
t/l ratio t/l 11,90 [-]
Lifting force coefficient

ratio ’ {a/(A 2:22 L]
Coefficient of drag w 0,0062 [-]
Angle of attack ) -5,18 ]
Distortion angle (180-B,,-3) 9,18 ]

3.3. Manufacturing Results

Axial flow propeller turbine blades are generally manufactured
using casting technology. The cost of producing these blades is
high, which significantly led to its high market price. However, it
will be cheaper when mass produced. These turbines are typically
designed as energy converters in hydroelectric power plants and
used for flow in pipes or irrigation flow in rural areas.
Accordingly, the manufacture of turbine blades should be done
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using available local resources and technologies. The turbine
blades constructed in this study are shown in Fig 10

= N

Fig 10. Turbine Runner Blade

Shows Fig 11 is a prototype design of an axial flow pico-
propeller turbine with a size of 150 mm and intended to operate at
an effective height of 3.5 m with a design flow of 0.0024 m?/s.

Fig 11. Pico-Propeller Turbine Assembly

3.4 Turbine installation results

The results of installing the turbine at the sewer line test site at
PDAM Tirta Meulaboh are shown in Fig 12.

S,
AN

Fig 12. Results of installing a pico-propeller turbine on the
PDAM's sewer pipe

3.5. Performance Test Results

The performance test was conducted by first measuring the
water flow with a propeller device current meter. The results
revealed a temporary flow rate of 0.00242 m*/s. The amount of
shaft rotation obtained as a function of changes in angle and flow
discharge is shown in Fig 13.
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Fig 13. Graph of the Effect of Turbine Blade Angle on Shaft
Rotation

Fig 13 shows the relationship between the flow rate, blade angle
and shaft rotation. The result showed that the blade’s slope had a
different maximum performance limit and does not depend on the
flow rate of the sewer line. Furthermore, the highest rotation speed
(1267 rpm) was obtained at a flow rate of 0.0047 m%s with the 25°
angled blade, and the lowest speed (365.5 rpm) was obtained at a
flow rate of 0.00134 m%s with a 30° angled blade. Clearly, the
turbine’s rotation is influenced by its blade angle. It was observed
from previous field tests that blades with an angle of 30° or 35°
easily rotates during start-up even at low flow rates (0.00134 m%/s)
while the 25° angled blade’s rotation is solely dependent on the
flow rate. The relationship between the blade angle, flow rate, and
torque is shown in Fig 14.

2,5
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—e—30deg
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0,00134 0,0015 0,0017 0,002 0,0022 0,0027 0,0034 0,0047

Fig 14. Graph Showing the Relationship of Blade Angle and Flow
Discharge versus Torque

Fig 14 shows the effects of turbine blade angle and flow rate
on torque power. The results obtained from testing the Pico-
propeller turbine prototype showed that the average torque value
increased by 0.25 Nm when the flow rate increased. However,
when the rotational speed increased to 1176.3 rpm, the torque
value decreased by 0.16 Nm. Furthermore, the lowest torque value
(0.75 Nm) was obtained with the 35° angled blade at a minimum
flow rate of 0.00134 m*/s, and the maximum value (2.60 Nm) was
obtained with the blade having an angle of 25° at a 0.0027 m%s
flow rate. Also, at a constant flow rate, the torque value of both
the 30° and 35° angled blades were observed. The values
obtained were 2.16 Nm and 2.38 Nm respectively. Next, the
turbine power was analyzed based on the flow rate (Fig 15).

B 2
—8— 25 deg
2 15 —e— 30 deg
z —i— 35 deg
Ay 1 P Average
//"
05 r,,_./

0,00134 0,0015 0,0017 0,002 0,0022 0,0027 0,0034 0,00212

Fig 15. A Graphical Representation of the Effect of Blade Angle
and Flow Discharge on Turbine Power
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Fig 15 shows the relationship between the flow rate, turbine
power, and blade angle variations of 25°, 30°, and 35°. It was
observed that the turbine power increased when there was an
increase in the flow rate and it decreased when the flow rate
increased further to 0.0034 m%s. At this rate, the turbine blade
rotation was at its maximum. Furthermore, the results shows that
the 25° angled blades tend to increase power by an average of 0.48
kW at flow rates ranging from 0.00134 m*/s to 0.0047 m®/s, and
an average rotation speed of 898 rpm. However, the power
increased by an average of 0.37 kW at flow rates ranging from
0.0134 m®/s to 0.0034 m%/s, and an average rotation speed of 840
rpm for the 30° angled blades. The power increased by an average
of 0.39 kW for blades with an angle of 35°, at flow rates ranging
from 0.00134 m%s to 0.0042 m?/s, and a rotation speed of 863
rpm. The effect of flow rate on the turbine’s efficiency is shown in
Fig 16.

80
70
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50
40

30 ~ 35 deg

// Average
20 ~ -
10

0]
0,00134 0,0015 0,0017 0,002 0,0022 0,0027 0,0034 0,0047

Flow discharoe m3/

Efficiency

Fig 16. Graph of the Effect of Flow on Efficiency

Fig 16 shows a prototype Pico-propeller turbine with various
blade angles as a whole, which can operate optimally at a flow
rate of 0.0034 m%s. However, the maximum efficiency average
was obtained at a flow rate of 0.027 m%/s, and from the three-blade
runner model, it was observed that the 25° angled blade had better
efficiency compared to the 30° and 35°.

These results were in line with the design results of the
computational scale turbine runner blade model, and the outlined
blade shape effects of previous research [20, 22]. The effect of
turbine runner blade angle and torque power on efficiency is
shown in Fig 17.

Torque value N.m

Flow discharge m¥s

= Torque 25 deg = Torque 30 deg Torque 35 deg

Fig 17. Graph of the Effect of Turbine Blade Angle and Torque
Power on Efficiency

Fig 17 shows that the increase in blade's angle proportionally
increases efficiency, and decreases torque coefficient. The
increase in average efficiency is based on torque power and a
22.29% increase in flow rate. These results are also in line with
previous research, which showed that blade number and angle
affect turbine performance [23, 24]. Figure 15 also show that the
turbine runner blades with an angle of 25° produced higher
angular velocity and efficiency compared to those with 30° and
35°. Furthermore, the obtained average efficiency values of the
25°, 30°, and the 35° angled blades were 46.07%, 41.025%, and
41.40%, respectively. The highest efficiency (70.67%) and torque
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coefficient (26%) was obtained with the 25% angled blades at a
0.0027 m*/s flow rate. While the lowest efficiency (16.1%) and
torque coefficient (0.75%) was obtained with the 35% angled
blades. These results also confirm the previous research findings
by [25].

4 Conclusion

The turbine runner blade's rotation speed is not only
determined by the head and flow discharge but also by the
influence of its geometric shape and angle of inclination. These
energies cause the thrust force of water entering the pipe (inlet) to
pound the surface of the turbine blades before exiting. Therefore,
head, flow rate, and turbine-specific speed are three critical
variables that must be considered when planning blade
dimensions.

Furthermore, the different angled blades design was built
based on the relationship between the absolute speed (v),
rotational speed (c), and relative speed (u). This is an essential
factor because it provides an understanding of the vectors acting
on the turbine blades. Therefore, the shape of the turbine blades
can be formed at each change point based on the speed of the
moving water, and its efficiency can be calculated either by
simulation or by experiment.

In addition, the slope angle parameter of the runner blades
shows that the turbine performance is affected by the axial force
received by each blade, the interactions between the blade's angle,
and the flow rate. The blade angle has a more dominant influence
on the turbine design flow characteristics. However, the blade's
performance efficiency consistently showed a non-linear
characteristic trend that increased to the peak of the optimal value,
after which it decreased when the slope of the blade's angle was
increased. Finally, from the three turbine blade models designed, it
was found that the 25° angled blade had better efficiency than 30°
and 35° at a flow rate of 0.0027 m*/s.
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