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ABSTRACT

Indonesia possesses immense hydropower potential, yet much remains untapped, especially for rural electrification
where reliable access to electricity is still limited. Pico-hydro technology, utilizing small-scale water turbines,
represents a promising, environmentally friendly solution for decentralized power generation in remote areas.
However, the effectiveness of conventional pico-hydro turbines is often constrained by low or variable water flow,
necessitating innovation in turbine design. This research aimed to design, fabricate, and experimentally evaluate a
small-scale vertical-blade propeller (pico-hydro) turbine, with a particular focus on the effects of blade number and
inclination angle on turbine performance. An experimental method was conducted in a laboratory setting using
variations of blade geometry, type, and inclination angle under controlled water flow conditions. The results
demonstrated that both water discharge and head height substantially affect turbine output, with the optimal
configuration—standard (curved) blades, four in number, at a 30° angle—achieving a maximum power output of 200
Watts and superior efficiency compared to other tested variants. These findings validate that careful optimization of
blade geometry can significantly enhance the performance of pico-hydro turbines, contributing valuable empirical
data for rural electrification strategies. The study’s practical implication is clear: locally manufactured turbines with
optimized blade design can enable more sustainable and widespread rural electrification. Further research is
recommended to assess long-term field performance and investigate advanced materials and digital design tools for
even greater efficiency and adaptability.
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INTRODUCTION

Indonesia, a tropical country straddling the equator, is endowed with abundant natural resources, among
which water plays a critical role as both a vital necessity for life and a source of renewable energy (Kumar
& Katoch, 2014; Handoko et al., 2019). The potential for hydropower in Indonesia is immense, estimated
at approximately 75,000 MW, yet less than 9% of this potential is currently harnessed, mainly through both
large- and small-scale hydropower plants (Sari et al., 2017; Handoko et al., 2019). This untapped potential
is particularly significant for rural and remote regions where access to reliable electricity remains a
challenge (Madondo & Mwanza, 2021). For many Indonesian villages that remain outside the reach of the
national grid managed by Perusahaan Listrik Negara (PLN), micro-hydro and pico-hydro power plants
represent a promising solution for decentralized, sustainable electrification (Harvey, 2012; Rachmad et al.,
2018; Faridah et al., 2022). Pico-hydro systems, in particular, offer a viable means of converting the kinetic
energy of water into electricity in a way that is both environmentally friendly and adaptable to local contexts
(Paish, 2002; Razak et al., 2010). However, these systems are typically reliant on the presence of adequate
water flow—either from rivers or waterfalls—with sufficient head and velocity to drive the turbines
effectively (Kaunda et al., 2012; Chyzheuskaya et al., 2022). When these hydrological conditions are not
met, the efficiency and feasibility of conventional pico-hydro designs become compromised, necessitating
technological innovation to extend their applicability to low-flow environments (Bansal et al., 2023; Shah
et al., 2015).

The central challenge faced by rural communities is thus twofold: first, the limited availability of reliable
electricity due to geographical and infrastructural constraints, and second, the technical limitations of
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existing pico-hydro systems in environments with low or inconsistent water flow (Paish, 2002; Sari et al.,
2017). The general engineering solution has been to design and deploy customized turbines—such as low-
head or low-flow turbines—that can operate efficiently under these suboptimal conditions (Handoko et al.,
2019; Razak et al., 2010). Among these, the propeller-type pico-hydro turbine has emerged as a promising
candidate due to its relatively simple construction, ease of maintenance, and adaptability to local
manufacturing capabilities (Bansal et al., 2023; Chyzheuskaya et al., 2022). These turbines are typically
categorized as reaction turbines and are noted for their capacity to maintain efficiency across a range of
head and flow conditions (Bahrami et al., 2022).
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Figure 1. Construction of a Propeller Water Turbine with Vertical Blades

P w’Lj‘r:M* =
3 e ‘T 1
s 2

Figure 2. Propeller Design

Debit VS Daya

80 =~ sudu turbin 20 derajat
- 60 —
¥ //'/
- )

Debit (m’ s

Figure 3. Relationship between Blade Inclination and Electrical Power

The design and optimization of pico-hydro propeller turbines involve a nuanced understanding of
several critical parameters, most notably blade geometry—including blade angle, number, and shape—
which directly influence turbine performance (Razak et al., 2010; Bansal et al., 2023; Singh et al., 2010).
The literature consistently demonstrates that adjustments in blade design can significantly affect the shaft
power, torque, and overall efficiency of the turbine (Kaunda et al., 2012; Bahrami et al., 2022). Several
studies have proposed innovations such as vertical blade propeller turbines, which can function optimally
in low-flow environments by maximizing the kinetic energy capture from limited water resources (Handoko
et al., 2019; Shah et al., 2015). Additionally, research has shown that propeller turbines with optimized
blade geometry and appropriate inclination angles can deliver enhanced performance, even at small scales
(Kaunda et al., 2012; Singh et al., 2010).
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Despite these advances, a detailed review of the literature reveals persistent research gaps in the
following areas: (1) the systematic evaluation of the interplay between blade number and inclination in
small-scale propeller turbines; (2) the development and field-testing of novel blade geometries tailored for
low-head, low-flow conditions typical of Indonesian rural streams; and (3) the empirical assessment of such
designs for practical power outputs suitable for rural household electrification (Madondo & Mwanza, 2021;
Chyzheuskaya et al., 2022). Most prior works focus on either numerical simulations or laboratory
prototypes with standardized test conditions, often overlooking site-specific variability and the practical
constraints of rural deployment (Bahrami et al., 2022; Shah et al., 2015). While some research has addressed
the optimization of blade angle or number individually, comprehensive experimental studies that integrate
these parameters in the design and testing of pico-hydro turbines remain limited (Singh et al., 2010;
Handoko et al., 2019). There is also a paucity of data regarding the real-world performance of vertical-
blade propeller turbines designed specifically for capacities in the range of 100-200 W, which is typically
sufficient for basic household electrification in rural Indonesia (Rachmad et al., 2018; Razak et al., 2010).

This study aims to design, construct, and experimentally evaluate a small-scale vertical-blade propeller
turbine (pico-hydro) that is capable of generating up to 150 W of electrical power under low-flow conditions
typical of rural Indonesia. The research specifically investigates the impact of blade number and inclination
angle on turbine speed, torque, and overall efficiency, with the goal of identifying optimal design
parameters for practical rural electrification. The novelty of this research lies in the integrated experimental
analysis of both blade number and inclination angle in a vertical-blade propeller turbine, tested under varied
flow conditions to emulate real rural streams. While previous studies have explored these parameters
separately or through simulation, this work provides a comprehensive empirical evaluation, bridging the
gap between laboratory optimization and field applicability in Indonesian contexts. It is hypothesized that
there exists an optimal combination of blade number and inclination angle that maximizes turbine output
and efficiency under low-flow conditions. This is supported by prior findings on the critical influence of
blade geometry on propeller turbine performance (Kaunda et al., 2012; Singh et al., 2010; Bahrami et al.,
2022), but comprehensive empirical validation in pico-hydro contexts remains lacking. The scope of this
study encompasses the design and fabrication of propeller-type pico-hydro turbines with varying blade
numbers and inclination angles; experimental testing across a range of controlled water flow rates;
quantitative analysis of turbine speed, torque, and generated power; and the derivation of design
recommendations for rural electrification initiatives. The findings are expected to inform both the academic
discourse on micro-scale hydropower and the practical implementation of sustainable energy solutions in
rural Indonesia.

METHOD

This research utilized an experimental method aimed at designing, fabricating, and testing the
performance of a small-scale vertical-blade propeller turbine for pico-hydro applications. The experimental
focus was to determine how blade geometry, specifically the number and type of blades, impacts the
efficiency and electrical output of the turbine under controlled water flow conditions, as recommended by
previous studies in pico-hydro turbine design (Bahrami et al., 2022; Singh et al., 2010; Kaunda et al., 2012).
The entire fabrication and experimental testing process was conducted at the Mechanical Engineering
Workshop, Department of Mechanical Engineering, Politeknik Negeri Manado, Indonesia. This site was
chosen for its access to the required manufacturing equipment and measurement instruments, allowing for
the precise production and evaluation of the turbine components (Handoko et al., 2019). In terms of
materials and equipment, the propeller turbine consisted of several key components. The blades had a
diameter of 9 inches (22.86 cm) and were fabricated with blade angles of either 30° or 40°. The experiments
compared turbines equipped with three blades and those with four blades, and each was tested in two blade
types: flat (Rata) and standard. The blades were manufactured from high-strength plastic or aluminum to
ensure durability and ease of machining, as recommended by similar studies (Bahrami et al., 2022). The
turbine frame was custom-built from steel or aluminum to support the shaft and blade mounting, while a
stainless steel shaft and sealed ball bearings were used to guarantee smooth rotation and minimize friction
losses. The water channel, which simulated stream flow, was constructed with a channel level (head) of
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either 33 cm (yielding a flow rate of 0.06 m?®/s) or 25 cm (providing a flow rate of 0.04 m?/s), with a fixed
width of 29 cm. Flow velocities were carefully measured for each head, resulting in 0.68 m/s for the 33 cm
head and 0.51 m/s for the 25 cm head. Key measurement instruments included a tachometer for rotational
speed (RPM), a torque meter for shaft torque, a digital voltmeter and ammeter for electrical output, and
traditional measuring tools such as a stopwatch, ruler, and measuring cylinder for accurate flow rate and
dimensional readings. The independent variables in this study were the number of blades (three versus
four), blade type (flat versus standard), blade angle (30° versus 40°), and water flow conditions (high and
low head/flow). The dependent variables measured included the turbine's rotational speed (RPM), torque
(Nm), electrical power output (Watt), and efficiency (%). The research procedure began with a
comprehensive literature review and planning phase, drawing on previous analyses of micro-hydro and
pico-hydro designs (Singh et al., 2010; Bahrami et al., 2022; Kaunda et al., 2012). The fabrication phase
then produced four distinct turbine variations, comprising every combination of blade number (three or
four), blade type (flat or standard), and blade angle (30° or 40°), following the geometric specifications
outlined in Table 1.

Table 1. Design Parameters for Propeller Turbine Variants

Parameter Value 1 Value 2
Diameter 22.86 cm

Number of Blades 3 4

Blade Angle 30° 40°
Blade Type Flat Standard

In the experimental setup, each turbine variant was mounted in a custom test rig inside the water channel.
The channel's head and flow velocity were adjusted to mimic the low-head stream conditions typical of
rural sites in Indonesia (33 cm and 25 cm heads, respectively). The system was fully instrumented for real-
time measurement of turbine speed, torque, voltage, and current. Figures 4 to 6 illustrate the principal
turbine variants tested: Figure 4 shows the propeller with four blades, Figure 5 displays the propeller with
three blades, and Figure 6 presents the standard blade model.

Figure 4: Propeller with 4 Blades

Figure 5: Propeller with 3 Blades

e

Figure 6: Standard Blade Model
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For every turbine design and water flow combination, experimental data were collected for RPM, torque,
and electrical output, with each configuration measured three times to ensure data reliability and
reproducibility. The results of each test were tabulated and compared. The analysis of collected data relied
on a series of standard hydropower engineering calculations, following the methods used in established
references (Harvey, 2012; Paish, 2002; Kumar & Katoch, 2014). Water discharge was determined by
measuring the volume of water passing through the system over a specified time period. Water velocity
was obtained by dividing the discharge by the cross-sectional area of the blade. Water density was assumed
to be 980 kg/m?, calculated as the ratio of mass to volume. The available water power was derived by taking
into account the density of water, gravitational acceleration (9.81 m/s?), discharge, and the height of the
water (head). The turbine’s power output was determined from the measured torque and the angular velocity
of the turbine shaft. Finally, turbine efficiency was calculated by comparing the turbine output power to the
available water power, and the result was expressed as a percentage. All measurement instruments were
carefully calibrated prior to use to ensure the accuracy of recorded values, and uncertainties in measurement
were evaluated according to standard engineering protocols (Kumar & Katoch, 2014). The resulting data
were organized and presented in both tabular and graphical forms, with comparative tables highlighting the
output and efficiency for each turbine configuration, and line graphs showing the relationships between
turbine speed, torque, efficiency, and water flow rate. No human or animal subjects were involved in this
research, and all experimental activities complied with established laboratory safety protocols and ethical
standards.

RESULTS AND DISCUSSION
Overview of Experimental Conditions and Output

This research examined the performance of small-scale vertical-blade propeller turbines under
laboratory conditions designed to mimic rural Indonesian stream environments. The experiments were
performed at a constant water discharge of 0.06 m3/s and a head of 50 cm. The turbines tested all used four
blades, but the angle of the blades was varied between 30° and 40°, and two blade types—standard (curved)
and plate/flat (straight)}—were compared. Each turbine configuration was assessed for its maximum
rotational speed (RPM), torque (Nm), and electrical power output (Watt), with the goal of determining
which geometric design offered the greatest efficiency and performance under the set flow conditions.

A summary of the principal findings is shown in Table 2. Among the tested configurations, the standard
(curved) propeller with four blades at a 30° angle achieved the highest power output, registering a maximum
of 200 Watts at 1800 rpm with a torque of 1.1 Nm. When the same standard propeller design was tested
with a blade angle increased to 40°, its performance declined markedly, producing a maximum power
output of 102 Watts at an estimated 1100 rpm with a reduced torque of 0.6 Nm. In comparison, the plate
(flat) propeller with four blades at a 40° angle demonstrated the lowest performance, generating just 43
Watts at a speed of 560 rpm and a torque of 0.75 Nm.

Table 2. Summary of Turbine Performance Under Varying Blade Configurations

Condition Turbine Blade Max Power Max Tl(ﬁ?;lie
Type Angle Output (W) RPM (Nm)
Q=0.06 m3/s, Head 50 cm, 4 Standard 30° 200 1800 1.1
blades, Standard Propeller, 30°
Q=0.06 m3/s, Head 50 cm, 4 Standard 40° 102 ~1100 0.6
blades, Standard Propeller, 40°
Q=0.06 m3/s, Head 50 cm, 4 Plate/Flat 40° 43 560 0.75

blades, Plate/Flat Propeller, 40°

To visualize these results, Figure 7 illustrates the power and rotational speed for the standard propeller
at a 30° blade angle, demonstrating a sharp performance peak at 200 Watts and 1800 rpm. Figure 8 shows
the reduced power and speed when the blade angle is increased to 40° using the same propeller type. Figure
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9 further depicts the substantial drop in both power output and speed for the plate propeller at 40°,
confirming the importance of both blade shape and angle in maximizing turbine efficiency.

Grafik Hubungan Torsi Terhadap Putaran dan Daya [

Figure 7. Condition Q = 0.06 m?/s, Head 50 cm, 4 blades, 30° angle, Standard Propeller Type.
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Figure 8. Condition Q = 0.06 m3/s, Head 50 cm, 4 blades, 40° angle, Standard Propeller Type.
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Figure 9. Condition Q = 0.06 m3/s, Head 50 cm, 4 blades, 40° angle, Plate/Straight Propeller Type.

The highest observed performance was achieved with the standard propeller equipped with four blades
at a 30° angle. This configuration yielded a maximum turbine power output of 200 Watts at a speed of 1800
rpm and a torque of 1.1 Nm. This outstanding result highlights the effectiveness of a moderate blade angle
paired with a curved blade shape for converting water flow energy into electrical power. When the blade
angle was increased to 40° on the same standard propeller, there was a significant reduction in efficiency,
with the maximum power output falling to 102 Watts and torque declining to 0.6 Nm, alongside a notable
drop in RPM. The plate/flat propeller with four blades at a 40° angle demonstrated the lowest performance
metrics. This variant achieved only 43 Watts of output at a rotational speed of 560 rpm and a torque of 0.75
Nm. The stark decrease in power and speed observed in this configuration, compared to the standard
propeller, reinforces the influence of blade curvature and angle on turbine performance under low-head and
moderate-flow conditions. These outcomes collectively indicate that both the shape and inclination of the
blades are critical determinants of the energy conversion efficiency of pico-hydro turbines, a finding that is
consistent across all tested configurations.
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Influence of Blade Angle

The relationship between blade angle and turbine performance has been extensively discussed in the
literature, with most sources agreeing that moderate blade angles—typically between 25° and 35°—provide
the best compromise between lift and drag on the turbine blades. Razak et al. (2010) and Singh et al. (2010)
both report that excessive blade angles tend to diminish efficiency due to increased resistance, which
disrupts optimal water flow and lowers the shaft's rotational speed. The findings of this study align closely
with these observations, as the 30° blade angle provided substantially better performance than the 40°
variant. Similarly, Chyzheuskaya et al. (2022) confirmed that angles exceeding the optimal range reduce
energy transfer, ultimately decreasing the speed and power output of pico-hydro turbines. Harvey (2012)
further noted that blade angle selection should be site-specific, tailored to the local stream profile, but
cautioned that too steep an angle generally increases turbulence and impedes water passage, further
supporting the findings of this study.

Impact of Blade Shape and Number

Previous research underscores the superiority of curved or hydrofoil-shaped blades over flat plates in
micro- and pico-hydro applications. Bahrami et al. (2022) and Kaunda et al. (2012) emphasized that curved
blades, by maximizing lift and minimizing drag, enable greater shaft power and higher rotational speeds,
particularly in turbulent, low-head conditions. The experimental results presented here strongly support
these conclusions: the standard curved blade variant consistently achieved greater power output and higher
RPM than the plate/flat design. The literature also addresses the influence of blade number. While this
study fixed the blade count at four for all tests, prior works (Bansal et al., 2023; Madondo & Mwanza,
2021) have established that an increase in blade number can raise torque but may eventually reduce speed
if excessive, due to increased fluid resistance and flow blockage. Singh et al. (2010) and Razak et al. (2010)
suggest that 3—4 blades is often optimal for balancing torque and speed, which validates the configuration
chosen for this experiment.

Performance Benchmarks

The maximum power output of 200 Watts recorded in this research for the optimal turbine design
matches or surpasses the high end of performance reported in contemporary pico-hydro studies for similar
head and flow conditions. Kumar and Katoch (2014) cite typical outputs between 100 and 250 Watts for
well-designed pico-hydro turbines in Southeast Asian streams. Bahrami et al. (2022) also observed dramatic
reductions in efficiency and output when non-hydrofoil (flat) blades or excessive blade angles were used,
confirming the present findings. Additionally, meta-analyses by Paish (2002), Kaunda et al. (2012), and
Bansal et al. (2023) indicate that the observed efficiency trends in this study are robust and widely
applicable.

Importance and Implications of Findings

The results have significant practical importance for rural electrification programs, especially in regions
like Indonesia where locally manufactured turbines are often used with minimal optimization. The evidence
that standard curved propeller blades with moderate angles can dramatically increase both output and
efficiency suggests that even modest design improvements can have substantial impacts. For off-grid rural
communities, incremental increases in available power can transform quality of life by enabling lighting,
telecommunications, and small-scale mechanization (Kumar & Katoch, 2014; Faridah et al., 2022).

Theoretically, this research strengthens the case for incorporating advanced hydrodynamic principles
into pico-hydro turbine design. The clear differences in performance among the tested designs highlight the
importance of precise geometric tuning. The comparative approach, which assessed both standard and flat
blades under controlled conditions, offers actionable data for engineers and manufacturers, reinforcing
recommendations in the literature that standard propeller designs are generally optimal for low-head
scenarios. Additionally, the observed drop in performance with blade angles above the empirically
determined optimum is likely due to increased flow separation and turbulence, a phenomenon discussed by
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Singh et al. (2010) and Bansal et al. (2023). These findings can support ongoing efforts to improve design
algorithms and simulation models used in small hydropower engineering (Tafrishi et al., 2023).

While the controlled laboratory setting allowed for a clear comparison between turbine configurations,
it does not fully replicate the environmental variability of natural streams, such as the presence of debris,
sediment, and fluctuating water flows (Bansal et al., 2023; Madondo & Mwanza, 2021). Field trials across
a broader range of sites are recommended to validate these laboratory findings. Further research might also
explore the performance impacts of alternative materials, 3D-printed blades, and the implementation of
smart monitoring systems for real-time performance optimization (Shah et al., 2015; Razak et al., 2010;
Chyzheuskaya et al., 2022).

CONCLUSION

The primary aim of this research was to design, fabricate, and experimentally evaluate a small-scale
vertical-blade propeller turbine (pico-hydro) for efficient energy generation under low-flow, low-head
conditions typical of rural Indonesian environments. The core findings reveal that both water discharge and
head height significantly influence the achievable power output of the turbine, while the optimization of
blade geometry—particularly the use of standard (curved) blades with a 30° inclination—substantially
enhances turbine speed, torque, and overall performance. Notably, the highest power output of 200 Watts
was attained using a standard propeller with four blades set at a 30° angle, outperforming other tested
configurations and demonstrating the critical impact of both blade shape and inclination. This research
contributes to the field by empirically validating that careful selection of blade type and geometry can
greatly improve the efficiency of pico-hydro systems, thereby supporting sustainable rural electrification
initiatives. The findings bridge a significant research gap by providing comprehensive experimental data
on the combined effects of blade number and inclination angle, offering practical design recommendations
for manufacturers and rural energy planners, and ultimately advancing both the academic understanding
and real-world application of micro-scale hydropower technology.
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