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Abstract: Small-scale hydrokinetic turbines offer a viable solution for harnessing renewable energy
from low-velocity rivers and canals, particularly in developing countries such as the Philippines, where
a large portion of hydropower potential remains untapped. However, limited studies have
experimentally validated the performance of airfoil-based propeller hydrokinetic turbines optimized
for shallow, low-speed water streams. This study addresses this gap by designing, simulating,
fabricating, and experimentally evaluating a horizontal-axis propeller hydrokinetic turbine based on
the Eppler 420 airfoil. A combined Computational Fluid Dynamics (CFD) and field-testing approach
was employed to optimize blade geometry, tip speed ratio, and diffuser configuration for a turbine
with a swept area of 0.18 m? operating at stream velocities of 0.7—1.3 m/s. CFD results indicate that
the venturi-type diffuser increased the inlet water velocity by an average of 62%, resulting in a
simulated shaft power increase from 56 W for the bare turbine to 70 W for the diffuser-augmented
configuration. Field experiments conducted in a local river validated these trends, achieving a
maximum measured shaft power of 65 W at 1.3 m/s with a corresponding power coefficient of
approximately 0.30. The close agreement between simulated and experimental results confirms the
suitability of the Eppler 420 airfoil for low-velocity hydrokinetic applications and demonstrates the
effectiveness of diffuser augmentation. The findings provide practical design guidance and
experimental validation for efficient small-scale hydrokinetic turbine deployment in shallow inland
water streams.
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Tl Introduction
Hydrokinetic turbines, or free-flow water turbines, are considered one of the emerging renewable

energy sources, alongside other renewables such as solar and wind energy, due to the predictability of
flowing water in rivers and canals (Ileberi & Li, 2023; Kelvin Edem Bassey, 2023). The Philippines is

experiencing increasing energy demand and strong economic growth and has excellent potential for
hydropower development (Torrefranca et al., 2022). Figure 1 indicates that the country has a gross
theoretical hydropower potential of 47,459 GWh/year, of which 20,334 GWh/year is technically
feasible and 18,184 GWh/year is economically feasible. Despite this substantial resource base, only

about 17% of the technically feasible potential has been developed, equivalent to approximately 3,457
GWh/year. In addition, a significant portion of existing hydropower capacity consists of aging units,
with approximately 275 MW coming from installations that are over 40 years old. These figures
highlight both the opportunity for expansion and the need for rehabilitation, particularly through

decentralized river-based applications that can complement existing hydropower infrastructure.
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Figure 1.  Philippines hydropower opportunities, Philippines: Country Profile (2019)

One of the main characteristics that distinguishes hydrokinetic technology from conventional
hydroelectric plants is its environmental sustainability, as it does not require dams and its performance
is not dependent on water head (Karalekas et al., 2013; Kelvin Edem Bassey, 2023). These turbines
generate electricity by harnessing the kinetic energy of natural water flows using various types of rotors

(Brasil Junior et al., 2019). The rotors are typically installed on fixed structures along riverbanks or

on floating pontoons (Ibrahim et al., 2021; Saini & Saini, 2020). Most existing propeller blade profiles are
primarily designed for wind turbines; however, they can also be adapted for hydrokinetic turbines. The
hydrodynamic forces acting on hydrokinetic turbines are significantly greater than the aerodynamic forces on
wind turbines due to the higher density of water compared to air. Therefore, it is essential to select a suitable
blade profile that can withstand these higher loads. The performance of the E420 variant from Eppler
airfoils, as investigated by Aguilar et al. (2019), shows promising results when used as a hydrofoil for

water turbines compared to previous hydrofoil studies. However, this study was limited to CFD
simulations focusing on the cross-sectional geometry under specified conditions. The proposed site has
a depth of approximately 1.2 meters, a width of 1.5 meters, and an average flow velocity of 1.2 m/s.

The purpose of this study is to design, simulate, develop, and evaluate a horizontal-axis propeller
turbine based on the Eppler 420 airfoil for local water stream applications. The study also aims to
evaluate the optimum performance of the Eppler 420 propeller turbine with a swept area of 0.18 m?,
Simulation is conducted prior to prototyping to assess system behavior before fabrication.

2. Material and methods

The development phases in implementing the hydrokinetic system for local stream applications are
shown in Figure 2. Hydrokinetic turbines are rotary devices that convert the energy of a moving stream
of water into mechanical energy within the micro-hydro range for ultra-low head applications (Dincer
& Ezzat, 2018). They are reaction-type turbines that utilize both velocity and pressure forces to

generate power (Lamas Galdo et al., 2024; Ngcukayitobi, 2026). The design process of a hydrokinetic
turbine system begins with site identification. The characteristics of the selected site at Pugaan River,
Brgy. Sta. Ana, Tagoloan, Misamis Oriental serve as the basis for the hydrokinetic turbine design.

The design was preliminarily evaluated through Computational Fluid Dynamics (CFD) simulation
using SolidWorks. To increase the efficiency of the designed propeller turbine, a diffuser-augmented
housing was developed to focus the flow and enhance the inlet velocity. After obtaining the simulation
results, the design was fabricated and tested at the selected site location.
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Figure 2. Development stages of the hydrokinetic system

2.1 Theoretical considerations
2.1.1 Tip Speed Ratio (TSR)

Tip speed ratio (TSR), denoted as A, is a fundamental parameter in hydrokinetic turbine design. It
represents the ratio between the blade tip speed and the incoming flow velocity. This parameter
strongly influences turbine performance and efficiency (Puertas-Frias et al., 2022).

A= (1)
2.1.2 Relative velocity angle

The relative velocity angle () defines the angle between the relative flow velocity and the rotor plane
at a given blade section. Based on Blade Element Momentum (BEM) theory, this angle is derived from
the velocity triangle formed by axial and tangential velocities (Puertas-Frias et al., 2022).

1-a
an =

2)
Under optimal design conditions (Betz-optimum approximation), this simplifies to:
— 211
0 =ran~ (D) ®)

where @ is the relative velocity angle, A is the tip speed ratio, and r is the local blade radius. This
formulation is widely used in preliminary blade design for hydrokinetic and wind turbines.

2.1.3 Blade twist angle

The blade twist angle (B) is defined as the difference between the relative velocity angle and the design
angle of attack. This ensures that each blade section operates at an optimal aerodynamic condition
(Velasquez et al., 2025).
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B=0-a *)
where 3 is the blade twist angle, @ is the relative velocity angle, and o is the design angle of attack.
2.1.4 Chord length
Chord length (C) represents the width of the blade section and varies along the radius to maintain an

optimal lift distribution. It is derived from BEM thcory Considcring lift forces and flow conditions
(Puertas-Frias et al., 2022).

8nr
C—B—Clxl—cos(z) (5)

where C is chord length (m), r is blade radius (m), @ is the relative velocity angle, Cjis the lift
coefficient, and B is the number of blades.

2.1.5 Buoyancy

Buoyancy is essential for maintaining the stability of hydrokinetic turbine systems, particularly floating
configurations. It represents the upward force exerted by the fluid on a submerged body.

BF = pVg (6)

where BF is buoyant force, p is fluid density (kg/ m3), Vis submerged volume (m3), and g is
gravitational acceleration (m/s?).

2.1.6 Torque

Torque (T) is generated by the tangential force acting on the rotor and is responsible for driving the
generator shaft (Puertas-Frias et al., 2022).

T =Fr (7)
where T is torque (N'm), F is tangential force (N), and r is blade radius (m).

2.1.7 Coefficient of torque

The coefficient of torque (Cy) evaluates the turbine's ability to extract rotational energy from the flow
(Puertas-Frias et al., 2022).

T
t ™ o.5pArV2 ®)

2.1.8 Coefficient of power

The coefficient of power (Cp) represents the efficiency of converting kinetic energy into mechanical

power.

Cp = C,A ©)
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2.1.9 Available power

The available power extracted from the flow is proportional to the cube of the flow velocity, indicating

the strong dependence of turbine performance on flow conditions (Puertas-Frias et al., 2022).
P =2 pAV3C, (10)

2.2 Design of propeller hydrokinetic turbine
2.2.1 Blade radius

The blade radius is directly related to the desired power output of the turbine. The blade radius can
be determined through turbine sizing, which is based on the available power in the canal, the actual
velocity of the water stream, and the efficiencies associated with electrical and mechanical losses in

the turbine system. Using Eq. (9), the blade radius is calculated to be 0.2032 m.

2.2.2 Number of blades

Three blades were used for this propeller turbine. The reasons are rnainly for higher efﬁciency and

smoother output torque compared to a two-bladed turbine (Anyi & Kirke, 2011). Increasing the blades

increases efficiency and smoother torque, but the cost of fabrication per blade must also be considered.
2.2.3 Propeller blade & hydrofoil selection

Most hydrofoils are originally derived from airfoils used in wind turbines; however, not all airfoils are

suitable for hydrokinetic turbine applications. Based on the study by Aguilar etal. (2019) on the analysis
of a lift-augmented hydrofoil for hydrokinetic turbines, the results showed that the E420 hydrofoil was
identified as the most suitable profile due to its high lift performance at low stream velocities. In
addition, its thicker profile enables it to withstand higher hydrodynamic loads during operation.

EPPLER 420 AIRFOIL
03 T T T T T
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Figure 3.  E420 airfoil plot (UIUC Airfoil Database)

To obtain accurate foil dimensions, the coordinates of the hydrofoil are presented in Figure 3. The
curve data were processed using a Microsoft Excel spreadsheet. The optimum turbine blade, whether
for wind or hydrokinetic energy extraction, is narrower at the tip and wider near the root (Anyi &
Kirke, 2011). The blade is thicker at the root, where maximum flexural strength is required, and

gradually becomes thinner toward the tip, where drag is minimized. The blade twist is significantly
greater at the root than at the tip.
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Table 1. Hydrofoil properties (Aguilar et al., 2019)

Parameter Eppler 420 hydrofoil
Angle of attack (o) 3°
Lift coefficient (C) 1.425
Drag coefficient (C,, 0.036

Before the chord length equation can be applied, the number of blades (B), lift coefficient (C}), and
relative velocity angle () must first be determined. In this study, the number of blades used is three

(B = 3). The lift coefficient (C}) can be obtained from wind tunnel test data corresponding to the
selected airfoil. Among the available airfoils that can be adapted as hydrofoils, the researchers selected
the E420 airfoil from the Eppler airfoil family.

The relative velocity angle (¢) can be determined using Eq. (2); however, the design tip speed ratio
(A) must first be established. Since the blade radius is smaller than that of typical full-scale hydrokinetic
turbines, a A value of 3.2 was selected to achieve a thicker root and a narrower tip relative to the blade
radius. The actual tip speed ratio can then be determined after the simulation process.

(@) (b)

Figure 4.  Eppler 420 hydrofoil. (a) per plane and (b) Isometric view

Therefore, the values of B, €}, ¢, @, and A have been determined, allowing the chord length (C) and

blade twist angle (B) to be calculated for any radial position along the blade. The total blade length,
which is 0.2032 m, is divided into 10 equal sections, as shown in Figure 4. Hence, each section is
spaced at 20.32 mm intervals. The sections are represented as Plane No. 1 (r1) to Plane No. 10 (r19),
where rq corresponds to the section nearest the root and r1¢ corresponds to the blade tip. The chord
length increases from the tip toward the root. Similarly, the twist angle is larger near the root

compared to the tip. The coordinates obtained for r1 to r1g can be exported to SolidWorks software
for precise, scaled printing, modeling, and simulation.

Figure 5. Propeller blade front view
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2.2.4 Propeller hub

The hub illustrated in Figure 6 has an outer diameter of 88.9 mm (3.5 in), a bolt diameter of 6.35 mm
(0.25 in), a blade hole diameter of 31.75 mm (1.25 in), a shaft hole diameter of 17 mm (0.67 in), and
a height of 44.45 mm (1.75 in).

Figure 6. Propeller hub design
2.2.5 Nacelle

The nacelle consists of separable components, namely the head, body, and tail. The nacelle shown in
Figure 7 is threaded and watertight, allowing the head and tail to be easily removed from the body. It
is made of engineering plastic, and rubber O-rings are installed at the connection points to ensure
sealing. The head houses the bearing assembly and can be removed independently without detaching
the nacelle from the nacelle—diffuser assembly.

Figure 7. Nacelle assembly exploded view
2.2.6 Diffuser housing parameters

A diffuser, as illustrated in Figure 8, is typically used to increase the flow velocity entering the turbine,
resulting in higher power output and improved system efficiency. The area ratio, as suggested by Riglin
etal. (2014), ranges from 1.2 to 2, while the diffuser angle ranges from 5° to 15°. Gilbert & Foreman
(1982) suggested that, for optimum performance, diffuser angles should exceed 6-8°. In addition,

incorporating a shroud with a length-to-rotor diameter ratio of 0.5, and maintaining a clearance
between the blade and the cover of approximately 3% of the rotor diameter, can further enhance
performance efficiency due to more concentrated fluid flow.
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Figure 8.  Venturi duct diffuser housing design

The venturi duct dimensions are summarized in Table 2, where the fluid pressure decreases as the flow
passes through the constricted section in which the turbine blade is located, thereby allowing a greater

volume of fluid to pass through at higher velocity.

Table 2. Geometric dimensions of the venturi duct housing
Parameters Dimensions

Area ratio of diffuser 1.6
Diffuser angle inlet 18 degrees
Diffuser angle outlet 9 degrees
Diameter of shroud 0.497 m
Diameter of diffuser 0.628 m (inlet and outlet)
Length of shroud 0.249m
Total length of the housing 0.8 m

2.2.7 Floater assembly

The diffuser housing is supported by cylindrical floaters, as shown in Figure 9, each having a length of
1 m and a diameter of 4 in. The floaters are further supported by 1in X 0.25 in angle bars, which serve
as the structural frame connected to the housing.

Figure 9. Floater

Designed to float and hold the entire mechanical device illustrated in Figure 10, on the surface of the
water with enough buoyant force to ensure that it will not sink during the entire process.

(@) (b)

Figure 10. Propeller turbine design assembly (a) front view (b) side view
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2.3 Computational Fluid Dynamics

The design was evaluated using SolidWorks Computational Fluid Dynamics (CFD) simulation prior to
fabrication to facilitate the development of a functional full-scale prototype while minimizing
performance deviations from the ideal optimized geometry of the Eppler 420 propeller blade with
diffuser.

2.4  Development of the Eppler 420 propeller hydrokinetic turbine

The Eppler 420 propeller HKT blade was fabricated using WCL fiberglass and non-sag epoxy, which
provide the blade edges with high strength-to-weight ratios and improved fatigue and corrosion
resistance compared to other materials used in hydrokinetic turbines. The nacelle was manufactured
by machining engineering plastic, as it is resistant to corrosion and lightweight. The integration of O-
rings and oil seals, along with the application of epoxy putty to leakage-prone areas of the nacelle, helps
ensure proper sealing and prevents flooding during operation. The Eppler 420 propeller HKT nacelle—
blade assembly, as shown in Figure 11, was mounted on a venturi duct housing made of galvanized iron
(GI) sheet, which was coated with primer and topcoat to prevent corrosion. For turbine installation,
the Eppler 420 propeller HKT was mounted on a floating structure.

(©)

Figure 11. Inverted HKT system. (a) SolidWorks model, (b) Actual set-up, and (c) Operating Eppler
420 HKT system

3. Results and discussion

Computational Fluid Dynamics (CFD) simulation analysis significantly contributes to the validation of
theoretical design calculations, as the exact geometry is not easily reproducible in physical
experiments. The design was evaluated through simulation to facilitate the development of a functional
full-scale prototype while minimizing performance deviations from the ideal optimized geometry of
the propeller blade with diffuser. This chapter presents the data and results obtained during the actual
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testing of the developed horizontal-axis propeller hydrokinetic turbine using the Eppler 420 airfoil for
local water stream applications. The experiments were conducted in October 2021, November 2021,
December 2021, January 2022, and February 2022 at the Pugaan River, located in Brgy. Bontong, Sta.
Ana, Misamis Oriental. The data were collected using a data logger, and the results were used to
evaluate the performance of the developed horizontal-axis Eppler 420 propeller hydrokinetic turbine

system.
4.1 Simulation results of the propeller hydrokinetic system

The assessment of the designed propeller hydrokinetic system, and flow simulation analysis for the
venturi duct were conducted first to validate the increase in velocity throughout the system, shown in
Figure 12. The inlet velocity was from 0.7 to 1.3 m/s which was based on the actual velocity tested in
the local stream which is 1 m/s.
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Figure 12. Velocity profile at various stream velocity

It shows an average of 62% increase in velocity as water passes through the venturi duct system. The
evaluation based on SolidWorks showed that the designed 3-blade Propeller turbine increased the shaft
power from 56 Watts for the bare turbine to 70 Watts for the diffuser augmented turbine. Also, it
shows the velocity of water as it flows from right to left, and increases as it reaches the shroud, both
upper and bottom flow reaching a peak the point where the inlet and the shroud coincide. It is
noticeable that the maximum velocity was attained at the rear-end of the shroud, in which the pylon is
attached to the diffuser. The evaluation based on SolidWorks showed that the designed 3-blade
Propeller turbine increased the shaft power from 56 Watts for the bare turbine to 70 Watts for the
diffuser augmented turbine.

4.2 Simulation Results of the propeller hydrokinetic system

The three curves shown in Figure 13, indicate similar trends, validating that as water velocity increases,
the turbine’s extracted power increases. The maximum recorded actual shaft power was 65 Watts at
1.3 m/s water velocity. Due to limitations in the fabrication and other factors affecting the system's
performance, the actual result is slightly lower than the simulation and theoretical results.
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Figure 14. Eppler 420 HKT power coefficient vs stream Velocity

The result shown in Figure 14 illustrates the close values for Simulated and Theoretical Power
Cocfficient, Cp against the stream velocity of around 0.35. On the other hand, the actual Cp based on
the experimentation was around 0.31. This validates the optimum Cp as a function of design tip speed
ratio (1=3.2) for a 3-bladed propeller turbine (Hazim et al., 2020). The performance of the E420
variation from Eppler airfoils which was used by Aguilar et al. (2019), shows promising results when

it comes to using it as a hydrofoil for water turbines compared to previous hydrofoil studies which was
limited to CFD simulation.
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4. Conclusion

In the present study, a horizontal-axis propeller hydrokinetic turbine using the Eppler 420 air foil was
designed and developed for local water stream applications. The performance of the turbine was
evaluated experimentally at stream velocities ranging from 0.7 to 1.3 m/s in an open water channel.
Based on the turbine performance, the river water velocity plays a significant role in maximizing the
energy extraction potential of the turbine system. The venturi duct design for the propeller housing
increased the incoming water velocity by 62%, thereby improving turbine performance. Furthermore,
the floater assembly was able to safely support the turbine structure, and the materials used for the
propeller and housing could withstand the forces generated by the incoming water flow. The evaluation
using SolidWorks simulation showed that the designed three-blade propeller turbine increased the
shaft power from 56 W for the bare turbine to 70 W for the diffuser-augmented turbine. Based on
actual site experimentation, the Eppler 420 propeller turbine achieved a maximum shaft power of 65
W at a stream velocity of 1.3 m/s, with a power coefficient (Cp) of 0.3. This design is expected to
contribute to the advancement of turbine design, modification, and performance analysis, as well as
the development of hydropower components throughout the country.
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