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Highlights:

e Electrical output and generator efficiency of SPHT were quantified.

¢ Experiments were coupled with CFD to explain rotor flow behavior.

* The four-blade rotor produced higher torque than the two-blade rotor.
* Four blades improved electrical response under realistic loading.

» A 30° deflector gave the most effective flow redirection.

Abstract

Global electricity demand continues to rise, increasing dependence on fossil fuels and accelerating
greenhouse gas emissions that contribute to climate instability. Small-scale hydropower offers a
clean alternative, particularly for distributed and space-constrained applications where
conventional hydropower systems are difficult to implement. Among available concepts, the
Savonius Pico-Hydro Turbine (SPHT) is attractive because of its simple structure, low production
cost, and good self-starting capability. However, previous studies have mainly focused on
mechanical performance, while the combined evaluation of mechanical response, electrical
output, generator efficiency, and hydrodynamic flow behavior remains limited. The novelty of this
study lies in the use of a quarter-circular blade profile instead of the commonly used semi-circular
Savonius blade, combined with experimental electromechanical testing, CFD-based flow
visualization, and deflector-angle variation. Two- and four-blade SPHT configurations were
examined under realistic loading conditions, while CFD simulation was employed to clarify velocity
distribution, pressure loading, momentum exchange, and deflector-guided flow patterns. The
results showed that the four-blade rotor produced higher torque and a stronger electrical response
than the two-blade rotor. CFD contour analysis supported these findings by showing stronger
momentum exchange and more distributed pressure loading around the higher-solidity rotor. The
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deflector investigation further indicated that a 30° deflector angle provided the most effective flow
redirection and pressure distribution among the evaluated cases. Overall, the proposed
experimental and numerical framework provides a practical basis for optimizing quarter-circular
SPHT design through blade configuration selection and deflector-angle tuning, supporting compact
and reliable pico-scale clean energy generation for remote and low-infrastructure applications.

Keywords: CFD simulation; Deflector angle; Pico-hydro turbine; Savonius blade; Water flow

1.Introduction

In the current era, global energy consumption is accelerating by 4.3%, recorded at 1080 TWh
in 2024 [1]. To meet this demand, many countries are pushing to utilize non-renewable energy
sources, such as oil, gas, and coal, due to their practicality [2], thereby depleting reserves [3]. On
the other hand, these actions cause an unstable climate, increasing greenhouse gas (GHG)
emissions [4], indicated by rising earth temperatures and sea levels [5], which have a significant
impact on human life and disrupt the balance of the global ecosystem [6], [7]. To support
environmental sustainability, many countries have developed alternative energy sources to meet
increasing electricity demand [8]. According to this view, hydroelectric power is a promising
renewable energy source emerging as an alternative to wind power [9], primarily because it does
not emit pollutants into the atmosphere [10].

There are many ways to describe hydroelectric power; however, the most widely accepted
approach is the Savonius Pico-Hydro Turbine (SPHT). With its simple design, low production cost,
and excellent starting ability [11], numerous studies have been conducted to measure its
mechanical performance. Regarding blade design, Sarma et al. [12] developed a dual-stage blade
configuration to improve hydrokinetic performance under low-flow stream conditions. In another
mechanical investigation, Basumatary et al. [13] conducted a numerical study to determine the
optimum deflector design for a two-bladed Savonius turbine. Further extending the mechanical
performance analysis, Nath et al. [14] evaluated a modified Savonius hydrokinetic turbine (MSHT)
with straight and curved winglets by examining the coefficient of power (C,) and tip-speed ratio
(TSR), and optimized the winglet configuration to maximize mechanical output.

Although previous studies have contributed to the development of Savonius hydrokinetic
turbines through blade modification, deflector optimization, and mechanical performance
analysis, several research gaps remain. Most existing Savonius turbine studies still employ
conventional semi-circular blade profiles, while the use of a quarter-circular blade profile for
Savonius Pico-Hydro Turbine applications has received limited attention [15]. In addition, previous
investigations have commonly emphasized mechanical indicators such as torque, power
coefficient, and tip-speed ratio, whereas the electrical output characteristics and generator
efficiency under practical loading conditions are still rarely discussed. Another limitation is that
many Savonius turbine studies, particularly those adapted from wind turbine research, are still
conducted without incorporating a deflector to guide the incoming flow toward the advancing
blade. As a result, the potential contribution of a deflector in improving flow utilization and
enhancing the performance of a quarter-circular SPHT rotor remains insufficiently explored.

Therefore, to address these gaps, the novelty of the present study lies in developing and
evaluating a Savonius Pico-Hydro Turbine with a quarter-circular blade profile instead of the
commonly used semi-circular blade. Furthermore, this study combines mechanical and electrical
experiments with Computational Fluid Dynamics (CFD) simulation to examine turbine performance
and visualize the associated flow behavior [16]. Extending the blade-number examination
previously reported by Anugrah et al. [17], two- and four-blade SPHT rotors were selected as the
main configurations, while the three-blade configuration was excluded because it may cause mass
imbalance, significant vibration, and poor starting behavior [18], [19], [20], which can reduce both
mechanical and electrical output. In addition to the novelty aspect, variations in deflector angle
were applied to evaluate how flow guidance influence turbine performance under specific loading
conditions.

Accordingly, this study aims to: 1) compare the mechanical performance, including torque
and power, and electrical performance, including voltage, current, and power, of two- and four-
blade SPHT rotors; 2) integrate experimental results with CFD simulation to clarify the velocity and
pressure distributions around the rotor; and 3) determine the optimum deflector angle for
enhancing flow redirection. Through this integrated approach, the study links blade geometry,
input velocity, deflector-guided flow, mechanical output, electrical response, and generator
efficiency in a single performance assessment.
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Figure 1.
SPHT full assembly
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Eventually, this research builds a clear understanding of how the SPHT can contribute to more
efficient, practical small-scale generators, offering a new, more compact solution for generating
clean energy in space-constrained or distributed applications. By systematically comparing the
three mentioned aspects and validating performance under real river conditions with a stepper-
motor generator and defined electrical loading, the study links rotor geometry and operating
kinematics directly to measurable power output at the pico-energy scale. The findings therefore
provide an engineering basis for optimizing SPHT design toward reliable deployment in remote or
low-infrastructure locations, where simple construction, ease of maintenance, and consistent
energy harvesting are essential. In this way, the proposed system supports broader renewable-
energy adoption by enabling localized, low-cost generations that complement larger centralized
power systems.

2. Methods
2.1. SPHT Design Overview

Before proceeding to a comprehensive analysis, the SPHT design was developed to provide
clear information on the generator’s operation. In this study, the main rotor consists of curved
blade surfaces designed with a quarter-circular profile and mounted concentrically around a
vertical rotor shaft. This geometry forms distinct concave driving surfaces and convex returning
surfaces during operation, enabling the incoming water flow to generate pressure-driven torque
on the rotor. To ensure comparability between test cases, the rotor configuration was defined as
either two-blade or four-blade while maintaining the same quarter-circular blade profile. This
approach allows the effect of blade count on swept area, flow interaction, and torque generation
to be evaluated without interference from unintended changes in blade geometry.

By maintaining the same blade profile, the entire assembly exhibited in Figure 1 also
demonstrates how the rotor was integrated into the mechanical or electrical experiment setup.
The rotor shaft was supported by a bearing mounted on the upper frame to minimize frictional
losses and to maintain stable rotation with minimal radial misalignment. In addition, a transmission
pulley mounted on the shaft enabled mechanical or electrical coupling to the loading and
instrumentation system. To reduce negative torque and increase net rotational output, a deflector
with a 30° angle was installed near the rotor to direct the inflow onto the advancing blade surface
and to partially shield the returning side [21].
Tansmissionsere | Al components were embedded in a rigid
Blade frame to ensure that boundary conditions
Deflector| F€mMain constant throughout the
experimental runs. In this research, a stepper
motor was employed as the generator,
selected for its practicality and availability for
low-speed rotational systems, enabling
conversion of mechanical rotation into
Pico-Generator electrical energy suitable for pico-scale

generation with power capacity below 5 kW
Rotor Shaft [22]

Transmission Pulley

Bearing

2.2. Blades Configuration

Building on the SPHT assembly described in the previous section, where the rotor, shaft—
bearing support, transmission pulley, and stepper-motor generator were integrated into a single
testable unit, this subsection details the blade configurations used to evaluate the effect of rotor
solidity on performance. As shown in Figure 2, two rotor layouts were examined, namely two-blade
and four-blade configurations, both adopting the same quarter-circular curved blade profile. The
geometric reference lines in Figure 2 define the rotor radius R, the quarter-circular (90°) blade
construction, and the angular positioning of the blades about the central shaft. In the two-blade
configuration, the blades were arranged opposite each other with 180° separation, forming a
balanced rotor layout. In the four-blade configuration, four quarter-circular (90°) blades were
distributed around the same shaft axis with uniform angular spacing to increase rotor solidity while
maintaining geometric symmetry. The 45° reference line was included to clarify the blade
orientation and angular construction relative to the rotor centerline. By maintaining the same
blade profile and shaft axis in both configurations, the influence of blade count on flow interaction,
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Table 1.
Dimensional features
of SPHT blades

Figure 2.
SPHT blade
configurations

Figure 3.
Research procedure
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pressure-driven torque, and rotational response could be evaluated without unintended changes

in blade geometry.

To isolate the influence of blade numbers, all dimensional features were held constant across
configurations, as depicted in Table 1. The rotor utilized a 47.60 mm shaft diameter and an overall
rotor diameter of 680 mm, while each blade was manufactured with a 220.72 mm length and a
defined 90.36° curvature angle, representing the intended blade wrap and flow-capturing
geometry. In addition, the tip surface area (50,000 mm?) was kept constant to preserve the

effective exposed area at the outer radius,

Part Features Value Unit . . .

u u ! where the tangential velocity was highest

Number of blades 2/4 . .
Shaft diameter 47.60 mm and contributed strongly to aerodynamic
Rotor diameter 680 — torque. With these fixed dimensions, the
Tip surface area 50,000 i comparison between two- and four-blade
Blade diameter 441.45 mm configurations reflected changes in flow
Blade curvature angle 90.36 degree (°) interaction rather than differences in

Blade length 220.72 mm blade size or rotor radius.

2-Blades

4-Blades

2.3. Research Procedure

{ Constructing 3D Design

Y

Evaluating Hydrodynamics and
Mechanical Performance

Yes

|

Manufacturing Process
(Blade & Frame)

Data Acquisition

‘ Data Analysis l Construction Stage ? Pre-Construction using Simulation

The research procedure was arranged to
clearly separate the experimental and numerical
outputs used in this study, as shown in Figure 3. The
procedure began with the construction of the
three-dimensional SPHT model, followed by a pre-
construction simulation stage to evaluate
hydrodynamic behavior and mechanical feasibility
before manufacturing. If the initial design did not
meet the expected performance criteria, the
design was revised and re-evaluated. Once the
design passed this stage, the blade and frame were
manufactured, and the prototype was prepared
for experimental testing.

In this study, all numerical performance data
related to rotor operation were obtained from
experimental measurements. These data included
rotational speed, torque, mechanical power,
voltage, current, electrical power, and generator
efficiency. Therefore, the mechanical and electrical
performance comparisons between the two-blade
and four-blade SPHT configurations were based on
recorded experimental data under the defined
operating conditions. The experimental stage was
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Figure 4.
Kinematics profile of
SPHT’s blade

Figure 5.
SPHT testing in rivers
with low waves
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followed by data acquisition and data framing to organize the measured parameters for
performance analysis.

Meanwhile, the CFD simulation was not used as the primary source of numerical
electromechanical performance data. Instead, it was used as a supporting numerical tool to
visualize the hydrodynamic flow characteristics around the rotor and deflector. The CFD results
were mainly presented in the form of velocity and pressure contours to explain flow acceleration,
pressure distribution, recirculation, and wake formation. In particular, CFD was used to compare
the flow-guiding effect of different deflector angles and to identify the most favorable deflector
configuration. Thus, the experimental results provided the quantitative mechanical and electrical
performance data, while the CFD analysis provided flow-visualization evidence to support the
interpretation of rotor behavior and deflector-angle optimization.

2.4. Experimental Setup

Following the defined rotor geometry and blade configurations, the experimental setup was
arranged to quantify the rotor kinematics under controlled inflow conditions, as illustrated in Figure
4. The rotor was exposed to an incoming water stream of velocity (U), and its motion was described
using the angular position (8) and angular velocity (w = df/dt) about the shaft axis. The
characteristic rotor size was represented by the radius (R) (from shaft center to blade tip), while
the geometric reference dimensions of the blade and shaft diameter were denoted by d and a,
respectively, defining the effective projected length and local offset at the tip region. These
parameters were consistently employed throughout testing to relate the measured rotational
response (RPM/w) to the imposed water speed and to establish the basis for subsequent
performance metrics, such as tip-speed ratio and torque—speed behavior.

Building on the kinematic definitions in Figure 4, the experimental campaign was then
conducted under real environmental conditions to capture the practical operating behavior of the
SPHT system. As portrayed in Figure 5, the assembled turbine was deployed in a river segment
characterized by low waves and relatively unsteady surface flow, allowing the rotor to operate
under natural hydrodynamic forcing while maintaining stable support from the frame. The rotor
; output was coupled to
the stepper-motor
generator, and the
electrical response was
monitored using a
multimeter for voltage or
current  measurement,
while the external
electrical load was
predefined to represent
pico-scale energy
extraction conditions.
This arrangement enabled
direct evaluation of how
the rotor's rotational
response translated into
measurable electrical
output under  field-
relevant flow conditions,
while maintaining
consistent loading and
measurement procedures
across blade
Load definition configurations.

Water Flow )

Real-environment testing

2.5. SPHT Performance Measurement

To quantify the turbines’ performance, several key parameters were considered: torque
output, torque coefficient, power output, power coefficient, and tip-speed ratio. These parameters
served to assess overall performance and make comparisons with alternative turbine
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configurations [23]. Torque (t) was determined by multiplying centrifugal force on the blades by
the blade length as the rotor radius, as depicted in Eq. (1).

T=FXr (1)

F denotes the tangential force on the blades and r indicates the rotor radius. Power (P) was
obtained by multiplying the torque by the turbine’s angular speed in Eq. (2), while w signifies the
rotational (angular) velocity of the rotor.

P=1tXw (2)

Moreover, the tip-speed ratio (1) is defined as the blade-tip speed divided by the free-stream
wind speed, as demonstrated in Eq. (3).

wD
T2V
w implies the rotor’s angular speed, D represents the rotor diameter, and V depicts the wind
velocity.
Furthermore, in Eq. (4), the power coefficient (C,) is defined as the proportion between the
wind’s power and the measured kinetic power, included in the airflow inlet.

P
1
(o)
In addition, the torque coefficient (C;) is a dimensionless metric defined as the rotor’s
delivered torque divided by the torque available from the wind acting on the swept area, as
formulated in Eq. (5). It indicates how effectively the turbine converts aerodynamic torque into

mechanical output, enabling performance comparisons across different sizes, tip-speed ratios, and
operating conditions.

T
1 opye
Govenv)
where, T denotes torque, p indicates the air density, D represents the rotor diameter, H signifies
the rotor height, and U depicts the free-stream wind speed.
In an electrical context, the generator rotor obtains mechanical power from the turbine shaft
and converts it into electrical power. The generator efficiency (n,) depends upon the turbine’s

shaft power and electrical output power. As formulated by Safdar et al. [24], the efficiency of
electrical power can be calculated in Eq. (6).

Welec
W

y) (3)

Ce= (5)

Ng = (6)

The electrical power from the generator (W,,,.) and shaft power of the turbine (W) can be
determined by Eq. (7) and Eq. (8), respectively.

Weiec = VI (7)
2nwt

= 8

5= %0 (8)

Eventually, VI is the voltage and current across the generator terminal.

2.6. Data Acquisition (DAQ) Technique

To capture accurate data during measurement, data acquisition is essential for quantifying
SPHT performance reliably, particularly when comparing different blade configurations under
variable flow conditions. In this study, torque was measured with a load cell, and rotational speed
(RPM) was captured with an infrared (IR) sensor. The load cell provided high sensitivity to small
force changes and enabled stable, repeatable torque estimation when combined with a known
lever arm, reducing measurement noise that typically arises from mechanical oscillations in field
testing. In parallel, the IR sensor enabled non-contact RPM detection via pulse counting, improving
precision at both low and fluctuating rotational speeds while minimizing disturbance to the rotor
dynamics. Together, these sensors provided a synchronized, high-resolution dataset, supporting
higher accuracy and repeatability in calculating derived metrics, such as power and tip-speed ratio.
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Figure 6.

Block diagram of
control system in
SPHT [26]
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An additional justification for this approach is that manual force-based methods, such as using
a spring scale as demonstrated by Sahim et al. [25], are generally not recommended for rigorous
performance characterization. Spring-scale measurements depend heavily on operator judgment
in reading a fluctuating scale, creating subjectivity and increasing the likelihood of human error,
especially under unsteady flow where force varies continuously. Moreover, the method typically
provides limited data resolution because readings are taken at discrete times rather than
continuously, making it difficult to capture transient behavior and compute reliable averages and
uncertainty bounds. For these reasons, sensor-based DAQ is preferred to ensure consistent
measurement quality and to enable objective comparison across experimental runs.

To implement the DAQ system, the sensors and peripherals were integrated according to the
architecture displayed in Figure 6, with an Arduino Uno serving as the central microcontroller. The
load cell signal was routed through an HX711 amplifier or ADC module before entering the Arduino
for calibration and conversion into force, which was then utilized to compute torque based on the
known moment arm. Rotor speed was detected using an optocoupler (RPM) sensor, which
generated digital pulses that the Arduino counted to calculate RPM in real time. A push button was
included as a user input to initiate or reset acquisition, while the processed values were displayed
directly on a device LCD for
immediate monitoring. For the
electrical load interface, the Arduino
controlled a ULN2003 driver module
connected to the stepper motor,
enabling stable interfacing and
protection for the microcontroller
I/0. All components were powered
through a regulated power supply,
ensuring consistent sensor readings
and reliable data logging during field
operation.

PROCESS OUTPUT

INPUT
|
|
Button { Device LCD
|

Microcontroller
ULN Motor
2003 Stepper|

:

Optocoupler
(RPM)

Load cell HX7

(Arduino Uno)

Power Supply

2.7. Simulation Setup Through Computational Fluid Dynamics (CFD)

The flow simulations in ANSYS Fluent 2024 R1, a commercial CFD platform used to resolve
aerodynamic behavior, were performed in this study. The governing equations utilized the
incompressible Reynolds-averaged Navier—Stokes (RANS) equations, which govern the time-
averaged conservation of mass and momentum for turbulent flows. A volume-of-fluid (VOF)
formulation was adopted to capture the phase interface, while turbulence closure was provided
by the standard RANS-based k—w SST model. This modeling approach is supported by Anugrah et
al. [27], who demonstrated its applicability in turbulent regimes where bulk rotation and swirl
strongly affect flow development. The k—=w SST model is also suitable for predicting possible flow
separation and recirculation within confined internal passages, as these phenomena require
reliable near-wall boundary-layer resolution to accurately estimate pressure loss and velocity
distribution [28]. These equations, together with appropriate boundary conditions and material
properties for air, were discretized within boundary conditions and iteratively solved to obtain the
velocity and pressure underpinning the performance analysis.

The CFD analysis was performed under steady-state conditions; therefore, all explicit time-
dependent terms were omitted, and the governing equations were solved in a time-invariant form.
The working fluid was considered incompressible and Newtonian, which is appropriate for the
present low-speed water-flow simulation. With this assumption, the conservation of mass is
expressed by the steady continuity in Eq. (9) as follows.

ow _ (9)
axi

where, u; is the mean velocity component in the x; direction. After defining the continuity
condition, the mean flow field was obtained from the steady Reynolds-averaged Navier-Stokes
(RANS) momentum equation. The RANS formulation separates the mean-flow motion from the
turbulent fluctuation contribution and can be written.

a dp 0 ou; Oy a
- ) = —— + — — | -— Ju! 10
6xj (puluj) 6xi + 63{1 K <6x} + 6XL' 8x] (pul uj ) ( )
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In Eq. (10), p denotes the fluid density, p is the static pressure, u is the dynamic viscosity, and
—pui’uj’ represents the Reynolds stress tensor caused by turbulent velocity fluctuations. Since the
Reynolds stress introduces additional unknowns into the momentum equation, a turbulence
closure model is required. In this study, the Reynolds stress was related to the mean velocity
gradients using the Boussinesq eddy-viscosity approximation as provided in Eq. (11).

= e (244 25) 22 s 11
pU; U = Uy ox, | ox, 3 Pkoy (11)

where, p; is the turbulent viscosity, k is the turbulent kinetic energy, and &, is the Kronecker delta.
This relationship allows the unresolved turbulent stresses to be represented through the resolved
mean-flow gradients and the turbulent viscosity.

The turbulent viscosity was determined using the standard k-w turbulence model. This model
solves two additional transport equations: one for the turbulent kinetic energy k and another for
the specific dissipation rate w. The transport equation for k is expressed as shown in Eq. (12).

B

ok
)—] + G, — Boka (12)
Ok

0 ) = 0 N
a—xj(P u")_a_xj (H ax;

The corresponding transport equation for w is given by Eq. (13).

a( )—a (+“t>aw+ Y6 2 13
0x; pLL _axj K 0,/ 0X; ak k= Bpo (13)

where, Gy, is the production of turbulent kinetic energy, while «, B, B*, oy, and o,, are empirical
constants of the turbulence model. The turbulent viscosity was then calculated from k and w as
provided in Eq. (14).

wo=pt (14)
w

Furthermore, the production of turbulent kinetic energy was evaluated from the mean strain-
rate magnitude as shown in Eq. (15).

Gr = peS? (15)

where, S and S;; are terms of the mean strain-rate tensor which provided in Eq. (16) and Eq. (17),
respectively.

1 aui au]
=33 +52) )

Thus, the steady continuity equation, the steady RANS momentum equation, and the
standard k-w turbulence equations formed the governing mathematical framework for the CFD
simulation. This formulation enabled the prediction of the mean velocity field, pressure
distribution, turbulent shear effects, separation, recirculation, and wake development around the
SPHT rotor and deflector. The governing model was subsequently implemented together with the
computational domain, boundary conditions, mesh configuration, and numerical solution settings
described in the following section.

To support and interpret the experimental findings, a computational fluid dynamics (CFD)
approach was implemented to resolve the flow field and pressure loading around the SPHT rotor
under controlled boundary conditions. As illustrated in Figure 7, the numerical domain was defined
as a rectangular channel representing the test section, where the inlet boundary was prescribed
as a uniform velocity inlet to replicate the imposed water-flow condition. In contrast, the opposite
side was set as a pressure outlet to allow physically consistent discharge. The remaining surfaces
were treated as no-slip walls, and a deflector was included upstream of the rotor to reproduce the
guiding or shielding effect employed in the prototype. Within this domain, the rotor blades were
positioned at the reference location and simulated to capture the resulting velocity distribution,
recirculation zones, and pressure gradients that govern torque production, providing a mechanistic
link between the measured performance and the underlying hydrodynamic behavior.

Mechanical Engineering for Society and Industry, Vol. 6 No. 2 (2026) 369



Figure 7.
Boundary conditions of
numerical simulation

Table 2.
CFD domain setup

Figure 8.

Poly-hexcore mesh
configuration with local
refinement around the
SPHT rotor and
deflector
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The boundary conditions illustrated in Figure 7 enabled accurate capture of the mechanical
parameters influencing torque production. By integrating these parameters, the model establishes
a mechanistic link between experimental performance and the system’s underlying hydrodynamic
behavior, thereby supporting the interpretation of the experimental findings.

Following the CFD boundary condition definition, the numerical model was configured using
the domain and solver settings summarized in Table 2 to ensure stable and repeatable
computation. The flow enclosure was constructed with overall dimensions of 9000 x 13799 x 6400
mm, representing the channel volume surrounding the SPHT rotor. The simulation was executed
with a time scale factor of 0.5 and a profile update interval of 1, while solution convergence was
targeted through 500 iterations for each inlet condition. Turbulence effects were modeled using
the standard k—-w model, which provides a practical balance between numerical robustness and

- — | computational cost for flow
- Deflector < | problems involving
— Blade —| separation, recirculation,
~—| Outlet Pressure Inlet Velocity | | and interaction with
-~ <— | rotating bodies and
—] < | obstacles such as the
e = deflector. To support these
Wall .
solver settings and ensure
that the important flow
Parameters Value
structures could be
Mesh geometry Poly-Hexcore d | h

Element sizelimm} 0.2 capture ' accurate y the
Enclosure dimension (mm) 9000 x 13799 x 6400 computational domain was
Tire secle Haer 05 then discretized using a
Profile update interval 1 Poly-Hexcore mesh (see
Number of iterations 500 Figure 8) with an element

Used turbulence model k—w SST size of 0.2 mm.

Stationary Domain Blade Tip

Center of Blade Mesh Inflation on Deflector

The mesh refinement was mainly concentrated around the blade region, especially at the
blade tip, blade center/root, and the deflector domain interface. These areas are critical because
they are expected to contain strong velocity and pressure gradients, possible flow separation, and
tip-vortex formation. Therefore, a finer mesh was required to capture the local flow behavior more
accurately. Mesh inflation layers were also applied along the deflector surfaces to resolve the near-
wall boundary layer and improve the prediction of wall shear effects. In contrast, the stationary
domain was meshed more coarsely away from the blade and deflector surfaces to reduce
computational cost while maintaining sufficient accuracy in the main region of interest. As a result,
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Figure 9.

Water flow velocity
profile toward the
measured rotational
speed
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this mesh configuration complements the selected solver setup by balancing numerical accuracy
and computational efficiency, with priority given to resolving the complex flow phenomena around
the SPHT blade.

3. Results and Discussion

3.1. Correlation of Water Flow Velocity to Mechanical Response

Bridging with the initial data, Figure 9 illustrates the relationship between water-flow velocity
(U), rotational speed (RPM), and tip-speed ratio (TSR) of the SPHT rotor. Generally, both RPM and
TSR showed an increasing trend as the water-flow velocity increased. The rotor speed rose from
14 RPM at 0.50 m/s to 16 RPM at 0.62 m/s, then remained nearly constant around 16 RPM between
0.62 and 0.68 m/s, before increasing again to 17 RPM at 0.75 m/s and reaching 18 RPM at 0.83
m/s. This trend indicates that higher inlet velocity provided stronger hydrodynamic forcing on the
blade surface, resulting in a higher rotational response. Although a brief plateau appeared in the
mid-velocity region, the overall increase in RPM confirms that the rotor received greater driving
torque as the flow of velocity increased.

Notably, the TSR profile followed a similar increasing tendency, indicating that the blade-tip
response improved as the rotor speed increased under higher water-flow conditions. Since the
rotor diameter was kept constant, the increase in TSR was mainly associated with the increase in
rotational speed generated by stronger hydrodynamic loading. The similar RPM response observed
for the two-blade and four-blade configurations suggests that blade number did not significantly
alter the achievable rotational speed under the tested river velocities. Therefore, the main
performance differences between the two configurations were expected to appear more clearly in
torque generation, mechanical power, electrical output, and generator efficiency, rather than in
rotational speed alone.

Building on the observed increase in rotor speed and TSR with water-flow velocity, Figure 10
further compares how velocity influenced mechanical response, torque, and power for each blade
configuration. For the two-blade rotor (see Figure 10a), both torque and power rose almost
monotonically with increasing velocity, indicating a relatively smooth transfer of hydrodynamic
forcing into shaft output; torque increased from 0.76 N.m at 0.50 m/s to 1.77 N.m near 0.83 m/s,
while power escalated from 1.10 W to above 3.32 W over the same range. For the four-blade rotor
(see Figure 10b), the same positive trend was observed but at consistently higher levels, with torque
increasing from 1.79 N.m to 2.46 N.m and power arising from 2.61 W to around 4.62 W as velocity
rises. Notably, the four-blade case depicted a sharper torque gain in the mid-velocity region (0.65—
0.70 m/s), suggesting stronger flow engagement and higher effective solidity, which enhanced the
driving moment under these conditions.

From these profiles, the four-blade configuration emerged as the optimum condition for
maximizing mechanical output in this study, since the higher solidity of the blade delivers higher
torque and higher power across the entire tested velocity range [29], including the highest
recorded performance at the maximum velocity (0.83 m/s). It indicates that, under the present
loading and river-flow conditions, the added blade solidity improved momentum capture and
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Figure 10.

Correlation of velocity
to mechanical response
in different
configurations:

(a) Two-blades;

(b) Four-blades

Figure 11.
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CT to calculate CP for
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3.2. Connecting Tip-Speed-Ratio (TSR) toward Coefficient of Power
(CP)

Building on the findings that both the two-blade and four-blade rotors produced essentially
the same RPM and TSR under the tested river velocities, this subsection connected the tip-speed
ratio (4) to the coefficient of torque (CT) and the resulting coefficient of power (CP). Figure 11
presents the performance profile in which CT and CP were plotted as functions of TSR. As A
increased from approximately 0.76 to 1.77, CP exhibited an overall rising trend, indicating
improved conversion of the available flow power into useful mechanical output as the rotor
approached higher operating TSR. Meanwhile, the CT curve escalated sharply at A = 0.85, then
slightly decreased toward A = 0.92, reflecting a change in how effectively the rotor generated
driving moment as the rotational condition shifted. Nonetheless, the continued increase of CP
suggests that gains in rotational effectiveness and reduced relative losses dominated at higher TSR.

Based on Figure 11, the optimum operating condition within the tested range occurred near A
=1.00, where the maximum CP (0.11) was obtained. It indicates that the SPHT system reached its
highest conversion efficiency when operated close to this TSR, which could be achieved by
appropriately matching the site velocity to the electrical or mechanical loading. Because TSR was
observed to be comparable for both blade configurations, the optimum was primarily governed by
the operating TSR rather
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= Coefficient of Power However, when paired
0.105 - with the earlier torque-
e o,1oa_ power comparison (see
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0.06 | explained that increasing
0075 0.80 0.85 0.90 0.95 1.00 rotor solidity boosts the
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3.3. Mechanical Performance Validation with Other Literatures

This subsection validates the mechanical performance of the proposed quarter-circular SPHT
rotor by comparing its coefficient of power (Cp) and coefficient of torque (Ct) with selected
Savonius-type turbine studies from the literature. The comparison is necessary because the
present work introduces a quarter-circular blade profile, whereas most available studies still use
conventional semi-circular or modified semi-circular blade geometries. Since direct benchmark
data for quarter-circular SPHT rotors are still limited, the closest available Savonius turbine studies
were used as comparative references. This approach allows the mechanical characteristics of the
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Figure 12.
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proposed rotor to be positioned more clearly within the broader development of Savonius pico-
hydro and hydrokinetic turbines.

As shown in Figure 12, the mechanical performance of the present quarter-circular SPHT rotor
is compared with several published Savonius-type turbine studies in terms of coefficient of power
(Cp) and coefficient of torque (Ct). The comparison shows that the present rotor produced a lower
Cp than Rehman et al. [32], Kumar et al. [33], and Rengma and Subbarao [34], particularly across
the tested TSR range. A similar tendency was also observed in the Ct comparison, where the
present rotor generated lower torque coefficient than those references. However, the present
result remained comparable with El-Sawy et al. [35] and Patel et al. [36] at several TSR points,
especially at higher TSR, where the Cp of the present rotor increased and approached or exceeded
some of the lower literature curves. This indicates that the quarter-circular rotor was still able to
convert flow energy into mechanical output, although its peak mechanical coefficient was
generally lower than several previously reported Savonius configurations.
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The lower Cp and Ct values should not be interpreted as a failure of the present design.
Instead, they provide an important mechanical validation of the proposed geometry. Most
previous Savonius turbine studies used conventional semicircular blades or modified semicircular
blade concepts, whereas this study adopts a quarter-circular blade profile, for which directly
comparable reference data for quarter-circular SPHT rotors is still limited. Therefore, the present
study was compared with the closest available semi-circular or modified Savonius turbine studies.
Since the quarter-circular blade reduces the curved surface area and flow-capturing region
compared with a conventional semi-circular blade, a reduction in pressure-driven torque and
power coefficient is physically reasonable. The smaller concave surface may receive less
hydrodynamic force [37], while the reduced projected blade area may limit the momentum
exchange between the incoming flow and rotor surface.

This finding is academically important because lower comparative performance does not
diminish the value of the research. In experimental fluid machinery studies, lower or unexpected
results often provide useful evidence for understanding the effect of geometry on turbine
behavior. In this case, the comparison suggests that reducing the conventional semi-circular
Savonius blade into a quarter-circular profile tends to decrease the mechanical performance of the
SPHT, particularly in terms of Cp and Ct. However, the proposed geometry still offers useful insight
for compact rotor development, especially where space limitation, structural simplicity,
manufacturability, or integration with electrical generation systems is considered. Therefore, the
present comparison validates not only the performance level of the proposed rotor, but also the
mechanical consequence of using a quarter-circular blade geometry.

Eventually, the literature comparison confirms that the quarter-circular SPHT rotor has a
different performance characteristic from conventional semi-circular Savonius rotors. While the
present rotor does not outperform the best reported configurations, it establishes a necessary
baseline for quarter-circular blade performance in pico-hydro applications. This baseline is valuable
because it clarifies that blade-surface reduction can lower mechanical output, while also providing
a reference for future optimization through blade curvature refinement, overlap adjustment,
deflector integration, and rotor solidity modification.
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Figure 13.
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3.4. Interpreting Electrical Performance Records

While the previous subsection adopted TSR-based coefficients (CT and CP) to describe how
effectively the SPHT converts the available flow into mechanical output, the system’s practical
value is ultimately determined by the electrical power it can deliver to a load. Accordingly, Figure
13 summarizes the recorded generator response, including voltage (V), current (A), and electrical
power (W), as functions of water-flow velocity for both blade configurations. Because the stepper
motor was utilized as the generator, these electrical quantities reflected the combined effect of
rotor dynamics, transmission or loading, and the generator’s electromechanical characteristics,
allowing the mechanical trends discussed earlier to be interpreted in terms of usable pico-scale
energy production.

For the two-blade configuration (see Figure 13a), the output voltage escalated from 1V at 0.50
m/s to 2 V at 0.62—-0.68 m/s, then rose sharply to 4 V at 0.75 m/s, and reached 6 V at 0.83 m/s. In
contrast, the current remained near 0 A up to 0.68 m/s, after which it increased markedly to about
0.4 A at 0.75 m/s and 0.5 A at 0.83 m/s, producing a corresponding jump in electrical power to
roughly 1.2 W and 2.4 W, respectively. On the other hand, the four-blade configuration (see Figure
13b) exhibited stronger electrical response across the same velocity range: voltage increased from
about 2V (0.50 m/s)to 5V (0.62—0.68 m/s), thento 6 V (0.75 m/s) and 8 V (0.83 m/s), with current
rising from 0.3 A at mid-velocities to 0.5 A at the highest velocity. As a result, electrical power
became substantial at moderate velocities (1.5 W at 0.62—-0.68 m/s) and rose to 2.4 W at 0.75 m/s,
reaching 3.9 W at 0.83 m/s, indicating that the higher-solidity rotor sustained stronger generator
loading and more consistent energy conversion.

Based on these records, the optimum operating condition within the tested range occurred
at the highest measured velocity, U = 0.83 m/s, where both configurations achieved their maximum
electrical outputs; however, the four-blade rotor was clearly optimal overall because it delivered
the highest voltage and power (8 V and 3.9 W) compared with the two-blade case (6 V and 2.4 W).
Practically, it also suggests a more favorable operating regime for reliable generation at U > 0.75
m/s, where the electrical output became strongly responsive and stable under load, aligning with
the earlier indication that performance improved as the system approached its upper TSR range.
Furthermore, Memon et al. [38] confirmed that a slight increase in stress occurred as the number
of blades increased to four.
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3.5. Measuring Generator Efficiency (%)

As a result, from the mechanical and electrical power in Figure 10 and Figure 13, generator
efficiency was evaluated by comparing the mechanical power delivered by the rotor to the
electrical power produced by the stepper-generator over the tested water-flow velocities.
Therefore, Figure 14 summarizes these three quantities as a function of water velocity for each
blade configuration, enabling direct interpretation of how effectively the SPHT—generator system
converted hydrodynamic input into usable electrical output.

For the two-blade configuration (see Figure 14a), mechanical power rose steadily with velocity,
whereas electrical power remained extremely small at the lower velocities and only rose noticeably
at higher flow speeds. It exhibited a low-efficiency profile (and may appear unstable) in the low-
velocity region. Once the flow reached the higher range, electrical power increased rapidly, and
the efficiency climbed correspondingly, indicating that a larger fraction of the available mechanical
power was converted into electrical output under stronger hydrodynamic forcing. Meanwhile, in
the four-blade configuration (see Figure 14b), both powers were higher across the entire velocity
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range, and the efficiency grew more consistently toward the high-velocity condition. It reflects the
greater torque-producing capability of the higher-solidity rotor, which improved generator loading
and enabled stronger current generation at moderate velocities, not only near the maximum test
point. The optimum operating condition in this dataset occurred at the highest tested velocity (0.83
m/s), where the system achieved its peak electrical output and highest efficiency. The overall
comparison indicates that the four-blade SPHT was the preferred configuration for maximizing
practical pico-scale generation efficiency under the tested river conditions.

These efficiency results confirmed that electrical conversion efficiency increased with water
velocity, because higher hydrodynamic forcing raised shaft torque and speed sufficiently to
overcome generator and circuit losses and sustain measurable current delivery. Under these
conditions, the four-blade SPHT consistently provided higher mechanical input and electrical
output as described by Eltayesh et al. [39], yielding a more stable and generally higher-efficiency
trend than the two-blade rotor. The optimum operating point occurred at the maximum inlet
condition (0.83 m/s), where electrical power and efficiency were highest, indicating that the four-
blade configuration was the most suitable choice for practical pico-scale generation in the present
setup.
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3.6. ldentifying Flow Behavior Through Numerical Simulation

To complement the field measurements and clarify the flow mechanisms responsible for the
observed torque—power trends, the experimental study was extended through CFD analysis. Since
the inlet velocity of 0.83 m/s produced better rotor performance than 0.50 m/s, the numerical
comparison focused on this operating condition to evaluate the hydrodynamic differences
between the two- and four-bladed SPHT configurations. Therefore, Figure 15 presents the
simulated velocity streamlines, velocity contours, and pressure contours for both blade
configurations at U = 0.83 m/s. The results show that the four-blade configuration, which has
higher solidity, produced a more continuous interaction between the incoming flow and the
rotating blades. Compared with the two-blade rotor, the additional blade surfaces reduced low-
velocity bypass flow through the rotor gap and increased the frequency of blade—flow interaction
[40]. This condition strengthened momentum exchange between the water flow and the rotor,
which is consistent with the higher torque obtained experimentally.

A closer examination of the CFD contours reveals that the main difference between the two
rotor configurations lies in how each blade arrangement interacts with and redistributes the
incoming flow. For the four-blade SPHT, the velocity field shows clearer high-velocity gradients
around the blade tips and near the deflector, indicating stronger shear, local acceleration,
recirculation, and wake development. In contrast, the two-blade rotor produced a more localized
flow interaction region, suggesting that the smaller number of blade passages reduced the
continuity of energy extraction from the incoming flow [41]. The broader and more distributed
flow disturbance generated by the four-blade rotor allowed a larger portion of the flow to interact
with the blade surfaces, thereby supporting higher mechanical and electrical output even when
the TSR remained comparable.

This difference is also reflected in the pressure distribution around the rotor. In the two-blade
configuration, the pressure field was more concentrated, with high-pressure regions mainly
appearing on the upstream impingement side of the blade and low-pressure regions forming in the
downstream recirculation area. Although this pressure difference contributed to tangential blade
loading and torque generation, its effect was limited to fewer blade passages per revolution. By
contrast, the four-blade rotor produced a more spatially distributed pressure pattern around the
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Figure 15.

CFD comparison of
flow characteristics for
two- and four-bladed
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(a) Velocity streamline
of the two-blade rotor;
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(e) Pressure contour of
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circumference, with stronger positive-pressure zones near the advancing blade sectors and
broader low-pressure regions in the wake. This wider pressure distribution created a larger
effective pressure difference acting across multiple blades, which improved the torque-producing
capability of the rotor.

Surprisingly, the positive and negative pressure regions observed in the SPHT can be
associated with local flow acceleration, recirculation, and vortex formation around the rotating
blades and near the deflector [42]. As the flow passed through narrow blade passages and curved
flow paths, the local velocity increased and the static pressure decreased, forming low-pressure
zones due to the Bernoulli effect. The higher blade number also increased the surface area and
complexity of the flow path, resulting in greater pressure variation around the rotor [43].
Furthermore, local flow separation and vortex structures near high-curvature blade regions
contributed to the development of negative-pressure zones [44]. At U = 0.83 m/s, these effects
became more pronounced because stronger shear and wall interaction caused greater pressure
drops, recirculation intensity, and frictional losses around the blade surfaces [45], [46].

Eventually, the CFD results demonstrate that the superior performance of the four-blade
SPHT at U = 0.83 m/s was mainly driven by stronger pressure gradients, more distributed blade
loading, and improved momentum exchange between the flow and the rotor. The velocity and
pressure contours therefore support the experimental findings, showing that the four-blade
configuration enhanced torque generation and energy extraction more effectively than the two-
blade rotor under the best-performing inlet condition [47].
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3.7. Determining Optimum Deflector Angle to Enhance Mechanical
Performance
After clarifying the influence of blade numbers on the velocity and pressure distributions, the

analysis was extended to evaluate the effect of deflector angle, since the deflector governs the
redirection of incoming flow momentum toward the advancing blade. In the SPHT system, the
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Figure 16.
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deflector serves both as a shielding component for the returning blade side and as a flow-guiding
element that directs the incoming stream toward the concave driving surface. Consequently,
variations in deflector orientation can alter the local acceleration field, pressure distribution,
recirculation pattern, wake development, and pressure-drop characteristics around the rotor. In
this study, the pressure drop was quantified numerically from the CFD simulation rather than
obtained through direct experimental measurement. Figure 16 presents the simulated pressure and
velocity contours of the four-bladed SPHT rotor at deflector angles of 20°, 30°, 40°, and 50°.
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These contours indicate that the deflector angle strongly affected the balance between flow
guidance, blockage behind the deflector, and vortex formation around the rotor. At 20°, the
deflector produced the strongest guiding effect by directing the incoming flow toward the rotor
passage. However, this condition also generated a relatively high blockage effect behind the
deflector, which increased profile loss and reduced the overall flow efficiency. Therefore, although
the 20° case showed strong flow redirection, it was not considered as the optimum condition
because the benefit of its guiding effect was partly offset by the higher blockage loss behind the
deflector.

At 30°, the guiding effect remained relatively comparable to the 20° case, as shown by the
clear flow passage toward the advancing blade and the absence of strong vortex formation around
the rotor. More importantly, the blockage effect behind the deflector was slightly lower than that
observed at 20°, producing a better compromise between effective flow guidance and acceptable
profile loss. This condition allowed the incoming flow to reach the rotor more smoothly while
maintaining sufficient momentum transfer to the blade. As illustrated in Figure 17b, the velocity
contour at 30° shows a clear flow channel without vortex disturbance, indicating that the rotor
passage was more stable and better aligned with the incoming stream.
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Figure 17.

(a) Numerically obtained
pressure-drop comparison
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For higher deflector angles, particularly 40° and 50°, the blockage effect behind the deflector
became weaker, with the 50° case showing the lowest blockage tendency. However, this reduction
did not improve the overall flow performance because the dominant loss mechanism shifted to
vortex formation around the rotor. In these cases, the flow passage became less clear, and stronger
vortical structures developed around the blade interaction region. These vortices caused a
significant pressure drop (see Figure 17a) and disrupted effective momentum transfer toward the
advancing blade, making the flow less efficient despite the lower blockage behind the deflector.
Thus, increasing the deflector angle beyond 30° did not provide a hydrodynamic advantage
because the reduction in blockage loss was outweighed by vortex-induced pressure losses around
the rotor. For this reason, the 30° deflector angle was selected as the best configuration for
improving the hydrodynamic performance of the four-bladed SPHT system.

Since the experimental turbine in this study was operated using a 30° deflector angle, these
CFD results provide supporting evidence that the experimental setup was tested under the most
balanced and favorable deflector condition. Therefore, the selected 30° angle was not only a design
choice, but also a condition validated by the pressure-drop behavior and flow-field structure,
indicating that the experimental performance was obtained under the best deflector configuration
for the present SPHT system.
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4. Conclusion

This study evaluated the performance of a Savonius Pico-Hydro Turbine (SPHT) through
experimental testing and CFD simulation. The analysis focused on the effects of blade number and
deflector angle on mechanical response, electrical output, and flow behavior. A limitation of this
study is that the deflector-angle comparison was conducted numerically using CFD, while the
experiment used only the selected 30° deflector angle. Therefore, future work should
experimentally test different deflector angles, especially for pico-hydro turbine generator
applications. Future studies should also include error and uncertainty analysis, transient CFD
simulation, generator-load optimization, and long-term field testing under variable flow
conditions. Eventually, the main conclusions are as follows:

a. The novelty of this study is the development and evaluation of an SPHT rotor with a quarter-
circular blade profile, instead of the commonly used semi-circular Savonius blade. This design
was assessed using mechanical and electrical experiments supported by CFD analysis.

b. The four-blade SPHT performed better than the two-blade SPHT. It produced higher torque and
more stable electrical output because the additional blades improved flow interaction and
momentum transfer to the rotor.

c. The CFD results confirmed the experimental trends. The four-blade rotor produced a more
distributed velocity and pressure field, stronger pressure loading, and clearer flow interaction
around the rotor, which explains its higher torque-producing capability.

d. Adeflector angle of 30° was identified as the best condition in this study. This angle provides a
clear flow path with reduced vortex formation and a good balance between flow guidance and
pressure loss, showing promising potential for pico-scale hydropower applications.
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