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Abstract

Undershot water wheel turbines are suitable for operation in low-elevation regions and locations with very
low water head. Turbines with curved blade configurations are commonly implemented to optimize efficiency. This
research examines how variations in weir height influence the performance of undershot turbines when operating
under limited water flow conditions. A turbine with six blades is tested experimentally and numerically using seven
weir heights ranging from 0.02 m to 0.14 m. The study used both experimental and computational fluid dynamics
approaches, employing the dynamic mesh model. The results indicate that applying a curved weir as a passive flow-
control device can significantly enhance turbine efficiency. At a weir height of 0.10 m, the maximum efficiency
reached 80.83% based on the experimental approach and 84.69% based on the computational approach. These
findings demonstrate the potential of weir-assisted undershot turbines for energy harvesting in shallow rivers under

low-flow conditions.
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1. Introduction

Renewable energy plays a crucial role in achieving global sustainability goals, with various technologies such as wind
turbines and water turbines (both vertical and horizontal axis) under active development to meet the increasing demand. Among
these, hydropower stands out because water covers approximately 65—75% of the Earth’s surface and is about 800 times denser
than air, enabling significantly higher energy output compared to wind-based systems [1]. Globally, the installed hydropower
capacity has reached around 1360 GW, including 254 GW in Europe, contributing to an annual electricity output of
approximately 4250 TWh [2]. Water is a vital element for human survival, especially in areas with river systems. The undershot
water wheel turbine can be operated in lowland areas and at low-head waterfalls, making it highly suitable for use in river
flows near residential areas. In particular, the curved blade design is commonly used in water turbines because it offers higher
efficiency [3-4].

The development of water turbines involves varying the number of blades to achieve maximum efficiency. Research
results indicate that the highest efficiency, 74.22%, is achieved with a turbine featuring 6 blades [5]. This performance
difference is due to better water distribution, which increases torque and reduces friction on the blades. In this study, the 8-
blade turbine produced slightly less power than the 6-blade turbine, while the 12-blade turbine had the lowest output.
Experiments also show that aluminum, with lower density and greater thickness, gives higher efficiency than denser materials

[6].

The speed at which a water turbine rotates is largely determined by variations in water head and flow rate. Similar studies

have been conducted on the Sagebien and Zuppinger water turbine models to reduce the high take-off costs. One solution that
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can be applied is the use of a weir, which can be adjusted to enhance turbine efficiency. The weir in an undershot water wheel
functions to regulate the level or height of the water flowing into the wheel from below. By ensuring an optimal water height,
the wheel can rotate more efficiently, generating maximum mechanical energy and reducing unnecessary energy losses [7-8].
However, previous studies have not investigated the role of adjustable weirs or dynamic flow control in undershot water wheel
turbines. This study addresses this gap by analyzing the influence of weir height variation and validating the results using both

experimental and computational fluid dynamics (CFD) approaches.

The geometry and slope angle of the weir face play a crucial role in optimizing the water flow directed to the wheel,
allowing it to operate efficiently. The curved shape of the weir face, following the wheel’s circumference, helps direct the
water flow optimally to the blades, thereby enhancing the wheel's rotational efficiency [9]. The slope angle of the weir face
also affects the speed and distribution of water flow, impacting the wheel. An overly steep angle can result in energy loss,
while a too-gentle slope may reduce the thrust force on the blades. Therefore, the correct angle and geometry ensure that all

blades receive a uniform water flow, optimizing the energy generated [10].

This strategy holds great promise as a solution to increase power in low-speed water flows, especially in conditions with
relatively low flow rates. The development of such systems has significant potential in creating more efficient hydropower
technologies in locations with limited water resources. However, to ensure its effectiveness, full-scale testing is required to
further investigate the practical operation and performance of the system under real-world conditions.

One aspect that needs to be explored in full-scale trials is the use of an adjustable weir. While this concept promises
efficiency improvements, its implementation presents technical challenges that need to be addressed, such as designing a
mechanism that allows the weir to be adjusted without disrupting the water flow. The dynamic adjustment of the weir in
response to changes in flow rate requires a reliable mechanical system and efficient maintenance procedures to ensure optimal

long-term performance.

Through full-scale testing and overcoming these technical challenges, a better understanding of system behavior under
various operational scenarios can be achieved. The results from this research and testing will be invaluable in developing more
practical and efficient solutions, enabling more optimal and sustainable utilization of water resources in low-flow regions.

Previous studies have investigated the use of weirs to improve undershot water wheel performance. Nevertheless, most
of these works did not systematically examine the effects of different weir heights or validate their findings through both
experimental measurements and CFD simulations. The novelty of this study lies in the comprehensive evaluation of seven
weir height configurations (0.02-0.14 m), supported by both experimental and numerical validation. From a practical
perspective, the weir in this study functions as a passive flow-control device. Unlike nozzles, which can provide precise
regulation but require expensive and complex construction, the weir offers a more straightforward and cost-effective alternative
for directing water toward the turbine blades. Although its installation requires additional work beneath the channel, it enables
undershot turbines to harness low river discharges more effectively, which is particularly valuable for rural applications and
during dry-season low-flow conditions. Therefore, the objective of this study is to evaluate the influence of weir height

variations on the performance of a six-blade undershot turbine using both experimental and CFD approaches.

2. Methodology

This research was carried out to assess the effectiveness of an undershot flow-driven water wheel with specially designed
curved blades. The turbine is designed with six blades, each having a thickness of 0.002 m. With a total mass of 2.75 kg, the
turbine features an outer span of 0.5 m and an inner core diameter of 0.02 m. These specifications were selected to optimize

the turbine’s ability to generate energy from the water flow.
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The variation in weir height was applied to examine its effect on the water flow entering the turbine. This study utilized
weir heights varying from 0.02 m to 0.14 m, with incremental steps of 0.02 m, resulting in a total of seven variations. Each
weir was designed with an upstream slope angle of 15° [11-12] to maintain the uniformity of the flow characteristics. The weir
crest measured 0.1 m in length, and its downstream face was designed with a 0.25 m curvature radius to match the turbine’s

contour, thereby optimizing water flow toward the blades.

The research process was conducted using two approaches: experimental and computational. The experimental test setup
is shown in Fig. 1. In this experiment, variations in weir height were tested while keeping the turbine operating at fixed

rotational speeds ranging from 30 rpm down to 10 rpm in decrements of 5 rpm.

For each variation in weir height tested, the turbine was loaded by suspending a weight on the turbine shaft. A series of
weights ranging from 0.5 kg to 2.5 kg was applied in steps of 0.5 kg to test the system's performance. The purpose of applying
these weights was to observe the changes in torque occurring in the water turbine due to the differences in load applied under
each weir height variation.

The water flow rate in the channel was adjusted by gradually opening or closing the water valve until the turbine's rotation
reached the desired speed, approximately 0.0080 to 0.0116 m3s. The discharge was determined using the volume collection
method, in which the time required to fill a 20 L container was recorded with a digital stopwatch (0.01 s resolution). The
container volume accuracy was estimated at £0.2 L (x1%), while the human reaction time in operating the stopwatch
introduced an additional uncertainty of about £0.2 s.

The overall uncertainty of the flow rate measurement was therefore estimated at approximately +2%. The turbine speed
was measured using a handheld laser digital tachometer, with a manufacturer-stated accuracy of £0.05%. Torque and output
power were subsequently calculated from the measured speed and the applied shaft load. Fig. 1 shows the experimental setup,

complemented by a photograph of the prototype installation to provide a clearer representation of the configuration.

'
! Turbine

(a) Schematic diagram of the experimental setup (b) Photograph of the prototype installation

Fig. 1 Overview of the experimental setup

The computational approach in this study is conducted to investigate the fluid dynamics phenomena in the water turbine.
The goal is to understand the flow characteristics, the generated torque, and the visualization of flow patterns. In the initial
stage, a 3D symmetric geometry model of the water turbine was created using Fusion 360 software. This modeling was

performed by considering the dimensions and shape of the turbine to match real-world conditions [13].

The model was then imported into Ansys Fluent software. The simulation domain was divided into two main sections:
the rotating zone surrounding the turbine and the stationary zone, which includes the water channel, inlet, outlet, and channel

walls [14-15]. The domain scheme and the boundary conditions applied are presented in Fig. 2.
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Fig. 2 Schematic of the domain and boundary conditions

Meshing was performed using polyhedral elements, with element sizes ranging from 0.001 to 0.01 m depending on the
geometric complexity of each region. To ensure numerical accuracy, a grid independence test was conducted using five mesh
densities ranging from approximately 0.3 million to 1.45 million elements. As shown in Fig. 3, the predicted turbine torque
converged as the mesh density increased. The difference in torque between the medium mesh (832455 elements) and the fine
mesh (approximately 1.45 million elements) was less than 0.2%, confirming that the medium mesh was sufficient and was
therefore adopted for all subsequent simulations.
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Fig. 3 Grid independence test: torque variation with mesh element size

The boundary conditions in the CFD setup were made consistent with the experimental conditions. The inlet velocity was
prescribed according to the measured flow rates in the experiment (0.0065-0.0075 m3s), while the turbine angular velocity
was set in the range of 10-30 rpm, consistent with the experimental operating conditions. The outlet was defined as a pressure

outlet at atmospheric pressure, and all walls were modeled as no-slip boundaries [16-17].

The simulation was performed under unsteady conditions utilizing the VOF-based multiphase modeling [18]. To model
the two-phase fluid flow consisting of water and air, the SST k- turbulence model was adopted, as it is well-suited for
simulating turbulent flows around rotating bodies [19-20]. A dynamic mesh was incorporated to enable the turbine to rotate at
a defined angular velocity throughout the simulation [21-22]. The torque produced by the turbine was calculated using the

report solution feature. A total of 1000 time steps were executed in the simulation, each having a duration of 0.003 seconds.

Validation of the CFD model was conducted by comparing the predicted torque with the experimental results. At the
medium mesh density, the CFD simulation produced a torque of 0.88 Nm, which showed good agreement with the
experimental value of 0.83 Nm. The deviation between the simulation and the experiment ranged from 3.06% to 5.81%, which
is within an acceptable range for numerical simulations of rotating flows. This agreement indicates that the CFD model is
capable of reliably reproducing the hydrodynamic behavior of the turbine and can be used to complement the experimental

findings in evaluating the influence of weir height variations.
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Turbine efficiency indicates the fraction of the motion energy of the flowing water that is effectively converted into
mechanical power to rotate the turbine [23]. In this research, the mechanical power produced by the turbine is calculated from

the torque generated by the flowing water:

where P, represents the turbine power (Watts), T denotes the torque (Nm), and w is the angular velocity of the turbine’s

rotation (rad/s). The efficiency of the turbine can be determined by the following formula:

P
1 =—2x100% @)
in
where P;, represents the kinetic power of the incoming water flow, calculated based on the flow rate and velocity. This

efficiency reflects the proportion of kinetic energy that can be utilized to generate torque and rotation in the turbine.

3. Results and Discussion

The correlation between power and turbine efficiency shows that efficiency tends to increase as turbine speed increases,
with maximum efficiency being achieved at 30 rpm. The application of a weir also has a significant impact on turbine efficiency.
According to the results presented in Table 1, it is evident that no weir (0 m) results in relatively low turbine efficiency, at
35.44% based on the computational results and 33.71% based on experimental measurements. Increasing the weir height
consistently improves efficiency until it reaches an optimal height of 0.10 m, where the efficiency reaches 84.69% in the
computation and 80.83% in the experiments. This improvement is mainly due to the weir’s ability to guide the incoming flow
more uniformly across the turbine blades, thereby enhancing torque transfer and reducing hydraulic losses. Beyond this optimal
point, efficiency begins to decrease, as seen at weir heights of 0.12 m and 0.14 m. The reduction is caused by excessive
upstream water accumulation, which creates a non-uniform velocity distribution and turbulence, leading to suboptimal blade

loading and additional energy losses.

Table 1 Relationship between turbine power and turbine efficiency at 30 rpm with variations in weir height

Turbine power Turbine efficiency
Weir height ~ Flow rate - - Deviation
Experiment CFD Experiment CFD
(m) (m3/s) (watt) (watt) (%) (%) (%)
No weir 0.0116 2.62 2.75 33.71 35.44 4.86
0.02 0.0096 2.62 2.70 39.69 40.94 3.06
0.04 0.0087 2.62 2.73 44.89 46.84 4.17
0.06 0.0083 2.62 2.78 51.30 54.47 5.81
0.08 0.0076 2.62 2.76 66.15 69.64 5.02
0.10 0.0071 2.62 2.74 80.83 84.69 4.57
0.12 0.0074 2.62 2.76 72.80 76.79 5.20
0.14 0.0080 2.62 2.73 60.28 62.92 4.20

In addition, the trend of the curved graphs for each variation in weir height, as shown in Fig. 4, reveals that an increase
in turbine efficiency does not always lead to a linear increase in turbine power. This phenomenon indicates a limitation in the
relationship between efficiency and turbine power. In specific conditions, raising the weir height can enhance efficiency in
changing water’s energy into mechanical work, as the flow pattern becomes more streamlined and energy losses caused by

turbulence are minimized.
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Fig. 4 Relationship between turbine power and efficiency at 30 rpm

However, variations in weir height also influence the velocity profile and the effective flow rate of water reaching the
turbine blades. The irregular velocity distribution and fluctuations in effective flow result in the total kinetic energy available
for conversion into mechanical power not increasing in direct proportion, despite the improvement in energy efficiency. In
some cases, an increase in efficiency occurs alongside a reduction in incoming flow, meaning the total output power may not
increase significantly or may even decrease. Therefore, the turbine performance in this study demonstrates a trade-off between

efficiency and power, where optimizing one parameter does not always result in a proportional improvement in the other.

The relationship between weir height and turbine efficiency can be seen in Fig. 5. At higher weir heights, the potential
energy of the water is also greater. This means that water falling from a higher elevation carries more energy, allowing the
turbine to generate more power. Additionally, although the water flow slightly decreases with an increase in weir height, this
condition helps the turbine operate more efficiently. The slightly lower flow makes the water stream more stable and controlled,

reducing energy waste and mechanical losses occurring in the turbine.
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Fig. 5 Relationship between weir height and turbine efficiency at different rotational speeds

When compared to previous studies, the performance of the present turbine design is superior. For example, the work
reported in [5] achieved a maximum efficiency of 74.22% without the use of a weir, whereas the curved weir configuration in
this study reached 84.69%. This nearly 10 percentage point increase highlights the novelty and effectiveness of incorporating
a weir to optimize undershot turbine operation under low-head conditions. Unlike the study by Helmizar, which developed a
turbine wheel for medium-head conditions between 2.5 and 5 m, the present work focuses on ultra-low-head flows (<0.2 m).
This contrast highlights that while Helmizar’s design is suitable for small-scale hydropower sites with higher head differences,
the curved weir approach in this study offers an effective solution for shallow rivers where conventional turbines are less

applicable [24].
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The increase in efficiency at higher weir heights is also attributed to the way the turbine converts energy. When water
falls from a higher elevation, the turbine can better utilize that energy because the higher water pressure enables the turbine to
rotate faster and more efficiently. Therefore, even though the water flow decreases, the turbine can more effectively harness

the available energy.

This higher efficiency can also occur because, at higher weir heights, the design and performance of the turbine are more
optimal in handling a steady and controlled water flow. The application of a higher weir acts as an excellent flow control,
helping to improve turbine efficiency. With the increased water pressure due to the higher weir, the turbine can more effectively

utilize energy, allowing it to spin faster and more efficiently.

Turbine efficiency reaches its maximum value at a weir height of 0.10 m. After this point, at 0.12 m and 0.14 m, efficiency
begins to decline due to increased flow resistance and energy distribution imbalance, requiring a larger water flow to maintain
the same turbine rotation. From a practical point of view, however, a weir higher than 0.10 m is not recommended in rivers
with high sedimentation, as sediment buildup upstream may block the flow and reduce long-term reliability. Thus, 0.10 m can

be considered the optimal height for balancing efficiency and feasibility.

The flow visualization in the undershot water turbine with no weir is shown in Fig. 6. The simulation results indicate a
stable flow with a uniform velocity distribution along the channel. This flow stability is crucial to ensure that the water flows
smoothly toward the turbine blades without disruptive turbulence. Irregular flow can reduce the efficiency of energy

conversion and increase energy losses due to friction and vortices.
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Fig. 6 Velocity contour of the undershot water turbine without weir (color scale in m/s)
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The velocity contours, represented as streamlines, show the direction and speed of the flow along the channel, making it
easier to understand how water moves through the turbine and allowing for the identification of regions with both high and
low speeds, as well as the potential for vortex formation. The red contour indicates the initial velocity of water provided to the
turbine. With a water velocity of 1.178 m/s, the flow remains stable, exhibiting a uniform velocity profile along the channel,
which facilitates smooth water movement toward the turbine blades. However, when the water strikes the turbine blades, there
is a noticeable decrease in velocity, particularly behind the blades, marked by a change in the contours to green, orange, and
yellow, ranging from 0.654 to 1.047 m/s. This decrease in velocity occurs because, after passing through the blades, the flow
experiences a sudden change in direction, causing some of the flow to lose energy and slow down. In addition, small vortices
form behind the blades, which eventually merge back with the main flow. After a short time, the velocity of the water returns

to normal, as indicated by the contours turning red again.

In Fig. 7, showing a weir height of 0.10 m, an increase in turbulence is observed before the flow reaches the turbine. This
is caused by pressure differences creating a backflow area. Although turbulence increases, the flow entering the blades remains
stable and does not disrupt energy conversion.
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Fig. 7 Velocity contour of the undershot water turbine with weir height 0.10 m (color scale in m/s)

The red contour represents a water velocity of 0.952 m/s, corresponding to the initial velocity set in the simulation. The
resulting turbulence, which becomes more evident, shows that higher velocity reduction creates a backflow area upstream of

the weir, marked by contours shifting from yellow to blue, ranging from 0.212 to 0.740 m/s.
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However, when the flow reaches the crest of the weir, the water velocity increases again, indicated by the contour
returning to red as it strikes the blades. This further confirms that the application of a weir not only enhances low water potential
but also serves as a flow control that optimizes turbine performance. Turbulence develops behind the blades as the water
velocity changes upon impact, indicated by the contour shifting to green, with velocities between 0.529 and 0.740 m/s.
Subsequently, the velocity of the water begins to stabilize, as shown by the contour returning to red, indicating a more stable

flow.

The turbine maintains its efficiency as the kinetic energy of the incoming flow remains sufficient to generate power. In
general, although increasing the weir height tends to elevate turbulence and vortex formation behind the blades, it
simultaneously enhances the stability of the flow approaching the blades. This improved stability supports efficient turbine
operation. Moreover, a higher weir height reduces the required water discharge to achieve the same power output, allowing

the system to remain effective even under lower flow conditions.

A similar conclusion was reported by Quaranta and G. Miiller [7] and by Quaranta and Revelli [8], who emphasized the
significance of appropriate weir configurations in improving the operational performance of turbines. In undershot water wheel
systems, the weir functions to regulate the upstream water level feeding the wheel from below [7]. Maintaining an optimal
water level enables a more effective conversion of potential energy into mechanical energy. A controlled and directed flow

not only improves rotational efficiency but also reduces energy losses caused by flow disturbances or turbulence [8].

4. Conclusions

The performance of the turbine was evaluated through both computational and experimental approaches by varying the
weir height. The results demonstrated that the presence of a weir significantly influences flow behavior and enhances the

efficiency of energy conversion.

(1) The implementation of a weir improves turbine efficiency by increasing upstream water pressure and concentrating the
flow direction toward the turbine blades. As the weir height increases, turbine efficiency increases until an optimal

condition is reached.

(2) The highest efficiency was achieved at a weir height of 0.10 m, reaching 84.69% in the computational analysis and 80.83%
in the experimental results at a flow rate of 0.0071 m3s. Beyond this height, efficiency tends to stagnate or decrease due

to increased flow resistance.

(3) Based on the performance results, a weir height of 0.10 m with a slope angle of 15° and a downstream curvature radius of
0.25 m is therefore recommended. The curvature radius, which corresponds to half of the turbine diameter, allows the

weir contour to follow the turbine geometry and effectively direct the flow toward the blades.

(4) From a practical perspective, the weir acts as a passive flow-control device and offers a simpler and more cost-effective
alternative to nozzles, which require more complex and expensive construction. This makes the proposed weir design
suitable for undershot turbines operating in shallow rivers with low flow velocities, particularly in rural areas and during

dry-season conditions.

For future work, the development of dynamically adjustable weirs is recommended to enable the turbine to adapt to

varying river discharges under seasonal fluctuations.
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