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ABSTRACT 

This study investigates the hydrodynamic and performance characteristics of a laboratory-scale curved-

blade undershot water wheel under varying inlet flow velocities, upstream water levels, and bucket 

configurations (6, 8, 10, and 12 buckets). Experiments were conducted using a recirculating open-channel 

system to evaluate rotational speed and bucket discharge under steady-state conditions. The results show 

that rotational speed increases proportionally with flow velocity due to greater kinetic energy transfer. At 

0.565 m/s, the 6-bucket configuration achieved the highest angular velocity of 0.665 rad/s, while the 12-

bucket configuration produced the lowest velocity of 0.305 rad/s, indicating a torque–speed trade-off 

associated with increased water mass loading. Increasing the water level from 0.042 m to 0.050 m enhanced 

bucket discharge from 5.9 × 10⁻⁶ m³/s to 7.5 × 10⁻⁶ m³/s for 12 buckets; however, it reduced rotational speed 

due to higher gravitational torque resistance. Bucket discharge was directly proportional to both inlet flow 

rate and bucket number; however, excessive bucket density introduced hydrodynamic interference, 

suggesting an optimal configuration. These findings demonstrate that water wheel performance is 

governed by the interaction between hydraulic input parameters and geometric design, highlighting the 

importance of optimizing bucket number for low-head irrigation and pico-hydropower applications. 

Keywords-undershot water wheels; curved blade; irrigation  

I. INTRODUCTION  

Energy is crucial for the sustainability of modern human 
civilization. A reliable and sustainable energy supply not only 
supports economic growth and social welfare but also plays a 
significant role in mitigating global climate change challenges. 
One important research area addressing this issue focuses on 
the modeling and optimization of hydropower plant operations 
within power systems to improve energy efficiency, system 
reliability, and long-term sustainability [1]. Furthermore, 
performance parameters, such as frequency deviation, settling 
time, and transient response, are critical factors in the selection 
of appropriate governor systems. These parameters 
significantly contribute to enhancing the stability and 
operational reliability of mini hydropower plants, particularly 
those operating at low rotational speeds [2]. 

A type of hydraulic machine that can be utilized as a mini 
hydropower generator is the water wheel. In general, water 
wheels are characterized by relatively simple designs, large 
diameters, low rotational speeds, and the ability to produce 
high torque [3-5]. Traditionally, rural communities have long 

employed water wheels to lift and distribute water to 
agricultural lands located at elevations higher than the water 
source [6, 7]. However, the application of water wheels as 
microhydropower systems with smaller diameters and higher 
rotational speeds still requires further investigation [8-10]. 

The working principle of a water wheel is based on 
utilizing the energy of flowing water as a naturally available 
renewable energy source [11]. In this system, the rotating part 
is called the rotor or wheel, while the fixed part is called the 
stator or wheel housing. When the water flow hits the blades, 
the kinetic energy of the flow is transferred to the rotor, 
resulting in rotation that can be used for various purposes, one 
of which is lifting water for agricultural irrigation [12, 13]. 

A water wheel-based water lifting system consists not only 
of the wheel itself, but also of several supporting components 
that function synergistically [14, 15]. These components 
include a power source in the form of flowing water, bearings 
to support the rotating shaft, water channels, a drive shaft, and 
a support frame. The materials used to construct a water wheel 
vary, depending on local availability. Water wheels can be 
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made from wood, metal plates, split drums, used car rims, and 
even motor vehicle axles [16]. 

The use of wood as a water wheel material is generally 
suitable for areas with abundant wood availability, such as 
forested areas or remote areas far from welding facilities. 
Wooden water wheels are relatively inexpensive, easy to build, 
and can be manufactured directly on site [17]. However, the 
main drawback of wooden water wheels is their low durability, 
especially when using low-quality wood or young wood, which 
can easily rot and be less efficient [18]. Proposed wood types 
are hardwoods such as ironwood, which are more durable. 

Another alternative is a water wheel constructed from used 
drums. This type of water wheel is simple, easy to fabricate, 
and utilizes readily available materials [19]. However, its 
overall dimensions are constrained by the drum size, which 
limits the generated torque and power output, thereby 
restricting its application to small-scale operations [5, 20, 21]. 
In addition, the efficiency of such systems is generally lower 
due to geometric limitations and suboptimal blade flow 
interaction. 

For larger-scale applications, water wheels fabricated using 
discarded car axles represent a more advantageous option, as 
they are capable of producing higher torque and power output 
and offer a longer operational lifespan [22]. These 
characteristics contribute to improved mechanical efficiency 
under higher load conditions. Nevertheless, this type of water 
wheel involves higher manufacturing costs, requires welding 
processes, and demands greater technical expertise, making it 
less suitable for small-scale or individual applications [23]. 

Therefore, there is a need to develop and evaluate 
alternative water wheel designs that are simple, cost-effective, 
and capable of achieving acceptable torque, power, and 
efficiency levels for small-scale water lifting and energy 
utilization systems. The present study addresses this need by 
investigating the performance characteristics of an undershot 
water wheel with curved blades under varying flow conditions 
and bucket configurations. In operation, water wheels are 
typically installed in fast-flowing rivers or in water channels 
that are deliberately directed to create a stronger current. The 
flowing water hitting the blades of the wheel creates a thrust 
that causes the wheel to rotate. In the water-lifting type of 
wheel, the blades are equipped with small tubes or water 
pockets that function to collect water when the blades are in the 
lower position. The collected water then spills out when it 
reaches the top of the rotation, then flows through gutters to the 
land requiring irrigation by utilizing gravity. 

The operating mechanism of an undershot water wheel is 
based on the conversion of the kinetic energy of flowing water 
into rotational mechanical energy as the flow impinges on the 
lower blades of the wheel. Unlike overshot and breastshot 
water wheels, which utilize both kinetic and potential energy, 
the undershot type relies solely on flow velocity and does not 
benefit from differences in water level (hydraulic head) [3, 24]. 
Consequently, undershot water wheels are well-suited for 
shallow water bodies, irrigation channels, and flat terrain, 
where the available head is minimal. However, this dependence 
on kinetic energy results in relatively lower torque, rotational 

speed, and efficiency compared to head-driven water wheels. 
Therefore, performance improvement of undershot water 
wheels strongly depends on optimizing blade geometry, wheel 
diameter, and bucket configuration to enhance momentum 
transfer between the water flow and the blades. In the literature, 
the undershot water wheel is also referred to as the Vitruvian 
wheel, characterized by a water flow direction that is opposite 
to the direction of blade rotation [25]. This flow–blade 
interaction directly influences key performance parameters 
such as rotational speed (rpm), generated torque, output power, 
and overall efficiency. Accordingly, the present study focuses 
on evaluating the effects of flow conditions and the number of 
curved blades on the rotational performance, discharge 
characteristics, and energy utilization of an undershot water 
wheel, aiming to identify an optimal configuration for small-
scale water lifting and mechanical energy applications. 

The undershot water wheel offers several advantages, 
including simple construction, relatively low manufacturing 
costs, and ease of relocation according to operational 
requirements, making it suitable for small-scale and 
decentralized applications, particularly in rural or remote areas 
[26]. However, due to its reliance solely on the kinetic energy 
of flowing water and the absence of hydraulic head, this type of 
water wheel generally produces lower torque, limited power 
output, and reduced efficiency compared to head-driven water 
wheels such as overshot and breastshot types [27]. 
Consequently, improving the performance of undershot water 
wheels requires design optimization aimed at enhancing torque 
generation, increasing usable power output, and improving 
overall efficiency while maintaining simplicity and cost-
effectiveness. In this context, the present study investigates the 
influence of flow conditions and the number of curved blades 
on the rotational speed, torque, power output, and efficiency of 
an undershot water wheel to identify an optimal configuration 
for small-scale water lifting and mechanical energy utilization. 

Water wheel performance has been investigated through 
blade design optimization, open-channel power generation, 
breastshot water wheel analysis, hydrodynamic 
characterization, efficiency comparisons between overshot and 
undershot configurations, and dimensional effects on flow 
behavior [3, 28–37]; however, systematic experimental studies 
focusing on the combined influence of flow conditions and 
curved-blade number on the rotational performance, discharge 
characteristics, and energy efficiency of undershot water 
wheels are limited, thereby motivating the present research. 

II. MATERIALS AND METHODS 

This laboratory-scale study experimentally investigates the 
performance characteristics of a curved-blade undershot water 
wheel under controlled operating conditions. It also 
systematically examines the effects of inlet flow velocity and 
blade number as independent variables on key performance 
indicators, including rotational speed (rpm), generated torque, 
output power, discharge rate, and overall efficiency. The 
experimental setup employs a recirculating open-channel flow 
system, in which flow velocity is regulated and measured to 
ensure steady-state conditions, while blade configurations are 
varied in a controlled manner. Performance data are obtained 
through repeated measurements to ensure reliability and 
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reproducibility. By directly correlating the experimental 
variables with measurable performance parameters, this study 
establishes an optimized blade configuration that enhances 
energy conversion efficiency while preserving the simplicity 
and cost-effectiveness of undershot water wheel systems for 
small-scale water lifting and mechanical energy utilization. 

A. Research Materials 

The materials used in this study are grouped as: 

 Structural components: Acrylic sheets, steel plates, 6 mm 
steel rods, angle steel sections, bolts and nuts, paint, and 
silicone adhesive. 

 Mechanical components: Bearings, shafts, ropes, and drag 
socks. 

 Hydraulic and flow system components: water pump, water 
circulation reservoir, pipes, pipe fittings and elbows, valves, 
hose clamps, and pipe insulation. 

B. Research Equipment 

The equipment used for experimental testing includes a 
water wheel model, a graduated measuring cylinder, a 
stopwatch, data recording tools (pen and paper), a small 
collection tank, and a measuring tape. 

C. Experimental Setup and Water Wheel Fabrication 

1) Water Wheel Frame Design and Construction 

The experimental setup employed a laboratory-scale 
undershot water wheel designed to operate under controlled 
open-channel flow conditions. The wheel frame was 
constructed using 6 mm-thick mild steel to ensure sufficient 
rigidity and structural stability during operation. Two steel 
plates were fabricated into circular rings with a diameter of 44 
cm, resembling bicycle rims, and subsequently aligned 
concentrically. These components were welded together to 
form the main wheel frame, which serves as the structural 
support for blade installation and torque transmission during 
experimental testing. 

2) Curved-Blade Fabrication and Configuration 

The water wheel blades were fabricated from acrylic 
material to provide a lightweight structure while maintaining 
geometric precision. Acrylic sheets were cut to the specified 
dimensions using a grinder, resulting in blades with a height of 
4 cm and a width of 8 cm. The blades were mounted onto the 
wheel frame in a curved configuration, with their angular 
orientation carefully controlled to ensure consistent interaction 
with the incoming water flow. A total of twelve blades were 
installed in the baseline configuration, while variations in blade 
number were implemented systematically as part of the 
experimental variables. This configuration allowed the 
investigation of blade number effects on rotational speed, 
torque generation, discharge characteristics, and overall energy 
conversion efficiency. 

3) Operating Principle within the Experimental System 

Within the experimental setup, the undershot water wheel, 
as shown in Figure 1, operates by harnessing the kinetic energy 
of the open-channel water flow. Water impinges directly on the 

curved blades at the lower portion of the wheel, generating 
hydrodynamic forces that induce rotational motion. This 
rotation is transmitted through the shaft to the measurement 
system, enabling the evaluation of rotational speed, torque, 
output power, and efficiency under varying inlet flow velocities 
and blade configurations. 

The experimental setup was designed to ensure steady-state 
flow conditions, allowing direct correlation between controlled 
input parameters and measured performance outputs. 

 

 

Fig. 1.  Curved-blade undershot water wheel. 

III. RESULTS AND DISCUSSIONS 

The initial results are presented in Table I. 

TABLE I.  WHEEL ROTATIONAL SPEED AT DIFFERENT 
WATER VELOCITIES AND NUMBER OF BUCKETS 

Water 

velocity 

(m/s) 

Wheel rotating speed (Rad/s) 

Buckets 6 Buckets 8 Buckets 10 
Buckets 

12 

0.565 0.665 0.555 0.425 0.305 

0.570 0.580 0.500 0.400 0.275 

0.575 0.570 0.485 0.395 0.265 

0.625 0.520 0.450 0.330 0.255 

0.650 0.500 0.420 0.290 0.250 

 
As depicted in Figure 2, the relationship between flow 

velocity and the rotational speed of the water wheel for 
different numbers of buckets indicates that the rotational speed 
obtained with six buckets is higher than that with twelve 
buckets at the same flow velocity. This behavior can be 
explained by the following factors. 

A. Load Per Revolution 

The effect of bucket number on water wheel rotational 
performance is governed by torque equilibrium and mass 
distribution principles. Increasing the number of buckets raises 
the total retained water mass per revolution, thereby increasing 
the cumulative gravitational load and average resisting torque. 
Under constant hydraulic input, higher resisting torque shifts 
the equilibrium condition toward a lower steady-state angular 
velocity to satisfy torque balance [34]. Experimental studies on 
overshot, undershot, and breastshot water wheels confirm that 
greater water retention enhances static torque but reduces 
rotational speed due to increased gravitational loading and 
mechanical losses [5, 27]. 
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Fig. 2.  Relationship between flow velocity and water wheel rotational 

speed. 

Optimization analyses further demonstrate that bucket 
number represents a trade-off between torque amplification and 
angular velocity reduction in pico- and micro-hydropower 
systems [8]. Empirical investigations report that higher bucket 
loading improves torque output while decreasing rotational 
speed under identical flow conditions [7, 9]. At steady state (α 
= 0), rotational equilibrium satisfies ��������	
 � ���
	
�	�� . 

Therefore, increasing the number of filled buckets elevates 
resisting torque and lowers angular velocity, whereas fewer 
buckets reduce lifted mass and resisting torque, allowing higher 
rotational speed. This torque–speed trade-off is consistent with 
established hydropower performance theory and modern 
optimization studies of small-scale water wheel systems [5, 7, 
8, 27, 34]. 

B. Bucket Filling Time Relative to the Rotation Period 

For a fixed flow rate, the total volume of water entering the 
wheel during one complete revolution remains theoretically 
constant. However, the distribution of this volume among the 
buckets significantly influences the loading characteristics of 
the wheel. When the number of buckets increases, the water 
volume captured by each individual bucket decreases 
proportionally. Nevertheless, the filling events occur more 
frequently and in a sequential manner. This configuration 
produces a more continuous loading condition compared to a 
wheel with fewer buckets, where water filling is less frequent, 
and the loading becomes intermittent. 

From a hydraulic performance perspective, the mechanical 
behavior of water wheels is governed by the interaction 
between water mass and rotating elements, as demonstrated in 
classical performance investigations [34]. A more uniform 
distribution of water around the periphery of the wheel reduces 
torque fluctuation and enhances the smoothness of mechanical 
power output. In contrast, wheels with fewer buckets tend to 
experience larger torque oscillations due to discrete and 
impulsive loading patterns. 

The experimental work reported in [27] confirms that 
mechanical power estimation and loss mechanisms in 
breastshot configurations are highly dependent on the filling 

and emptying dynamics of the buckets. When multiple buckets 
are simultaneously engaged in the loading phase, the resulting 
torque becomes more stable and its average value increases. 
This behavior supports the concept that increasing the bucket 
number improves torque continuity even though the total 
hydraulic input energy remains unchanged. 

Analyses of water wheel technologies also emphasize that 
bucket number optimization is a critical parameter in pico- and 
micro-hydropower systems [8]. An increased number of 
buckets enhances the continuity of momentum transfer from 
the flowing water to the rotor, particularly under low-head and 
low-flow conditions. This design strategy contributes to a 
higher average resisting torque because a greater portion of the 
wheel circumference is actively subjected to hydraulic loading 
at any given time. 

Similarly, experimental investigations on micro-hydro 
water wheel models demonstrated that an optimal bucket 
configuration balances per-bucket volume and filling frequency 
to maximize efficiency while minimizing hydraulic losses [7]. 
Excessively few buckets result in intermittent loading and 
reduced torque stability, whereas an adequately increased 
number of buckets promotes smoother rotational motion. From 
a broader hydropower system perspective, torque continuity at 
the turbine level is closely related to power output stability and 
dynamic response characteristics [1]. Although the present 
study focuses on a water wheel prototype, the principle of load 
smoothing through distributed hydraulic interaction aligns with 
system-level requirements for stable energy production. 

Therefore, even though increasing the number of buckets 
does not increase the total hydraulic energy input under 
constant discharge conditions, it significantly modifies the 
temporal distribution of loading. The transition from 
intermittent to continuous loading results in a higher average 
resisting torque and reduced torque ripple. This mechanical 
smoothing effect ultimately contributes to improved rotational 
stability and potentially higher overall efficiency in small-scale 
hydropower applications. 

C. Capture Efficiency and Flow Resistance 

An excessive number of buckets increases hydraulic 
interference between adjacent profiles, leading to flow 
separation, turbulence, and premature spillage, thereby 
reducing the effective transfer of kinetic energy into shaft 
torque. This mechanism is consistent with reported hydraulic 
loss characteristics in water wheels, where internal 
recirculation and drag significantly diminish mechanical 
efficiency [27, 34]. Nevertheless, there is optimal bucket 
number; beyond this optimum, performance declines due to 
increased hydrodynamic resistance and unstable inflow 
conditions [5, 7, 22, 29]. Conversely, a smaller bucket number 
allows the incoming flow to impinge at a more favorable angle 
and over a more effective contact area, enhancing tangential 
force generation and improving rotational performance under 
controlled experimental conditions [19]. 
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Fig. 3.  Relationship between water flow height and water wheel rotational 

speed for different bucket configurations. 

D. Increase in Lifted Water Mass with Rising Water Level 

As the upstream water level increases, the volumetric 
inflow into each bucket rises proportionally, leading to a 
greater contained water mass (m = ρV). The increased mass 
amplifies the gravitational force (��) acting on the wheel, 
thereby elevating the resisting torque on the shaft and reducing 
the rotational speed under constant flow conditions. This 
behavior is consistent with classical performance 
characteristics of water wheels, where torque is governed by 
bucket filling ratio and hydrostatic head [5, 34]. Experimental 
investigations on undershot and breastshot configurations 
report that excessive bucket loading increases mechanical 
resistance and decreases angular velocity, particularly beyond 
the optimal operating point [7, 27, 29]. Parametric optimization 
studies further confirm that rotational speed is highly sensitive 
to mass distribution and hydraulic loading, which directly 
influence shaft torque balance and overall efficiency [19, 22]. 
Therefore, the observed reduction in rotational speed at higher 
water levels can be attributed to the dominance of gravitational 
loading over the driving hydraulic impulse, a phenomenon 
widely documented in small-scale and pico-hydropower water 
wheel systems [8, 21, 36]. 

E. Effect of Bucket Number on Total Load 

An increase in the number of buckets enables a greater 
instantaneous water volume to be captured and lifted during 
each rotational cycle, thus redistributing the hydraulic load 
over a larger contact area. This configuration promotes a more 
continuous and uniform resistive torque acting on the wheel, 
reducing load fluctuation but increasing the overall effective 
mass being elevated per revolution. Consequently, the 
rotational speed tends to decrease due to the higher 
gravitational and hydraulic loading, although torque stability 
improves. Conversely, a smaller number of buckets limits the 
total water mass engaged per cycle, reducing the average 
resistive torque and allowing the wheel to attain higher angular 
velocity under identical flow conditions. This behavior is 
consistent with classical and modern analyses of water wheel 
performance, where bucket geometry and quantity directly 
influence torque generation, hydraulic loading distribution, and 
rotational characteristics [5, 27, 34]. Experimental 
investigations on undershot and breastshot configurations 

further confirm that increasing the effective water interception 
area enhances load uniformity but may reduce rotational speed 
due to increased lifting mass [7, 21, 22]. Parametric 
optimization studies also demonstrate that bucket number 
significantly affects the balance between torque production and 
angular velocity, thereby influencing overall efficiency and 
power output [8, 19, 36]. From a hydraulic–mechanical 
interaction perspective, the distributed loading mechanism 
aligns with theoretical formulations of water wheel power 
transfer, where mechanical output depends on the product of 
torque and angular velocity. Increasing bucket count primarily 
augments torque while potentially reducing rotational speed, 
illustrating the significant trade-off between rotational 
dynamics and hydraulic loading in small-scale hydropower 
systems [33, 34, 37]. 

F. Relationship Between Flow Energy and Work Against 

Gravity 

The conversion of hydraulic energy in water wheel systems 
inherently involves an energy redistribution mechanism 
between kinetic and potential components. As the incoming 
flow interacts with the buckets, a portion of its kinetic energy is 
transformed into gravitational potential energy as the entrapped 
water mass is elevated against gravity, particularly in overshot 
and breastshot configurations [5, 34]. This energy conversion 
mechanism has been experimentally and analytically 
demonstrated with the lifting process significantly influencing 
torque generation and rotational characteristics [27, 33]. 

At higher upstream water levels, the increased water 
volume captured per bucket amplifies the gravitational load, 
thereby increasing the required potential energy component. 
Consequently, a larger fraction of the available hydraulic 
energy is consumed in lifting the water mass rather than 
sustaining angular acceleration. This results in a measurable 
reduction in rotational speed, despite the higher head, due to 
increased resistive torque and energy redistribution within the 
system [8, 22, 27]. Similar observations in undershot and low-
head pico-hydro systems confirm that excessive water loading 
may decrease rotational velocity when the gravitational 
component dominates the energy balance [21, 36]. Therefore, 
the observed decrease in water wheel rotational speed at 
elevated water levels can be physically interpreted as a shift in 
energy partitioning: the enhancement of potential energy 
storage within the buckets reduces the net kinetic energy 
available for rotational motion. This behavior is consistent with 
established hydropower performance theory and empirical 
investigations of traditional and optimized water wheel 
technologies [5, 8, 34]. 

G. Additional Energy Losses 

At elevated water levels, the inflow entering the buckets 
becomes increasingly turbulent, characterized by intensified 
splashing, overflow, and wall friction, which collectively 
reduce the effective conversion of hydraulic input into 
mechanical rotation. Such behavior is consistent with the 
hydraulic loss mechanisms identified in breastshot and 
undershot water wheels, where turbulence and impact losses 
increase significantly under higher head and discharge 
conditions [27, 34]. Experimental investigations further 
confirm that excessive inflow velocity induces partial filling, 
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jet deflection, and flow separation inside the buckets, thereby 
diminishing torque generation and overall efficiency [5, 7, 22]. 
Moreover, increasing the number of buckets amplifies 
hydrodynamic interactions between adjacent compartments. 
Closely spaced buckets promote flow interference, stream 
splitting, and elevated hydraulic resistance, resulting in 
additional energy dissipation before complete momentum 
transfer occurs. Similar interference effects have been reported 
with blade or bucket density directly influencing internal flow 
structure and mechanical losses [19, 28, 29]. Analyses of water 
wheel technologies also emphasize that geometric 
configuration and bucket spacing determine turbulence 
intensity and power loss characteristics [8, 34]. Therefore, 
although higher water levels theoretically provide greater 
hydraulic potential, practical performance is constrained by 
turbulence-induced losses and inter-bucket flow interference, 
leading to a non-linear relationship between head, bucket 
number, and rotational efficiency, as also observed in 
experimental and optimization-based hydropower studies [7, 
22, 27]. The bucket discharge is highly influenced by the inlet 
flow rate and the number of buckets. As the inlet flow rate 
increases, a larger volume of water is available to fill the 
buckets, resulting in a higher discharge per unit time. Similarly, 
an increase in the number of buckets leads to a greater total 
volume of water collected and discharged, as illustrated in 
Figure 4. 

H. Effect of Inlet Flow Rate (Qin) 

The inlet flow rate Qin represents the primary water supply 
entering the system. A higher Qin provides a larger volume of 
water per unit time that can be captured by the buckets. 
Consequently, the bucket discharge increases because a greater 
amount of water is filled and released during each rotational 
cycle. The Qin also represents the primary hydraulic input 
governing the energy conversion process in water wheel-based 
hydropower systems. An increase in Qin supplies a larger water 
volume per unit time, thereby enhancing the mass flow rate 
interacting with the buckets and increasing the available 
hydraulic power (p = ρgQH) [37]. As a consequence, a greater 
quantity of water is captured and discharged during each 
rotational cycle, leading to a proportional rise in bucket 
discharge and torque generation, particularly in undershot and 
breastshot configurations [34, 27]. 

 

 

Fig. 4.  Relationship between flow rate and bucket discharge. 

Higher inflow rates directly improve the filling ratio and 
effective momentum transfer to the wheel blades, which 
subsequently increases rotational speed and mechanical output 
within the optimal operating range [7, 22]. Similar performance 
trends have been reported in pico-hydro and open-channel 
applications, with discharge variation significantly affecting 
wheel efficiency and power characteristics [21, 31]. 
Furthermore, analyses of water wheel technologies emphasize 
that flow rate is a dominant parameter affecting hydrodynamic 
loading, rotational stability, and overall system performance 
[8]. Therefore, the relationship between Qin and bucket 
discharge can be interpreted as a direct hydraulic response, 
where increased volumetric inflow enhances water capture per 
cycle and strengthens the mechanical energy extraction 
capability of the system, consistent with established 
hydropower performance theory and experimental findings [34, 
37]. 

I. Effect of Bucket Number 

An increase in the number of buckets allows more 
containers to interact with the incoming flow within a single 
rotational cycle, thereby enlarging the effective water–structure 
contact area. Although the inflow distributed to each bucket 
may decrease proportionally, the aggregate discharge collected 
by all buckets increases, leading to a higher cumulative water 
volume processed by the system. This phenomenon is 
consistent with the hydraulic performance characteristics of 
traditional and modern water wheels, where geometric 
parameters such as bucket number, blade configuration, and 
filling ratio significantly influence torque generation and 
volumetric efficiency [5, 7, 36]. Optimizing structural 
parameters enhances energy conversion capability and flow 
utilization effectiveness [8, 22, 27]. In particular, studies on 
undershot and breastshot configurations demonstrate that 
increasing the number of interacting blades or buckets 
improves the continuity of momentum transfer and stabilizes 
rotational motion under steady flow conditions [21, 33]. 
Furthermore, parametric optimization approaches in pico-hydro 
water wheels highlight that geometric refinement, including 
bucket distribution and spacing, directly affects total discharge 
handling and mechanical output [19, 29]. From a broader 
hydropower system perspective, improving local flow capture 
efficiency contributes to overall system optimization and 
operational stability, which are essential for sustainable small-
scale hydropower deployment [36]. Therefore, a higher number 
of buckets not only increases the total collected and discharged 
water volume but also enhances the hydraulic–mechanical 
energy transfer process in small and pico-hydropower 
applications. 

J. Combined Influence of Flow Rate and Bucket Number 

The trend observed in Figure 4 confirms that higher inlet 
flow rates accelerate bucket filling and increase the discharged 
volume, while a greater number of buckets enlarges the 
effective storage capacity per rotational cycle, thereby 
enhancing total discharge. This behavior is consistent with [5, 
27, 34], which demonstrate that discharge and power output are 
governed by flow rate and geometric configuration parameters. 
Experimental investigations on undershot and breastshot water 
wheels further indicate that increasing inflow velocity 
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improves torque generation and volumetric transfer, provided 
that hydraulic interaction remains uniform [7, 21, 22]. 

From a hydrodynamic perspective, the direct 
proportionality between inlet flow rate and bucket discharge 
aligns with pico-hydro optimization principles, where flow 
availability determines energy conversion capacity [8, 19, 36]. 
Similar findings have been reported in experimental prototype 
studies, showing that bucket volume and inflow conditions 
directly influence output performance and efficiency [6, 11, 
31]. However, as highlighted in channel-flow and blade 
interaction analyses, an excessive number of buckets may 
disrupt flow uniformity, leading to incomplete filling and 
hydraulic losses [28, 29], which consequently reduce overall 
efficiency. This phenomenon corresponds to the performance 
limitations identified in detailed power-loss and mechanical 
estimation studies [27, 34]. 

Overall, the experimental results presented in Figure 4 are 
in agreement with established hydropower modeling and 
optimization frameworks, where discharge performance 
depends on both hydraulic input and turbine geometry [15, 37]. 
The proportional relationship between inlet flow rate, bucket 
number, and discharge, therefore, reflects significant 
hydrokinetic energy conversion mechanisms and confirms the 
validity of the observed experimental trends within 
contemporary small-scale hydropower research. 

Figure 5 illustrates the relationship between water level and 
bucket discharge, indicating a direct proportional correlation. 
The height of the water surface (hydraulic head) directly 
governs the hydrostatic pressure and the volumetric inflow into 
each bucket. As the water level rises from 0.042 m to 0.050 m, 
the hydrostatic pressure increases, resulting in a higher flow 
rate per bucket. Quantitatively, for 12 buckets, the flow rate 
rises from approximately 5.9 × 10⁻⁶ m³/s at 0.042 m to 7.4 × 
10⁻⁶ m³/s at 0.050 m, demonstrating a near-linear increase in 
discharge with increasing head.  

The number of buckets determines the system's total water-
holding capacity. For a smaller set of buckets (6–8), the 
cumulative discharge remains relatively low because limited 
water is captured per cycle. For example, at 0.050 m water 
level, buckets 6 and 8 produce flow rates of about 5.7 × 
10⁻⁶ m³/s and 5.9 × 10⁻⁶ m³/s, respectively. In contrast, a higher 
number of buckets (10–12) significantly increases the total 
discharge, with 10 buckets yielding about 6.7 × 10⁻⁶ m³/s and 
12 buckets ~7.4 × 10⁻⁶ m³/s at the same water level. This 
demonstrates that both water height and bucket count play 
crucial roles in determining the discharge, with higher heads 
and more buckets resulting in proportionally greater flow rates. 

TABLE II.  EXPERIMENTAL RESULTS OF BUCKET FLOW 
RATE AT VARIOUS WATER LEVELS FOR DIFFERENT 

BUCKET CONFIGURATIONS 

Water 

level (m) 

Bucket flow rate (m³/s) 

Buckets 6  Buckets 8  Buckets 10  Buckets 12  

0.042 4.50 × 10⁻⁶ 4.40 × 10⁻⁶ 5.20 × 10⁻⁶ 5.90 × 10⁻⁶ 

0.044 4.80 × 10⁻⁶ 4.80 × 10⁻⁶ 5.50 × 10⁻⁶ 6.50 × 10⁻⁶ 

0.046 5.05 × 10⁻⁶ 5.05 × 10⁻⁶ 6.00 × 10⁻⁶ 6.80 × 10⁻⁶ 

0.048 5.50 × 10⁻⁶ 5.40 × 10⁻⁶ 6.30 × 10⁻⁶ 7.10 × 10⁻⁶ 

0.050 5.80 × 10⁻⁶ 5.80 × 10⁻⁶ 6.70 × 10⁻⁶ 7.50 × 10⁻⁶ 

 

Fig. 5.  Relationship between water flow height and bucket discharge for 

different bucket configurations. 

IV. CONCLUSIONS 

This study investigated the hydrodynamic and performance 
characteristics of a small-scale curved-blade undershot water 
wheel. The wheel was subjected to varying inlet flow velocities 
and upstream water levels, with various bucket configurations. 

The results indicate that the higher speed of the water flow 
leads to higher kinetic energy, resulting in increased rotation 
speed. However, the number of buckets significantly affects 
this response. With 6 buckets, the reduced water load results in 
a higher rotational speed of the wheel. Conversely, with a 
higher number of buckets (8, 10, and 12), the wheel speed is 
slower. A direct correlation between water flow height and the 
rotation of the water wheel was demonstrated: the higher the 
water level, the greater the volume of water in the bucket, 
which significantly increases the lifting load. This results in 
higher holding torque, which subsequently slows down wheel 
rotation, especially with a higher number of buckets. 

It was also found that the number of buckets significantly 
affects the flow rate. The bucket flow was proportional to the 
inflow rate, with a greater flow rate resulting in higher bucket 
inflow. In addition, the rotational speed of the water wheel 
increases with increasing water flow velocity due to the higher 
kinetic energy transferred to the wheel. However, the number 
of buckets modifies this response. For instance, at a flow 
velocity of 0.5 m/s, a water wheel with 6 buckets rotates at 
18.2 rpm, while wheels with 8, 10, and 12 buckets rotate at 
16.7 rpm, 15.3 rpm, and 14.5 rpm, respectively. The reduced 
rotation speed with more buckets is attributed to the greater 
water load each bucket lifts per cycle. An increase in water 
level increases the volume of water captured per bucket, 
leading to a higher lifting load. For example, at a water height 
of 0.042 m, the 12-bucket wheel rotates at 15.2 rpm, whereas at 
0.050 m, rotation decreases to 14.1 rpm. This trend 
demonstrates that higher hydraulic heads increase holding 
torque, slowing the wheel rotation, especially when the number 
of buckets is high.  

The bucket discharge is directly proportional to the inflow 
rate. For a water inflow of 5.0 × 10⁻⁶ m³/s, a 6-bucket wheel 
produces 5.2 × 10⁻⁶ m³/s, whereas a 12-bucket wheel produces 
7.1 × 10⁻⁶ m³/s. Increasing the number of buckets increases 
total storage capacity, thereby amplifying the resulting 
discharge. For 10 buckets, the discharge reaches 6.6 × 
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10⁻⁶ m³/s, confirming the synergistic effect of bucket count and 
inflow rate on output. A direct relationship between water 
height and bucket discharge is also revealed. As water height 
rises from 0.042 m to 0.050 m, the discharge of a 12-bucket 
wheel increases from 5.9 × 10⁻⁶ m³/s to 7.4 × 10⁻⁶ m³/s. With a 
smaller number of buckets (6–8), the limited capacity restricts 
discharge (e.g., 5.2–5.7 × 10⁻⁶ m³/s at 0.050 m). In contrast, 
wheels with 10–12 buckets show significantly higher 
discharges at the same head, demonstrating that both water 
height and bucket count significantly influence bucket 
performance. 
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