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Abstract: The primary goal of this study is to develop and test a small-scale horizontal-axis underwa-
ter Ocean Current Turbine (OCT) by creating a mathematical model for coupled dynamics aided by
a Blade Element Momentum (BEM) simulation-integrated experimental approach. This research is
motivated by the urgent need for sustainable energy sources and the vast potential of ocean currents.
By integrating mathematical modeling with the experimental testing of scaled model OCTs, this study
aims to evaluate performance accurately. The experimental setup involves encapsulating a 3D-printed
turbine model within a watertight nacelle which is equipped with sensors for comprehensive data
recording during towing tank tests. Through these experiments, we seek to establish correlations
between the generated power, force, and rotational speed of the turbine’s Permanent Magnet DC
(PMDC) motor, which determines the turbine’s capability to extract dynamic energy inflow. More-
over, this research aims to provide valuable insights into the accuracy and applicability of theoretical
predictions in real-world scenarios by comparing the experimental results with BEM simulations.
This combined approach not only advances our understanding of hydrokinetic energy conversion,
but also contributes to the development of reliable and efficient renewable energy technologies that
address global energy challenges while mitigating environmental impacts.

Keywords: hydrokinetic energy; marine renewable energy; energy conversion; ocean current turbines
(OCT); blade element momentum (BEM) theory; towing tank testing; dynamometer testing; small-scale
experimental OCT; design evolution; 3D-printed turbine model

1. Introduction

The urgency for sustainable energy alternatives, fueled by a burgeoning global popula-
tion, has thrust renewable sources into the forefront of energy discourse [1–3]. Among these
alternatives, hydrokinetic energy emerges as a compelling solution [4,5], harnessing the
kinetic motion of water bodies like rivers and oceans [6,7]. Its ability to mitigate the
deleterious environmental impacts associated with conventional fossil fuels renders it
an economically viable and environmentally friendly asset [8–10]. However, despite its
substantial potential, the practical implementation of hydrokinetic energy technology re-
mains relatively unexplored, necessitating innovative strategies to facilitate its effective
utilization within the energy sector [11,12]. Driven by the finite nature of traditional en-
ergy reserves [13,14], the pursuit of alternative sources has catalyzed the development of
hydrokinetic turbines [15,16].

Extensive research in hydrokinetic energy conversion has delved into various turbine
configurations [17,18], spanning horizontal-axis [19], vertical-axis [20], cross-flow [21],
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and oscillating-hydrofoil designs [22]. Notably, studies have revealed the superior per-
formance of hydrokinetic turbines compared to their wind counterparts [23–25], with
horizontal-axis turbines emerging as the pre-eminent choice globally [26–28]. In con-
trast to wind turbines mounted on towers, horizontal-axis hydrokinetic turbines are often
secured to the seafloor [29–31], resembling airborne wind turbines in their design and
placement [32–34].

Similar to the developmental trajectory of wind turbines, empirical validation through
systematic experimentation is paramount for comprehending the behavior of hydrokinetic
turbines and optimizing their performance [35,36]. In response to this need, a novel
testing approach has emerged, utilizing towing tanks that are commonly employed in
maritime engineering for ship design and propulsion research [37]. This approach focuses
on the conversion of ocean currents’ kinetic energy [38–40], emphasizing the commonality
with horizontal-axis turbines used in wind energy [41]. Recognizing the divergence in
principles, such as free surface effects and cavitation [42–44], specialized numerical methods
have been developed and validated [45,46]. These include simulation tools grounded in
Blade Element Momentum (BEM) theory, demonstrating satisfactory representations of
experimental turbine performance and offering confidence in their applicability for marine
current turbine development [47].

This paper introduces a groundbreaking methodology for the dynamometer testing of
hydrokinetic turbines, propelling the field towards standardized empirical assessment [48].
By leveraging towing tanks as a testing platform and integrating sensors to capture vital
parameters, this experimental framework not only quantifies energy consumption, but
also facilitates the extraction of essential hydrodynamic characteristics, such as torque and
power generation, thereby fostering further advancements in the field [49]. Additionally,
this paper sheds light on the development of an affordable hydrokinetic turbine tailored for
towing tank experimental validation and proof-of-concept demonstrations [50–52]. This
accessible turbine model serves as a valuable testbed for evaluating design concepts, opti-
mizing performance, and validating numerical simulations through controlled experiments,
ultimately contributing to the maturation and widespread adoption of hydrokinetic energy
technologies [53,54].

In this study, we aim to advance hydrokinetic energy conversion technology by fo-
cusing on small-scale horizontal-axis underwater OCTs based on rising global energy
challenges. We integrate mathematical modeling with experimental testing in our research.
Our major goal is to accurately evaluate OCT performance, aided by the development
of a mathematical model, by establishing correlations between power generation, force,
and turbine motor rotational speed. In this research, we seek to provide insights into the ac-
curacy of theoretical predictions by comparing experimental results with BEM simulations.
Also, we introduce a novel dynamometer testing methodology using towing tanks which
facilitates the extraction of essential hydrodynamic characteristics. This paper is structured
with sections detailing the down-scaling of full-scale OCT, experimental setup, and testing
procedures, followed by an analysis of our empirical and mathematical findings. Finally,
we highlight our efforts to help improve and make widely available effective hydrokinetic
energy technologies.

2. Methodology
2.1. Model Scaling of Full-Scale OCT

The study of hydrofoil designs is very important in hydrodynamics engineering. Hy-
drofoils play a critical role in determining the lift and drag characteristics of the propeller
and turbine [55]. In this investigation, we focus on 25 specific hydrofoil coordinate files
labeled using a systematic naming convention as shown in Table 1. Additionally, we
consider the rotor diameter and rotational speed, essential parameters influencing rotor-
craft performance [56]. The hydrofoil coordinate files were obtained, each containing the
respective data points that define the shape of the hydrofoil. These foils were analyzed
using computational tools for processing hydrofoil data. The hydrofoil shapes were then
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visualized and compared to identify variations in thickness and geometry along the radial
elements. The full-scale propeller that SNMREC tested and used at Florida Atlantic Univer-
sity is a remarkable engineering feat [57]. It possesses a number of noteworthy qualities
that enhance its effectiveness and performance [58]. A hydrofoil of type FX-77-W [59,60],
a particular hydrofoil form renowned for its advantageous properties, was used to create
the propeller [61]. The family of hydrofoils to which it belongs actually uses a naming
scheme where the last three digits roughly equate to the thickness ratio multiplied by 1000.

Table 1. The hydrofoil types that are used for the propeller design for the scaled model and their
properties, as seen in [57,59–61].

Hydrofoil# Hydrofoil Label Percentage Thickness

1 FX77-02349-01 23.49%
2 FX77-02349-02 23.36%
3 FX77-02349-03 23.01%
4 FX77-02349-04 22.73%
5 FX77-02349-05 22.23%
6 FX77-02349-06 21.62%
7 FX77-02349-07 20.92%
8 FX77-02349-08 20.12%
9 FX77-02349-09 19.25%
10 FX77-02349-10 18.32%
11 FX77-02349-11 17.34%
12 FX77-02349-12 16.33%
13 FX77-02349-13 15.30%
14 FX77-02349-14 14.86%
15 FX77-02349-15 14.42%
16 FX77-02349-16 14.00%
17 FX77-02349-17 13.60%
18 FX77-02349-18 13.23%
19 FX77-02349-19 12.89%
20 FX77-02349-20 12.58%
21 FX77-02349-21 12.25%
22 FX77-02349-22 11.94%
23 FX77-02349-23 11.64%
24 FX77-02349-24 11.34%
25 FX77-02349-25 11.07%

The objective of the scaling was to investigate the hydrodynamic performance of a
propeller at reduced dimensions while maintaining similarity with the full-scale model.
In the study of propellers and hydrodynamics, the advance ratio (J) and Froude number
(Fr) are important dimensionless factors. The propeller’s effectiveness and performance
are determined by the advance ratio, and reliable scaling for experimental studies is made
possible by Froude similarity. One of the main advantages of using towing tanks is the
ability to control the experimental conditions, such as towing speed, propeller rotational
speed, and environmental parameters. These controlled experiments provide valuable
data for validating computational fluid dynamics (CFD) simulations and improving our
understanding of propeller hydrodynamics. The restrictions applied on the advance ratio
(J), towing speed U, and Reynolds number (Re) are crucial in defining the operating
conditions and hydrodynamic performance of the propeller in this study. Operating within
these specific ranges ensures that the experimental results are representative of real-world
conditions and allows for a more accurate and insightful analysis of the propeller’s behavior
under different flow regimes and operating conditions.

In this particular research, the advance ratio was restricted to be within the range of
0.032 < J < 0.79. The propeller was used at relatively low forward velocities in relation
to its rotational speed and diameter, as indicated by the lowest limit of 0.032 (J > 0.032).
In this case, the propeller runs inefficiently and generates less thrust for a given rotational
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speed. The upper limit of the advance ratio, 0.79 (J < 0.79), indicates that the propeller
operates more efficiently, with a more significant proportion of the forward velocity due
to the rotational speed. When the propeller operates in this range of the advance ratio,
it can produce higher thrust and provide better propulsion performance. Based on the
small-scale analysis, the most suitable current velocity for the carriage was found to be
restricted within the range of 0.1 m/s < U < 2.450 m/s. At the lower limit of carriage
speed 0.1 m/s (U > 0.1 m/s), the propeller operates in a generally calm water flow with
low current velocities. In this scenario, the propeller may experience decreased overall
performance because of the limited quantity of kinetic energy in the fluid. The upper limit
of 2.450 m/s (U < 2.450 m/s) indicates that the propeller operates in faster-flowing water
conditions. In this regime, the propeller experiences higher flow velocities, potentially
leading to increased thrust and better performance. According to the scale-down procedure,
the Reynolds number (Re) is given as 2 × 105 < Re < 7 × 106 in this study.

BEM theory is a well-known technique used to analyze the performance of turbines.
In this study, a unique BEM algorithm developed in the MATLAB (2023b) environment
was used to consider the specific flow conditions and rotor characteristics. This unique
BEM algorithm had a good capacity to make an estimation of various parameters, such as
differential torques, thrusts, and power, for the turbines under investigation. To validate
the predictions obtained from the BEM algorithm and conduct proof-of-concept testing,
a small-scale three-bladed horizontal underwater turbine was constructed. Utilizing a
small-scale turbine is a cost-effective approach compared to full-scale testing. This small-
scale turbine served as a prototype for testing and numerical model verification. For the
experimental setup, an electrical system was required to meet the necessary requirements
and measure the generated power. OCT generates power based on local forces, primarily
the lift force acting on the rotor blades. In addition, to prevent any structural damage to
a full-scale prototype, the undesirable forces acting on the carriage were estimated and
analyzed. To estimate the nominal generated power at different carriage speeds and rotor
blade rotational speeds, the following method was employed. The carriage speed was used
to mimic the motion of the water current, which contains kinetic energy. The tip speed
ratio was adjusted to achieve optimal power production at a constant carriage speed. This
adjustment was accomplished by varying the rotational speed of the rotor blades.

Prior to the design process, several considerations were made. It was crucial to define
the expectation for the entire system and determine the best approach for assembling the
system with the required components. Due to the limited carriage speed at the UNO
towing tank, the DC machine must reach steady-state rotational speeds before functioning
as a generator. Therefore, electricity was supplied to the motor using a power supply to
achieve the desired speed. Additionally, each circuit element within the system had to
be carefully selected and sized to ensure appropriate operation. By incorporating these
considerations and implementing the described methodology, this study aims to develop
an appropriate design and gather the necessary data for further analysis and evaluation of
the OCT’s performance.

2.2. Design and Construction of Small-Scale OCT

Designing a small-scale propeller in SolidWorks (2024) involves a systematic process:

• Importing the coordinates of 25 distinct hydrofoils into SolidWorks, which define
their shapes;

• Defining the blade planes;
• Sketching each blade within its respective plane;
• Repeating the sketching process for all 25 hydrofoils;
• Applying the chord length, twist, and sweep angles to each hydrofoil;
• Creating the 3D model;
• Adding the hub and shaft.
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In our propeller design, we twisted each blade along its length to enhance performance
by evenly distributing lift and increasing efficiency. This customized twist and sweep for
each blade section created the desired propeller shape.

A 3D model of the propeller was built as seen in Figure 1a, after sketching and
adjusting the blade sections for twist and sweep, as seen comprehensively in Figure 1b.
Various tools were employed to loft or sweep the sketched sections, ensuring a seamless
transition and continuous blade shape. Additionally, the central hub and shaft were
separately sketched and integrated with the blades to form the final propeller, following
scale-down calculations and dimensions.

Figure 1. (a) Design of three-bladed rotor. (b) Hydrofoil sketch using Solidworks.

To manufacture the small-scale propeller, we utilized a 3D printer at the University of
New Orleans and opted for carbon fiber filament due to its specific advantages. Carbon
fiber offers exceptional stiffness, strength, and fatigue resistance, aligning well with the
requirements of our experiment. Its outstanding strength-to-weight ratio significantly
reduces the overall weight of the propulsion system, thereby enhancing performance
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and efficiency. Compared to traditional materials like metal, carbon fiber is much lighter
while maintaining impressive structural integrity. This enables the construction of thin,
lightweight blades capable of withstanding the hydrodynamic forces experienced during
the experiment. The high tensile strength of carbon fiber contributes to the durability of the
propeller, reducing wear and tear and resulting in cost savings and improved reliability.
Additionally, carbon fiber’s resistance to corrosion and superior fatigue resistance ensure a
longer operational life, crucial for withstanding the harsh conditions of the towing tank
environment and dynamic loads experienced during the experiment. Overall, carbon fiber
filament offers a combination of light weight, strength, and durability that makes it an ideal
choice for propeller construction, leading to improved performance and longevity.

The hydrokinetic turbine nacelle was designed following the ITTC guidelines and
created using SolidWorks, a piece of CAD software known for precise modeling. To en-
sure the safety of the electronic components and sensors during testing, the nacelle was
divided into two parts. This separation protected delicate parts from potential damage or
interference during testing.

The first segment of the model or “insert” serves as a protective enclosure for the
instruments. It consists of two parts: a base piece and a cap. The base piece provides a
stable platform for the motor and sensors, ensuring their secure positioning during testing.
Figure 2a provides a visual representation of the base piece of the insert and its function.

The cap is the upper piece of the insert shown in Figure 2b. The main purpose of the
cap of the insert is to shield and safeguard the instruments housed within from external
factors that could impact their performance. This includes protecting the components from
potential leaks from the submerged nacelle in the towing tank, which could compromise
the accuracy and safety of the experimental setup.

The insert, consisting of a base piece and cap, provides a robust and protective envi-
ronment for the PMDC motor and sensors during hydrokinetic turbine testing. This setup
ensures reliability and security, enhancing the precision and accuracy of collected data. De-
signed to fit securely into a watertight torpedo nacelle, the insert serves a specific purpose
in the testing process. The torpedo nacelle, illustrated in Figure 2c, acts as a second layer of
security, designed to be fully submerged during testing, ensuring the components inside
stay dry and protected from water ingress, thereby maintaining their safety and security.

The separation of the model into two segments—the insert and the torpedo nacelle—offers
several advantages. Firstly, it simplifies the assembly and disassembly process of the
turbine model, ensuring a straightforward and secure connection between the insert and
the nacelle. Secondly, this division provides an extra layer of protection for the sensitive
electronic components and sensors within the turbine model in the underwater environ-
ment. By placing the insert inside the watertight nacelle, critical parts are isolated from the
surrounding water, eliminating the risk of damage due to water exposure.

The nacelle, manufactured using a Prusa i3 MK3S+ 3D printer, as seen in Figure 2d,
employed a water-resistant PETG filament for durability in the testing environments.
PETG’s strength and resilience make it suitable for harsh conditions, such as submerged
testing. Additional steps were taken to reinforce the model and ensure watertightness. An
epoxy coating was applied to seal any gaps or openings, preventing water damage to the
internal components. The PETG filament offers unique advantages, including excellent
layer adhesion, warp resistance, reduced shrinkage, higher density, and chemical resistance
to acidic and alkaline compounds. It also provides flexibility and resistance to chemicals
and moisture, allowing for printing on various surfaces, such as glass, acrylic, and tape,
while remaining odorless during printing. These characteristics, combined with protective
coatings, contribute to the creation of a durable and reliable turbine model capable of
withstanding the rigors of submerged testing.
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Figure 2. (a) SolidWorks sketch of the insert base, (b) SolidWorks sketch of the insert cap, (c) Solid-
Works sketch of the nacelle, (d) and nacelle coated with epoxy. Parts (a,b) represent separate
components of the insert. These components slide into the nacelle. The nacelle itself is a distinct
entity from the insert components.

2.3. Experimental Details

The towing tank is a specialized laboratory facility utilized for conducting hydro-
dynamic tests on various models, including ships, offshore structures, and hydrokinetic
turbines. The towing tank at the University of New Orleans is a rectangular basin with
specific dimensions: 30.8 m long, 4.6 m wide, and 2.4 m deep.

The tank is equipped with a carriage system that runs along rails installed along the
length of the tank. This carriage system is driven by a cable and a 10 HP AC motor, capable
of a maximum speed of 3.66 m per second. The speed of the carriage can be digitally
controlled utilizing an electric-powered horizontal planar motion system (PMM). The main
purpose of the carriage system is to support and tow the hydrokinetic turbine model during
the testing process. The model is mounted on a structure that can be adjusted in terms of
depth, angle, and orientation comparatively with the water stream. This customizability
allows for the study of the turbine’s performance under different working conditions.
This model is associated with a carriage system utilizing cables and pulleys, enabling it
to be towed at various speeds and angles to simulate different water stream conditions.
To maintain consistent testing conditions, the towing tank is equipped with filtration and
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treatment systems. Consequently, water circulates within the tank, and any pollutants
are eliminated. Moreover, the water temperature and salt concentration are observed and
controlled to maintain exact and reliable testing conditions.

The hydrokinetic turbine model features an electric motor which can be run as a
generator, and various sensors. They are all housed inside the insert. Specifically, a PMDC
motor of the type DCX 35 L (Maxon Precision Motors, Inc., Taunton, MA, USA), with a
power rating of 80 to 120 Watts, was used as the motor/generator. To control its operation,
the PMDC motor was associated with a driver, which allowed exact control of the motor’s
speed. To adjust the motor speed, a variable DC voltage source was connected to the
driver. By varying the input voltage to the motor, its rotational speed could be adjusted
as desired for testing purposes. The PMDC motor utilized in the hydrokinetic turbine
model has a speed rating of 8130 RPM (Revolutions per Minute). However, to suit the
scaled-down size of the turbine model, a planetary gear-head of the sort GPX 37 (Maxon
Precision Motors, Inc., Taunton, MA, USA), with a reduction ratio of 16:1 was utilized to
reduce the speed output of the motor. The decision to employ a gear-head with a reduction
ratio was necessary and essential due to the fact that the hydrokinetic turbine model is
restricted to a more limited rotational speed.

In the experimental setup for the hydrokinetic turbine model, different sensors and
equipment were installed to measure and control various aspects of the system. The detailed
specifications can be found in the product datasheets.

• TRS605 Rotational Force Sensor (FUTEK Advanced Sensor Technology, Inc., Irvine, CA,
USA): This non-contact shaft-to-shaft rotary torque sensor, equipped with an encoder,
was placed between the motor and propeller shafts. The reason was to precisely
evaluate the driving torque applied to the system and to quantify the rotational speed
of the turbine. The accuracy of the TRS605 Rotational Force Sensor was within ±0.1%.

• ESCON 50/5 servo controller (Maxon Precision Motors, Inc., Taunton, MA, USA):
This motor driver, known as an ESCON 50/5 servo controller, was used to maintain
a setpoint motor rotational speed and adjust it to maintain a desired speed during
testing. The accuracy of the ESCON 50/5 servo controller was within ±0.05%.

• Current and voltage sensors: to measure the electrical power created by the hydroki-
netic turbine, current sensors (ACS712, SparkFun Electronics, Boulder, CO, USA) and
voltage sensors (DC0-25V, MAKERS Electronics, Alexandria, Egypt) were installed.
These sensors allowed us to screen the electrical current moving through the system
and the voltage across the PMDC motor, which are fundamental for computing the
generated power. The accuracy of the ACS712 current sensor was within ±1.5% and
the accuracy of the DC0-25V Voltage Sensor was within ±0.5%.

• Temperature and humidity sensors: For safety and performance monitoring, tempera-
ture and humidity sensors were installed. Two sensors of type SHT30 (Sensirion, Stäfa,
Switzerland) and two of type DHT22 (Kuongshun Electronic, Shenzhen, China) were
utilized to measure the temperature and humidity levels inside the turbine nacelle.
The accuracy of the SHT30 temperature and humidity sensor was within ±2% for
humidity and ±0.3 °C for temperature, and the accuracy of the DHT22 temperature
and humidity sensor was within ±2% for humidity and ±0.5 °C for temperature.

Table 2 provides a clear overview of the sensors used, their accuracy, and their respec-
tive purposes in the experimental setup.

The insert setup, which includes all these sensors and equipment, is shown in Figure 3.
To process and analyze these data, a data acquisition system was employed. In this

case, a National Instruments (NI) SCXI-1000 data acquisition system (Austin, TX, USA),
integrated with LabVIEW software (v.8.5.1), was used. This system is capable of gathering
analog signals from various sensors. The data collected by these sensors are indispensable
for understanding the presentation and conduct of the hydrokinetic turbine model during
testing. By estimating force, rotational speed, electrical current, voltage, temperature,
and humidity, we can obtain comprehensive information on the turbine’s proficiency,
power generation capabilities, and safety boundaries.



Appl. Sci. 2024, 14, 7164 9 of 21

Table 2. Summary of sensors used in the experimental setup, including accuracy and purpose.

Sensor Accuracy Purpose

TRS605 ±0.1% Evaluate driving torque and quantify turbine speed
ESCON50/5 ±0.05% Maintain setpoint motor speed during testing
ACS712 ±1.5% Measure electrical current through the system
DC0-25V ±0.5% Measure voltage across the PMDC motor

SHT30 ±2% (humidity),
±0.3 °C (temperature) Monitor temperature and humidity inside the turbine nacelle

DHT22 ±2% (humidity),
±0.5 °C (temperature) Monitor temperature and humidity inside the turbine nacelle

Figure 3. The electric instrument setup for the hydrokinetic turbine model contains various sensors
and equipment to measure and control system parameters, including a TRS605 Rotational Force
Sensor, an ESCON 50/5 servo controller, current and voltage sensors, and temperature/humidity
sensors for comprehensive monitoring.

The testing procedure for understanding the hydrodynamic characteristics of the
hydrokinetic turbine consists of several meticulously planned steps, ensuring accurate and
reliable data collection.

• Positioning the Hydrokinetic Turbine Model
Before conducting the experiments, the hydrokinetic turbine model is carefully po-
sitioned in the towing tank. This initial step is critical as it sets the foundation for
all subsequent measurements and observations. The turbine model is situated ap-
propriately relative to the towing arm, ensuring that it remains stable and aligned
throughout the testing process. The insert part containing the electro-machine and
sensors is securely connected to the torpedo nacelle, ensuring a watertight seal. This
assembly is crucial for preventing water ingress, which could potentially damage
sensitive electronic components and compromise data integrity. The precision in posi-
tioning the turbine model guarantees that the experimental setup accurately reflects
real-world conditions, thereby enhancing the validity of the results.

• Submerging and Towing the Turbine Model
Once the turbine model is securely placed in the towing tank, it is submerged and
prepared for the towing process. The model is towed through the water at a pre-
selected speed, which can be adjusted based on the specific requirements of the test.
This controlled towing process simulates various flow conditions that the turbine
would encounter in an actual operational environment. During this phase, sensors
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installed on the model play a crucial role. These sensors, strategically placed within
the turbine structure, continuously record data on key parameters such as torque,
speed, and other relevant metrics. This real-time data acquisition enables a detailed
analysis of the turbine’s performance under different hydrodynamic conditions.

• Data Collection and Analysis
After the towing process is complete, the data collected from the sensors undergo
thorough interpretation. This step involves analyzing the recorded parameters to
assess the turbine’s hydrodynamic performance. The data are scrutinized to identify
patterns and correlations that provide insights into the efficiency and effectiveness
of the turbine design. Parameters such as torque and power are critical indicators of
the turbine’s ability to convert kinetic energy from water flow into mechanical energy.
By examining these metrics, we can evaluate the turbine’s performance and identify
areas for improvement.
Depending on the results obtained from the experimental tests and data analysis,
further testing may be necessary to refine and improve the turbine’s design. If certain
aspects of the turbine’s performance need enhancement or if specific conditions require
additional evaluation, iterative testing allows us to make necessary adjustments to
the turbine model and reiterate the testing process. This iterative approach ensures
continuous improvement and optimization of the turbine design.

• Implications and Future Directions
The comprehensive data collected during these experiments not only validate the
current turbine design but also offer valuable insights for future improvements. By un-
derstanding the hydrodynamic characteristics of the turbine under various flow
conditions, we can optimize the design for enhanced performance and efficiency.
The iterative process of testing, data analysis, and design refinement is fundamental
to advancing hydrokinetic turbine technology.

Moreover, this experimental procedure establishes a standardized method for eval-
uating hydrokinetic turbines, contributing to the broader field of maritime engineering.
Future work could involve testing different turbine configurations, materials, and sensor
technologies to further enhance our understanding and the performance of hydrokinetic
energy systems.

Figure 4 provides a visual representation of the prototype turbine submerged in the
towing tank, illustrating the experimental setup. The towing tank environment is carefully
controlled to minimize external influences that could affect the results. This controlled
environment ensures that the observed performance characteristics are solely attributable
to the turbine design and the towing conditions.

The detailed and methodical experimental procedure outlined here ensures the col-
lection of high-quality data, providing a robust foundation for evaluating and improving
hydrokinetic turbine designs.

To evaluate the hydrodynamic characteristics of the turbine, various fluid-related
parameters are assessed, which are available in Table 3.

Table 3. Fluid flow parameters under towing tank test conditions.

Experimental Parameters Units Values

Towing Speed m/s 0.05–1.95
Kinematic viscosity m2/s 1.0334 × 10−6

Dynamic viscosity Pa/s 1.0318 × 10−3

Density kg/m3 998.4

In addition, the specifications of the propeller are given in Table 4.
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Table 4. Blade properties of the scaled model under towing tank test conditions.

Blade Properties

Rotor diameter 0.25 m
Number of blades 3
Airfoil FX-77-W
Material Stratasys ABS-Based Carbon Fiber Filament

Figure 4. Hydrokinetic scaled model turbine testing with essential operational components for
performance evaluation.

Overall, this testing methodology was designed to gain a comprehensive understand-
ing of the hydrokinetic turbine’s hydrodynamic characteristics.

3. Results and Discussion

The scaled model of the turbine is towed in the fluid at a specific range of flow speeds.
Various sensors are utilized to gather comprehensive data during the towing process. These
sensors include current and voltage sensors, which measure the electrical power generated
by the scaled model of the turbine, a torque sensor to capture the rotational force applied
to the scaled model, and temperature and humidity sensors for security purposes within
the system.

However, one might observe that a restriction exists in the testing facility which
primarily comes from the length limitation of the towing tank. This may result in the
turbine not having sufficient time to reach the chosen steady-state speed condition during
the towing process, mainly due to this restriction. We apply a specific approach in order
to overcome this towing tank restriction and ensure that our scaled model operates at
the determinated speed during the towing tests. The PMDC motor serving as the prime
actuator is initially powered to reach the steady-state speed before the carriage initiates
towing of the turbine model. After reaching the steady-state speed, the carriage initiates
towing the turbine model at the designated speed. The power consumption of the PMDC
motor fluctuates in response to the dynamic force exerted by towing the turbine through
the fluid throughout the towing process. The variation in power consumption observed by
the PMDC motor from its initial steady-state operation to the towing stage characterizes the
distinct energy exerted by inflow [62]. The dynamic energy is captured by the hydrokinetic
turbine propeller and transformed into rotational kinetic energy [63]. Figure 5 presents
the rotational speed of the PMDC motor, measured consistently at 500 rpm, while the
system is towed at a speed of 6 feet per second. The plotted data, shown over time, reveal
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remarkably stable performance of the motor throughout the towing operation. The black
line in the graph, which represents the rotational speed, remains mostly flat, indicating
minimal fluctuation around the 500 rpm mark.

A closer inspection of the data shows that the rotational speed exhibits a deviation
of 5 rpm, underscoring the motor’s consistency and reliability. This stability is crucial for
applications requiring the precise control of rotational speed under varying load condi-
tions. This consistent performance can be attributed to the motor’s design and the control
system’s effectiveness in maintaining a steady rotational speed despite potential exter-
nal disturbances. This characteristic is particularly important for our application, where
maintaining a constant speed is essential for operational efficiency determination.

Figure 5. The experimental rotational speed profile of the PMDC motor throughout the towing operation.

Figure 6 displays a graph depicting the electrical current waveform recorded at a
towing velocity of 6 ft/s over time. As the hydrokinetic turbine model is propelled through
the fluid flow at this velocity, the motor current waveform reveals explicit characteristics
throughout the towing process.

A prominent feature of the waveform is the observed decrease in motor current values
during the towing process. This decline can be attributed to the dynamic energy supplied
by the water flow. As the water streams across the turbine propeller blades, it transfers
energy to the turbine, inducing rotation and facilitating power generation. The hydrokinetic
turbine effectively harvests this dynamic energy, converting it into rotational motor energy.

Analyzing the data, we observe a significant reduction in motor current from an initial
peak value of 2.71 amps to a steady-state value of 1.39 amps. This trend indicates that as
the turbine continues to rotate, the current drawn by the motor decreases proportionately.
Despite the constant rotational speed of the motor, the decrease in motor current suggests
enhanced power extraction by the turbine propeller blades from the water flow. This
inverse relationship between motor current and power generation efficiency highlights the
turbine’s ability to harness kinetic energy from the water effectively. The fluctuations in the
motor current waveform directly reflect the performance and power generation capacity of
the scaled turbine model.

These results imply that as the turbine blades become more effective in capturing
and converting the kinetic energy of the flowing water, less electrical current is required
to maintain the motor’s rotational speed. This efficiency can be crucial for optimizing
the design and operation of hydrokinetic turbines, particularly in applications where
maximizing power extraction is essential.
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Figure 6. The experimental measurements of the motor current during the towing tank testing.

Future research could focus on exploring the effects of varying towing velocities
and blade designs on the motor current waveform. Additionally, employing advanced
computational models to study the flow dynamics around the turbine blades could provide
deeper insights into the mechanisms of energy transfer and conversion, ultimately guiding
the development of more efficient hydrokinetic turbine systems.

Figure 7 shows a graphical representation of the generated power across different
carriage speeds during the experimental testing of the scaled hydrokinetic turbine. The mea-
surements were conducted by towing the turbine model at varying carriage speeds, ranging
from 0 to 6.5 ft/s (0 to 1.98 m/s). The rotor propeller operated at a consistent rotational
speed of 500 rpm, with the input voltage maintained at approximately 12 V. Notably,
the voltage amplitude showed minimal fluctuations throughout the towing test.

The graph depicts the fluctuations in the generated power output of the hydrokinetic
turbine across the different carriage speeds. The maximum recorded generated power
reached 16.7 W, with this peak output observed when the turbine was towed at a velocity
of 1.98 m/s. However, despite achieving a peak power output of 16.7 W, the overall
performance of the turbine did not meet the optimal expectations.

This suboptimal performance can be attributed to the implementation of a planetary
gear-head to achieve a slow driving mechanism within the scaled turbine. While the gear-
head effectively reduced the turbine’s rotational speed as intended, it was not originally
designed for use as a generator and therefore presented some drawbacks. The gear-head
introduced inefficiencies, leading to reduced efficiency in power generation.

Despite this suboptimal performance, the experiment exhibited stable body disposition
and consistent power generation. The consistent power output, despite the gear-head
inefficiencies, suggests that the turbine model maintains stable operation under varying
towing speeds. This stability is critical for practical applications, where fluctuating water
flow conditions can impact performance.

Figure 8 illustrates how the average generated power changes as the carriage speed
increases from 0 to 2 m/s when comparing both the experimental and Blade Element
Momentum (BEM) simulation results. The generated power serves as an indicator of the
system’s power output, where an underwater current turbine converts fluid flow kinetic
energy into electrical energy.
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Figure 7. Generated power across different carriage speeds during experimental testing of scaled
hydrokinetic turbine.

Both the experimental findings and the BEM simulation results indicate a consistent
trend: as the carriage speed increases, the generated power also increases. This observation
aligns with theoretical expectations, as increased fluid speed translates to greater energy
available for the turbine blades to harness.

A detailed analysis of the plot reveals that for carriage speeds up to 1.2 m/s, the gen-
erated power from the BEM simulations is slightly higher than the experimental results.
The experimental data show a mean power output of 5.8 W at 1.2 m/s. In contrast, the BEM
simulations show a mean power output of 7.9 W for the same speed, indicating systematic
overestimation by the simulations.

Figure 8. Comparison of average generated power values with increasing carriage speed from 0 to
2 m/s from experimental and BEM simulation results.
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However, as the carriage speed approaches 2 m/s, the generated power estimated by
the BEM calculations and the experimental results become closer. Specifically, at 2 m/s,
the BEM simulations indicate a peak power output of 18.1 W, while the experimental results
show a peak power output of 16.3 W. The discrepancy between the experimental data and
the BEM simulations at lower speeds suggests that the performance of the scaled OCT
model might have been somewhat overestimated by the simulations for lower speeds.

These differences between the experimental data and the BEM simulations could be
attributed to several factors. One possibility is measurement error due to the experimental
setup or the equipment used to measure the generated power, which might not have been
accurate enough. Additionally, some of the intricate hydrodynamic effects that manifest in
an actual OCT, particularly at various water speeds, may not have been fully captured or
accurately represented by the BEM simulations. This includes complex turbulence effects
and three-dimensional flow phenomena that are challenging to model accurately with the
BEM method.

Figure 9 illustrates a graph depicting the measured generated torque as a function
of carriage speed during the experimental testing. The graph demonstrates direct propor-
tionality between the generated torque and the output power of the turbine. This means
that as the power output of the turbine increases, the torque produced by the turbine
also increases.

A detailed analysis of the data reveals that the generated torque increases from 0 to
0.29 N·m as the carriage speed increases from 0 to 2 m/s. This trend underscores the direct
relationship between the kinetic energy of the fluid flow and the mechanical output of the
turbine. The statistical analysis shows a strong correlation between carriage speed and
generated torque.

Moreover, the analysis indicates that the turbine operates within safe torque limits
across the tested speed range, mitigating the risk of mechanical damage. However, it is
crucial to ensure that the torque remains within optimal levels to avoid inefficiencies and
potential damage to the generator.

Figure 9. Generated torque across different carriage speeds during experimental testing of scaled
hydrokinetic turbine.

Figure 10 illustrates the relationship between carriage speed and generated torque
for both the experimental and BEM simulation results. The twisting force exerted by the
underwater current turbine blades, referred to as generated torque, facilitates the rotation of
the turbine’s rotor to generate electricity. The upward sloping trend in the graph indicates
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that as the carriage speed is increased from 0 to 2 m/s, the generated torque also increases,
ranging from 0 to 0.3 N·m in the BEM simulation and from 0 to 0.28 N·m in the experiment.

Figure 10. Comparison of torque values with increasing carriage speed from 0 to 2 m/s from
experimental and BEM simulation results.

This trend aligns with our theoretical expectations, as the quantity of energy available
in the moving fluid, which rises with current speed, is directly proportional to the created
torque. The experimental data show that the torque was slightly less than what the BEM
calculations had projected. Specifically, at 2 m/s, the BEM simulation estimated a torque of
0.3 N·m, while the experimental results indicated a torque of 0.28 N·m.

The observed discrepancy between the experimental data and the BEM simulations,
though minor, suggests that the performance of the underwater current turbine may have
been somewhat overstated in the BEM simulations. This discrepancy could be due to the
same factors.

Despite these discrepancies, the differences between the experimental data and the
BEM simulations were within a tolerable range of uncertainty, indicating that the BEM
model is still a reliable tool for predicting the performance trends of the underwater
current turbine.

The presented novel approach employs a comprehensive mathematical modeling
method tailored specifically to propeller blade designs which facilitates the calculation of
hydrokinetic loads such as torque and power. This is achieved through the segmentation
of each blade and the application of a unique developed BEM algorithm. In particular,
the utilization of this mathematical model allows us to make power estimations over
different Re number ranges. Therefore, this helps in the optimization of the experimental
OCT design by predicting nominal rotor speeds based on simulation results. Also, as shown
in the Section 3, we conduct dynamometer tests. This introduced methodology for the
dynamometer testing of hydrokinetic turbines represents a significant contribution that
is derived from the principles of maritime engineering. The goal of this method is to
standardize empirical evaluation and enhance our understanding of hydrokinetic turbine
performance. Additionally, our experimental setup involves a 3D-printed turbine model
enclosed in a watertight nacelle container with sensors for recording large amounts of data.
The results from the analysis of the turbine’s performance during the towing tank tests
shows consistent correlations between the generated power, force, and rotational speed
of the PMDC motor such that one can elucidate the turbine’s capacity to capture dynamic
energy from ocean currents.
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Additionally, one can observe that the comparison between the experimental results
and BEM simulations provides valuable insights. From the results, we observe discrep-
ancies between the experimental and BEM estimations. These discrepancies are expected
because the BEM algorithm cannot account for three-dimensional hydrodynamic effects due
to its limitations and assumptions, such as using two-dimensional potential theory when
calculating the hydrodynamic coefficients. As we utilize a two-dimensional potential flow
during the development of the BEM algorithm, we are unable to capture three-dimensional
effects and interactions between the fluid and structure, such as vortices’ effects on the
body. In essence, as can be seen in Figure 8, at lower velocities, the discrepancies are less
noticeable compared to those at higher flow speeds due to three-dimensional effects. The in-
tegration of a mathematical simulation with experimental testing represents a significant
contribution of this study. This research advances the field of hydrokinetic turbine technol-
ogy by making a connection between mathematical models and experimental observations.
We apply practical observations to harness ocean currents as a reliable and potential source
of renewable energy. This interdisciplinary approach not only enhances our fundamental
understanding of hydrokinetic energy conversion, but also gives a novel foundation for
future advancements in the field.

One can easily observe from Figure 4 that we have an advantage in terms of the design
of our scaled model of an OCT. We deliberately design and apply the shaft-propeller system
relatively far away from the main body to decrease the interaction between the fluid and
the main body. This helps us to reduce the interaction between the fluid effects and the
main body structure. Compared to the existing literature, this gives us an advantage based
on the design of our scaled model. This can open a new path focused on exploring new
propeller designs and evaluating different turbine configurations to optimize efficiency
and performance in future works. This could lead us to improve our design to achieve a
more effective approach to conducting OCT performance analysis in future work.

In this study, we focus on improving the performance and efficiency of a small-scale
underwater hydrokinetic turbine by combining detailed experimental procedures and
novel mathematical modeling. During our experiments, we had some important key
steps, such as precise positioning and controlled towing of the turbine model in a towing
tank, real time data acquisition using various sensors, and iterative testing to refine the
design. We experienced some challenges during the runs, such as towing tank length
limitations and gear-head inefficiencies. We showed stable turbine performance despite
these challenges. Also, when we compared our experimental results with BEM simulations,
we highlighted minor discrepancies due to 3D flow effects not captured by the BEM
model. In the future, we will explore different turbine design configurations, materials,
and sensor technologies to further enhance hydrokinetic energy systems. Also, we could
consider the environmental effects of these kinds of underwater turbines. These devices
can harm marine life; for example, fish can get caught in their blades, and they can cause
underwater noise. The early-stage marine renewable energy industry needs better designs
and regulations. In the future, a follow-up study may be conducted to develop and test a
small-scale OCT generator with a better design, aiming to minimize environmental impacts.

4. Conclusions

In conclusion, the main objective of this study is to develop and investigate the per-
formance of a small-scale underwater OCT in terms of inflow from the perspective of
optimizing hydrokinetic energy harvesting applications. This research applies a combi-
nation of mathematical modeling and experimental testing on a scaled OCT model to
accurately evaluate its performance. This study ensures the turbine model’s durability and
reliability for underwater testing by emphasizing the construction of a watertight nacelle
using 3D printing technology with a specific satisfactory material. This research aims
to establish correlations between generated power, force, and rotational speed, offering
valuable insights into the turbine’s ability to harness dynamic energy from current through
dynamometer testing in a towing tank setup. Also, we compare our experimental results
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with mathematical simulations, which provides critical insights into the accuracy of our
theoretical predictions in practical scenarios. This novel approach advances our under-
standing of hydrokinetic energy conversion and gives us a good foundation to improve
our model in terms of conducting further analysis. We had a unique-novel design for
understanding small-scale underwater OCT which represents a significant procedure for
the performance analysis of hydrokinetic energy harvesting. We designed a unique long
propeller shaft and nacelle to better evaluate the performance of the scale model. Also, this
research provided a thorough evaluation of the turbine’s performance by combining novel
mathematical modeling with precise experimental testing. In the future, we will focus on
refining our experimental methods, especially with the new nacelle design, improving
our experimentation techniques, and conducting broader application studies to optimize
efficiency, applicability, and repeatability. This research also supports the development
of dependable renewable energy technologies to address global energy challenges while
reducing environmental impacts.
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Abbreviations
The following abbreviations are used in this manuscript:

CFD Computational fluid dynamics
BEM Blade Element Momentum
ICPE-CA National Institute for Research and Development in Electrical Engineering
PIV Particle Image Velocimetry
OCT Ocean Current Turbine
SNMREC Southeast National Marine Renewable Energy Center
J Advance ratio
Fr Froude number
U Towing speed
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Re Reynolds number
UNO University of New Orleans
ITTC International Towing Tank Conference
CAD Computer-Aided Design
PMDC Permanent Magnet Direct Current
PETG Polyethylene Terephthalate Glycol
PMM Planar Motion Mechanism
RPM Revolutions per Minute
ABS Acrylonitrile Butadiene Styrene
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