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Abstract: Nowadays, there is great concern about obtaining clean energy. Governments around
the world are boosting renewable energy resources. Oceans provide abundant renewable energy
resources, including tidal, wave, and current energy. It seems that ocean currents are one of the most
promising ways to obtain energy from the oceans. The goal of this paper is to assess the hydrokinetic
power potential in three different areas of the Spanish coast using a novel turbine design, named the
fin-ring turbine. The patented turbine was previously power tested in 2014 in the Gulf of Mexico
and numerically validated in the literature. A three-dimensional computational fluid dynamics
(CFD) simulation of the novel current turbine is presented, including mesh sensitivity and turbulence
studies. The turbine’s performance represented in TSR-Cp is discussed. The turbine was simulated
in different regions with several current speeds, focusing on the Spanish coast. The results are
very promising, with upper limit power coefficients of 37.5%, and 36.5% as a lower limit. Also, the
comparisons with power test data available in the literature show very satisfactory agreement. The
results highlight the superiority of the turbine in lower currents and present the suitability of the
turbine’s applicability.

Keywords: CFD; hydro turbine; ocean current; simulation; ocean energy

1. Introduction

According to [1], energy demand is going to grow by approximately 37% by 2040.
In addition to this, fossil fuel reserves are decreasing [2], and governments around the
world are worried about the effects of global warming and climate change [3]. All of this
has led to great interest in exploiting renewable energy resources. Not only have oceans
and seas played a significant role in the growth of human civilization, but they can also
be key players in the provision of clean, limitless energy. Ocean energy resources have
the potential to provide approximately 120,000 TWh/year [4], which could be enough
to produce more than 400% of the current global demand for electricity. This enormous
potential is partially linked to the huge variety of extraction principles, including wave,
tidal, marine current, ocean thermal, and osmotic (salinity gradient) techniques [4].

One of the most promising among them is undoubtedly linked to ocean currents. Wind
is what typically drives ocean surface currents. However, tides, river discharge, pressure
gradients (created, for example, by sea-surface slopes built up by coastal long waves),
and bottom friction all contribute to general ocean circulation [5]. Resources associated
with ocean currents have recently been evaluated on a global scale. Duerr and Dhanak [6]
estimated the ocean current in Florida. The estimation of the Kuroshio current off the coast
of Taiwan was made by [7]. Regarding tidal stream resource assessment, studies can be
found in the Kennebec estuary in the USA [8], in the Severn estuary [9], and in the Pentland

J. Mar. Sci. Eng. 2023, 11, 942. https://doi.org/10.3390/jmse11050942 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse11050942
https://doi.org/10.3390/jmse11050942
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0001-6731-7078
https://doi.org/10.3390/jmse11050942
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse11050942?type=check_update&version=1


J. Mar. Sci. Eng. 2023, 11, 942 2 of 15

Firth (UK), respectively [10]. Countries like Iran [11] and Korea [12] have also evaluated
tidal resources at different locations along their coasts.

In Spain, the situation is similar to the rest of the world, and commitments to renewable
energy are inevitable. Nowadays, the development of hydro renewable energy is in the
stage of research projects, patents, and prototypes. Therefore, there is a very long path
ahead of us. Understanding the available resources is a crucial starting step. Some studies,
including Calero et al. [13], have focused on the energy of marine currents in the Strait
of Gibraltar and their potential as a renewable energy resource. Mestres et al., 2019 [14]
have assessed the tidal streams in the Ria of Ferrol. Carballo et al. [15] have evaluated tidal
stream energy resources in the Ria of Muros. Mestres et al. [16] have analyzed the optimal
location for a tidal energy converter in the Ria of Vigo. Ramos et al. [17] have investigated
the viability of a farm to fulfill the electricity demands of the Port of Ribadeo. Ramos
and Iglesias [18] have compared the performance of two different tidal stream turbines
in the Ria of Arousa. In the bay of Cádiz area, Legaz and Soares [19] have evaluated the
performance of various wave energy converters.

The energy supply provided by current energy extraction is modified by several
technological, environmental, and economic aspects, in addition to the energy resource
that is available. The extracted power also depends on the extraction devices, namely,
hydrokinetic turbines. In terms of the fundamental principles of operation and electrical
components, hydrokinetic turbines and wind turbines are very similar. The discrepancy is
caused by the density of water, which is around 1000 times denser than that of air. As a
result, even in the presence of weak currents, water turbines outperform wind turbines [20].

Hydrokinetic turbines can be classified according to the driving force or by the tur-
bine’s rotational axis orientation to the direction of the water flow [21]. The second clas-
sification, which is widely adopted, is to classify them into two mechanical categories:
horizontal axis turbines (axial turbines) and vertical axis turbines (cross-flow turbines) [22].
Currently, horizontal axis turbines are the most widely used technology for tidal current
energy extraction. This is probably due to the success of this configuration in wind turbines.
Numerous models and prototypes of horizontal axis turbines have been developed by
leading companies in the hydropower industry. Marine Current Turbines (MCT) developed
two large-scale turbines: Seaflow and Seagen. The performance of both turbines shows that
the power coefficient is consistently within the range of 37–45% [23]. Hammerfest Strøm of
Norway is the creator of another cutting-edge horizontal axis technology [24]. In 2003, this
corporation installed a fully submerged device in water that was 50 m deep in Kvalsund,
northern Norway. It was tested for four years before being taken out. The power rating
was 300 kW [25].

The development and optimization of hydrokinetic turbine designs is ongoing. How-
ever, there are some limitations concerning the turbine’s design and the amount of power
that can be extracted from the flowing water current. In limited river or channel applications
for a hydrokinetic turbine, increasing rotor diameters may not be an option. Addition-
ally, the entire network is impacted by river/channel applications, since flow-diverting or
damming impacts may affect the operation of the turbines [26]. There is another downside
to the maximum amount of kinetic energy that can be extracted from an unrestricted
flow. For horizontal axis turbines, the theoretical maximum amount of shaft power, or the
power coefficient that can be extracted from an unrestricted flow is called the Betz limit,
which has a value of 59.3%. The percentage of the power that can typically be extracted
from a flow by a single device (hydrodynamic efficiency) is below the Betz limit [27]. The
previous literature review highlighted the advantages and limitations of horizontal-axis
hydrokinetic turbines. To reduce the limitations of horizontal axis hydrokinetic turbines,
a novel design was introduced [28]. This novel turbine is called a “fin-ring turbine” and
comprises 7 concentric rings with 88 connecting cambered fins and a solid center hub.
The 4 outermost rings have 16 connecting fins per ring, while the 3 innermost rings have
8 connecting fins per ring.
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On the Iberian Peninsula, current speeds take different values depending on their
location. Stronger currents can be found in areas like Cape Begur. An example of one area
with medium current values is Cape Palos. Lower values can be found in places like the
Gulf of Cádiz [29]. There are few published studies about marine hydrokinetic turbines
on the Spanish coast. This work tries to fill this gap by assessing the hydrokinetic power
potential in three places with strong, medium, and low current values on the Spanish coast,
using the novel “fin-ring turbine” design.

The workflow is the following: Section 2 presents the methodology: overview (Section 2.1),
the Reynolds-averaged Navier-Stokes equation (Section 2.2), turbulence models (Section 2.3),
the performance characteristics of marine turbines (Section 2.4), and fin-ring turbine 3D
model (Section 2.5). Section 3 contains the results and discussion. In Section 4, the conclu-
sions are presented.

2. Methodology
2.1. Overview

Traditionally, approximate order numerical methods, such as the blade element mo-
mentum method and the vortex element method, have been used to design and predict
the performance of wind turbine blades. Batten et al. [30] recently demonstrated that these
methods can also be employed to characterize horizontal axis tidal turbine (HATT) blade
performance. In both cases, the results from numerical simulations have been shown to
agree with the experimental measurements of a HATT taken by Myers and Bahaj [31].

Nevertheless, it is important to note that the blade element momentum method and the
boundary element method rely on experimental measurements and empirical correlations
to achieve accurate results. For example, blade element momentum calculations use
compiled experimental data to estimate the hydrodynamic forces on the blade, whereas
boundary element methods typically use empirical correlation to account for far-field wake
effects. Unfortunately, neither method inherently models viscous effects, which needs to be
considered to achieve the most accurate turbine performance predictions possible [32].

Conversely, computational fluid dynamics (CFD) simulations model fluid flows
grounded on basic principles and, therefore, they inherently capture viscous effects. In
the past ten years, wind turbine CFD models have been extensively used to explore com-
plicated flow phenomena that are difficult to quantify using straightforward numerical
techniques [33]. In addition, CFD calculations may be more suitable for simulating the
performance of turbines with complex designs and non-conventional blades.

The fin-ring turbine under consideration in this study is a non-conventional turbine
design that uses many fins for kinetic energy extraction instead of the conventional rotor
and blades. To simulate the performance of this unique turbine design, CFD simulations
may be more appropriate than straightforward numerical techniques.

2.2. Reynolds-Averaged Navier-Stokes Equation (RANSE)

The Reynolds-averaged Navier-Stokes equation (RANSE) is a time-averaged momen-
tum transport equation for fluid flow. Turbulent flows are primarily described by RANSE.
CFD is a numerical modeling technique that uses algorithms to solve RANSE. Typically,
each flow variable is divided into mean and turbulent (fluctuating) components by the
Reynolds averaging procedure.

In this study, the commercial CFD software ANSYS Fluent 18.1 is used to solve
the RANSE.

Consequently, velocity can be divided into:

ui = ui + u′i (1)

where ui is the velocity component in the ith direction, and ui and u′i are the mean and
fluctuating velocity components of ui, respectively. The output of the averaging process is
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an analogous equation for the mean flow, except for turbulent fluxes−ρu′i u′j, also known as
Reynolds stresses or the apparent stress, which contributes to a net momentum transport.

The continuity and Navier-Stokes equations can be represented in a Cartesian tensor man-
ner once the Reynolds averaging method for turbulence modeling is applied to the governing
mass and momentum conservation equations, as demonstrated in Equations (2) and (3).

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (2)

∂

∂t
(ρui) +

∂

∂xi

(
ρuiuj

)
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∂uj
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− 2
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)∣∣∣∣+ ∂

∂xi

(
−ρu′i u′j

)
(3)

where ui, is the mean velocity in Equations (2) and (3), δij is the Kronecker delta and−ρu′i u′j
is the Reynolds stress. Equation (3) represents the RANSE, where the left-hand side shows
changes in the mean momentum of a fluid element owing to unsteadiness in the mean
flow and convection by the mean flow. The mean body force counteracts these variations.
For the RANSE to be solved, more modeling of the apparent stress is necessary. As a
result, numerous alternative turbulence models have been created. To specify the Reynolds
stresses and hence solve the mean flow equations, turbulence models are a useful tool [34].

2.3. Turbulence Models

The most widely used model in modern engineering applications is the k-ε model.
The k-ε model is used for simulating fully turbulent flows. However, simulating transient
(laminar–turbulent) flows requires a different set of models capable of capturing the change
from laminar to turbulent flow and the effect of that change on the overall solution. Such
models are known as “transition-sensitive models”. The most commonly employed model
of this type in modern engineering applications is the K-kl-ω [34].

The Standard k-ε model solves one equation for k (turbulence kinetic energy) and
another for ε (turbulence dissipation rate). The model is well known for its robustness,
reasonable accuracy, and reasonable computational time for a wide range of turbulent
flows [35].

The K-kl-ω transition model is used to predict boundary layer development and
transition onset. The laminar/turbulent transition exerts considerable influence on the loss
of flow of kinetic energy. Therefore, the correct transition evaluation is fundamental in
many technical applications, including research on hydrokinetic turbines.

This model is employed in the simulation presented here, as it effectively addresses
the transition of the boundary layer from the laminar to the turbulent regime, especially in
rotating flows. The model is a three-equation, eddy viscosity-type model, which includes
transport equations for turbulent kinetic energy (kT), laminar kinetic energy (kL), and the
inverse turbulent time scale (ω), as shown in Appendix A.

In this paper, a sensitivity study is conducted between the fully turbulent K-ε model
and the transitional K-kl-ω model to determine the most suitable model to be used with
fin-ring turbines. The details of the two turbulence model equations are discussed in detail
in Appendix A.

2.4. Performance Characteristics of Marine Turbines

Turbine performance is traditionally represented in terms of the tip-speed ratio (TSR), avail-
able power (Pavailabe), and power coefficient (Cp) according to Equations (4)–(6), respectively.

CP =
Pturbine

Pavailable
=

Tω

1/2ρAU3 (4)

TSR =
Rω

U
(5)
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Pavailable =
1
2
× ρ×A × U3 (6)

where U is the free stream speed (m/s), R is the radius of the turbine’s rotation (m), ω is
the rotational speed of the turbine, Pturbine is the power generated by the turbine (W), ρ is
the water density (kg/m3), and A is the turbine’s swept area (m2).

2.5. Fin-Ring Turbine 3D Model

The hydrodynamic performance of the fin-ring turbine [28] is numerically predicted
by CFD simulations in this paper using ANSYS Fluent 18.1 software. In [36], the description
of the benchmark design model geometry is presented and discussed. The benchmark
design 3D model was created using the ANSYS Design modeler.

The fin-ring turbine 3D model has 7 rings with 88 fins and a solid center hub. The
outside rings have 16 fins connecting the rings and, on the inside, it drops to 8 fins per
ring. The fins are flat plates with a camber (l) and are oriented at a pitch angle (θ) to the
direction of the flow. They act as hydrofoil sections that create drag and rotate the turbine
to generate green electricity. The 3D turbine model’s isometric view and fins are shown in
Figures 1 and 2.
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The fin pitch angle (θ) is defined as the angle between the fin and the virtual line
perpendicular to the water current flow direction, as shown in Figure 2. The fins are
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distributed over 7 rings in a way that makes every fin in each ring situated in the middle
radial space between two successive fins in the next ring. Due to the definition of the fin
pitch angle (θ), the angle has a fixed value of 37.5◦ through all the rings [28,36].

The configuration of the design used in this work, including the dimensions of the
turbine and fins, is summarized in Table 1.

Table 1. Characteristics of the fin-ring turbine reference design.

Characteristic of Fin-Ring Turbine

Number of rings Nrings 7
Turbine diameter (outmost diameter) D 2.44 m

Spacing between rings (fin height) S 0.13 m
No. of fins Nfins 88

Fin pitch angle θ 37.5◦

Fin camber length l 0.01 m
Fin aspect ratio ASR 0.82

2.5.1. Computational Domain and Boundary Conditions

The rectangular computational domain is widely adopted when it comes to modeling
open water flow and turbines. Thus, the computational domain is designed with a rectan-
gular cross-section of 12 m × 12 m and a total length of L = 20 m. The fin-ring turbine was
placed longitudinally at a distance of 4D from the inlet and the outlet of the domain where
D is the diameter of the turbine, as shown in Figure 3.
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For the flow field upstream of the turbine, no complex flow features are expected.
However, the inlet section needs to be long enough for the flow to be fully developed before
reaching the turbine. This requires extensive computational resources and comes with the
price of increasing the computational time. The computational domain dimensions are
considered within the recommended values provided by [34].

The computational domain is divided into two sections: the fixed domain and a
rotating area bounded by the interface. A rotating frame of reference is selected to simulate
the rotation of the turbine to save computational time. The rotating enclosure is chosen
to be a sphere. This approach simulates the rotation of the turbine at different constant
angular speeds without physically rotating the whole grid. This is achieved by applying
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the governing equations to the domain in a frame of reference that rotates with the turbine,
while the outer domain remains referenced to a stationary coordinate system.

The slip boundary condition is used in the bottom, side, and top walls. The interface
boundary condition is adopted between the chosen sphere and the fin-ring turbine. The
inlet condition (red surface) is set with a uniform and steady current. The outlet (blue
surface) is set with outlet pressure conditions, and the static gauge pressure is considered
to be 101,300 Pa.

The solver settings and discretization method for the equations are shown in Table 2.

Table 2. Solver settings and discretization method.

Solver Settings and Discretization Method

Solver type Pressure-based (coupled)
Analysis type Steady-state (totating frame of reference)

Turbulence model Standard k-ε & K-kl-ω
Spatial discretization 2nd order upwind for all the equations

The maximum number of iterations for the convergence of governing equations is set
to 1000, which is enough for all the governing equations being solved to reach convergence.
The convergence relative percentage error (RPE) is set to the order of magnitude 1 × 10−2,
which is the default recommended by ANSYS Fluent 18.1. The RPE is the difference
between the calculated value of a parameter and the guessed value of the same parameter
at each iteration.

2.5.2. Mesh

The unstructured mesh created with ANSYS-CFX MESH is suitable for the type of
problem under consideration while avoiding all complexities associated with other types
of meshes. A grid sensitivity study was conducted to choose the optimal mesh, considering
the best power coefficient (Cp) and fewest number of elements, as shown in Table 3.

Table 3. Mesh sensitivity study.

Mesh Type Coarse Fine Very Fine

No of elements 1,093,221 4,143,649 6,153,212
Cp 0.350 0.392 0.401

After conducting the sensitivity study, the final mesh used in this work is of a fine,
3D tetrahedron element type, with 4,143,649 elements. There is no need to use the very
fine mesh, since it uses tremendous computational power for an improvement in the Cp
of only 1%. The body-sizing function was applied to the rectangular domain, limiting the
maximum element size to 0.35 m, while the maximum element size was limited to 0.78 m
for the turbine. To capture the exact flow behavior near the walls, the prism layer was used
to resolve the boundary layer. In grid generation, the normal non-dimensional distance
y+ of the first cell layer adjacent to the turbine wall was kept below 0.5 to resolve the near
wall boundary layer, as shown in Figure 4. The reported quality of the mesh elements is
the following: the average skewness is 0.22, maximum skewness is 0.82, average aspect
ratio is 1.8, maximum aspect ratio is 11.2, average orthogonal quality is 0.86, and maximum
orthogonal quality is 0.99. The mesh is shown in Figure 5.
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3. Results and Discussion

In this section, the numerical results of the hydrodynamic performance of the fin-ring
turbine used in this work are presented and discussed. The results include the turbine’s
output power and power coefficient (Cp) generated for two different current speeds, plotted
against a range of rpms. In addition, power test results for an installation of two identical
prototypes of the fin-ring turbine are shown for validation, as obtained by [36]. The power
output delivered by the two tested turbines is extracted from the power tests for validation.
In addition, the turbulence model sensitivity study between the two turbulence models
discussed previously in Section 2 is presented to choose the best turbulence model for
the novel turbine’s design. The comparison is based on the performance curves of the
two turbines. Moreover, the turbine’s Cp vs. tip-speed ratio (TSR) performance curve is
constructed and presented to provide a complete overview of the turbine’s performance
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for a logical range of different marine current speeds. Finally, the potential for extracting
hydrokinetic power using the turbine in three areas on the Spanish coast is explored
and discussed.

Figure 6 shows the numerical results of the power generated by the fin-ring turbine
design referred to in Table 2 vs. a range of rpms varying from 1 to 26 at current speeds
of 6 ft/s (1.83 m/s) and 6.7 ft/s (2.04 m/s). The generated power increases with the rpm
until it reaches a maximum, and then it inverses downwards. The results show a maximum
power of 5.78 kW, obtained at an rpm of 15 for the lower current speed, and a maximum
power of 7.96 kW, obtained at an rpm of 19 for the higher current speed. The working
rotational speed corresponding to the maximum power changed by almost 27%, from
15 rpm to 19 rpm. This proves that the turbine is working in a low rpm range, which
reduces the possibility of cavitation. These results are presented for the specific design
configuration presented in Table 2. However, more designs can be generated to explore the
influence of the turbine’s input design parameters: fin pitch angle (θ), camber (l), and ASR
on the generated Cp.
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Figure 6. Turbine output power vs. rpm at two different current speeds.

The prototype of the turbine was tested in the Gulf of Mexico as a fully functional
submerged generation support structure by pulling it with a boat to simulate various
ocean stream velocities [28]. Figure 7 shows the power test results for the generated power
delivered by two prototypes of the fin-ring turbine pulled for 2 h and at various forward
speeds. From the power tests, the two turbines generated an average total power of 11.8 kW
after considerable losses with 40 % efficiency at a current speed of 6 ft/s (1.83 m/s) and
16.4 kW with the same efficiency but at a speed of 6.7 ft/s (2.04 m/s).

The CFD results were validated with the field test results in terms of the turbine’s
peak power coefficient Cp and output power Poutput. The relative percentage error (RPE)
between the CFD and field test results can be calculated using Equation (7).

RPE (%) =
CFD results − Field. results

Field. results
× 100 (7)

The comparison reveals the accuracy of the results, since the error is 2% and 3%,
respectively. The comparison is presented in Table 4.

This result particularly demonstrates the accuracy of the turbine’s CFD numerical
model, which could encourage other researchers to replicate the design for subsequent
analyses and future studies.
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Table 4. CFD and power test results validation.

CFD and Power Test Results Validation

Current speed (m/s) 1.83 2.04
Type of result CFD Field CFD Field
Poutput (kW) 5.78 5.9 7.96 8.2

Cp 0.392 0.40 0.388 0.4
RPE (%) 2 3

For all the previous simulation cases performed, the turbulence model used was the
k-ε standard model. However, this model deals with turbulent flows only, which means
the laminar and transition zone effect was not captured and included in the results. Thus,
another suitable turbulence model must be used to capture and include the laminar and
transition zone effect. The turbulence model most frequently used for such cases is the
k-kl-ω. Figure 8 shows the comparison between the turbine’s generated Poutput using the
k-ε model and the k-kl-ω for a current speed of 1.83 m/s. The comparison shows that the
max Poutput of the turbine has increased by 1% to a value of 5.9 kW and the Cp to a value
of 0.40. The sensitivity study highlights the advantage of using the k-kl-ω model over the
k-ε model for the turbine presented in this work. Moreover, it proves that the dominant
flow around the turbine is laminar, as the laminar/turbulent transition exerts considerable
influence on the loss of flow’s kinetic energy, which affects the Cp of the turbine.
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The main goal of this study is to explore the potential for hydrokinetic power on
the Spanish coast using a suitable turbine that can operate efficiently at lower current
speeds. Therefore, the values of the average current speed around the Iberian Peninsula,
the Canary Islands, and the Balearic Islands in 2022 have been studied. Around the Iberian
Peninsula and islands, the currents take different values. Three areas have been selected
as representative of low, medium, and high values of current speed. The lowest values
of current speed occur in areas like the Gulf of Cádiz, located in the eastern sector of the
North Atlantic Ocean, to the southwest of the Iberian Peninsula. Medium values of current
speed are in areas like Cape Palos near Cartagena, Spain. The highest current values can be
found in areas like Cape Begur on the northern Mediterranean coast [29]. These values are
shown in Table 5.

Table 5. Values of current speed on the Spanish coast [29].

Average Current Speed in m/s. Year 2022

Gulf of Cádiz buoy Cape Palos buoy Cape Begur buoy
0.45 0.55 0.88

To this end, it is more practical to evaluate the hydrodynamic performance of the fin-
ring turbine at any current speed based on the power coefficient (Cp) vs. the tip-speed ratio
(TSR) curve. The curve defines the logical range of marine current speeds at which the fin-
ring turbine will perform satisfactorily and efficiently. Based on the turbine’s performance
curve, the potential for extracting hydrokinetic power in three regions on the Spanish coast
is explored and discussed.

To construct the Cp vs. TSR performance curve, more current speeds must be es-
tablished. Thus, more CFD simulations have been conducted for speed values ranging
from 0.4 m/s to 3 m/s. For each current speed, the maximum Poutput is calculated from
CFD simulations, and the corresponding rotational speed ω is noted. Then, the Pavailabe,
Cp, and TSR are calculated using Equations (4)–(6), respectively. The Cp vs. TSR turbine
performance curve is shown in Figure 9.
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The performance curve shows that the fin-ring turbine’s Cp increases with higher
TSRs until it reaches the peak value of 0.4 at a TSR of 1.213 with a current speed of 2 m/s.
Then, it decreases by 5% to a value of 0.38 at TSR = 1.64 with current speed of 1.25 m/s,
creating a narrow performance band shape for all the current speed values in between
these values. After this, the Cp traces a linear downward movement with a low slope until
it reaches a minimum value of 0.368, 8% lower than the peak value at a TSR of 3.83 with a
current speed of 0.4 m/s.

This performance curve highlights the advantages of the unique design of the fin-ring
turbine. Lowering the current speed from 2 m/s to 1.25 m/s, which is a 37.5% reduction in
value, only decreased the Cp by 5%, while reducing the current speed by 80% to a value of
0.4 m/s reduced the peak value by 8%.

Based on this unique turbine’s performance, the potential for extracting hydrokinetic
power in lower current areas is feasible. Using the turbine in three areas of the Spanish
coast with different current values is investigated.

The three areas are considered in increasing order for their current values, starting
from the lowest value of 0.45 m/s in Cádiz, the average value of 0.55 m/s in Cape Palos,
and the maximum value of 0.81 m/s in Cape Begur [29]. Notably, the Cp of the turbine in
these three places varies from 0.365 to 0.375, approximately 91.25% and 93.75%, respectively,
of the peak Cp value of 0.4. This proves the adequate performance of the turbine in lower
current values, hence the suitability of using it in lower current areas.

4. Conclusions

In this study, CFD simulations of the hydrodynamic performance of a fin-ring marine
current turbine have been carried out and validated using test data available in the literature.
A comparison of the results reveals the accuracy of the simulations, as discussed earlier.

Validated results are obtained for two different current speeds with a range of rpms. A
maximum power coefficient (Cp) of nearly 40% is obtained at the two current speeds, which
closely agrees with the maximum Cp obtained from the field power tests. The turbine
generates power in a low rpm range, which eliminates the odds of cavitation.

The results of the mesh independency study revealed that the fine mesh provides a
viable compromise between computational resources and accuracy. The optimal fine mesh
generated a peak Cp of 0.392, which is only 1% lower than the peak Cp of the very fine
mesh (0.401). Notably, the fine mesh required 15% fewer mesh elements to achieve these
results, resulting in a significant reduction in computational resources without sacrificing
much accuracy. Overall, these findings underscore the importance of carefully balancing
mesh resolution and computational cost in numerical simulations, particularly in limited
resource settings.

The fin-ring turbine operates mostly in a laminar regime flow. Thus, the turbine’s
maximum Cp is increased by 1% when capturing the laminar/turbulent transition due to
using the k-kl-ω model. This proves the suitability of this model for the existing turbine
and other turbines that operate under the same conditions.

The Cp vs. TSR performance curve was constructed to evaluate the hydrodynamic
performance of the fin-ring turbine on a range of current speeds. The turbine’s peak Cp
value of 0.4 at a current speed of 2 m/s was reduced only by 8% to a value of 0.368 at the
lowest current of 0.4 m/s. The narrow shape performance curve highlights the advantages
of the fin-ring turbine’s unique design.

Based on this unique turbine’s performance curve, the potential for extracting hy-
drokinetic power in three areas on the Spanish coast has been explored. Cadiz, Cape Palos,
and Cape Begur, with low, average, and high current values of 0.45 m/s, 0.55 m/s, and
0.81 m/s, respectively, serve the purpose of testing the turbine’s performance. The different
CFD numerical results show that the turbine’s peak Cp slightly decreased by 8.75% and
6.25% from 0.4. This proves that the turbine’s performance is not highly sensitive to the
lower variation of current speed, making it suitable for the lower current areas found in
locations like the Spanish coast.
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Our results are a preamble to an optimization study on the current design of the
proposed fin-ring turbine. The study will cover varying relevant design parameters to
improve the hydrodynamic efficiency of the turbine. These parameters will include the fin
pitch angle, fin camber, fin aspect ratio, and number of rings.
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Appendix A

The k-ε model used in this work contains the following expressions:
The following (simplified) model equation for k is commonly used:

∂(ρk)
∂t + div(ρkU) = div

[
µt
σk

grad(k)
]

+2µtEij·Eij − ρε
(A1)

The following (simplified) model equation for ε is commonly used:

∂(ρε)
∂t + div(ρεU) = div

[
µt
σε

grad(ε)
]

+C1ε
ε
k 2µtEij·Eij − C2ερ

ε2

k

(A2)

where k is the turbulent kinetic energy per unit mass, ε is the dissipation rate of k, U is the
mean velocity component at the x direction, µt is the turbulent viscosity, Eij is the mean
rate of deformation tensor, σk and σε are the Prandtl numbers which connect the diffusivity
of k and ε to the eddy viscosity, and C1ε and C2ε are the model constants with values of 1.44
and 1.92, respectively.

Also,
µt = Cµ

k2

ε , Cµ = 0.09, Eij =
1
2

(
∂Ui
∂xj

+
∂Uj
∂xi

)
,

σk = 1, and σε = 1.3
(A3)

The k-kl-ω transition model used in this work contains the following expressions:
The following three equations are commonly used:

1. Transport equation for turbulent kinetic energy, kt

Dkt
Dt = PkT + RBP + RNAT −ωkt − Dt

+ ∂
∂xj

[(
ν + αT

σk

)
∂kt
∂xj

] (A4)

2. Transport equation for laminar kinetic energy, kL

DkL
Dt

= PkL − RBP − RNAT − DL +
∂

∂xj

[
ν

∂kL
∂xj

]
(A5)
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3. Transport equation for inverse turbulent time turbulent scalar diffusivity, fW is the
inviscid near-wall scale, ω, defined as ω = ε/kt

Dω
Dt = Cω1

ω
kt

PkT +
(

CωR
fW
− 1
)

ω
kt
(RBP + RNAT)

−Cω2ω2 + Cω3 fωαT f 2
W

√
kt

d3

+ ∂
∂xj

[(
ν + αT

σω

)
∂ω
∂xj

] (A6)

The near-wall dissipation is given by

Dt = 2v ∂
√

kt
∂xj

∂
√

kt
∂xj

DL = 2v ∂
√

kL
∂xj

∂
√

kL
∂xj

(A7)

The damping function fW is defined as

fW =
λe f f

λT
(A8)

where Dt and DL are the near-wall dissipation terms for kt and kL, respectively. PKL is the
production of laminar kinetic energy from large-scale turbulent fluctuations; PKt is the pro-
duction of turbulent kinetic energy from large-scale turbulent fluctuations; RBP represents
the averaged effect of the breakdown of streamwise fluctuations into turbulence during
bypass transition; RNAT is the natural transition production term indicating the breakdown
to turbulence due to instabilities; αT is the turbulent scalar diffusivity; fW is the inviscid
near-wall scale, ω, defined as ω = ε/kt damping function; fω is the boundary layer wake
term damping function; λT is the turbulent length scale; and λe f f is the effective length.

The values of the model constants are: Cω1 = 0.44, Cω2 = 0.92, Cω3 = 0.3, CωR = 1.5,
σk = 1, and σω = 1.17.
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