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Abstract. This paper investigates the enhancement of Wells turbine blades by modifying
the chord length design parameter. The Wells turbine, a promising device in wave en-
ergy conversion systems, faces a limited operating range due to flow separation, which
restricts its efficiency at higher flow rates. Enhancing the performance of the Wells turbine
is crucial for effective wave energy exploitation. The computational simulations in this
study are conducted using ANSYS Fluent. Turbine performance is evaluated based on
non-dimensional torque, pressure torque, and efficiency, derived from solving the steady
3D incompressible Reynolds Averaged Navier-Stokes equations. The results are validated
against reliable references, showing good agreement. The numerical findings reveal that
altering the turbine chord length significantly impacts efficiency. Optimizing the chord
length enhances the Wells turbine’s performance in wave energy conversion, making it a
more viable option for renewable energy power generation.

Keywords: wave energy conversion, Wells turbine, chord length, ANSYS fluent.

1. INTRODUCTION

To reduce dependence on energy sources such as oil, natural gas, coal, etc., there is
a need to use energy that can be exploited and developed sustainably. In addition to
renewable energy sources like solar and wind, energy from the sea is not to be missed.
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The generation of energy by marine-based systems is more advantageous than the gen-
eration of energy from wind, as stated in reference [1]. Besides, residents near the coast
can reduce their dependence on the national electricity system. Countries with exten-
sive coastlines like England, India, Australia, and the United States are at the forefront of
developing wave energy systems [2,3]. To harness wave energy, it has to be turned into
electrical power through a system, depicted in Fig. 1, this system is known as the Oscillat-
ing Water Column (OWC) potential conversion system. This method is one of the most
advanced technologies currently in use [4]. This OWC system has a plenum chamber
containing a defined amount of air, and the air inside the chamber is directed to where
the turbine is installed through a duct. The internal chamber pressure fluctuates as the
water surface shifts due to wave action. These pressure variations cause the air inside the
chamber to flow back and forth, creating a two-directional airflow. This airflow drives
a self-rectifying turbine, allowing it to generate power from both airflow directions. In
essence, the system transforms wave energy into mechanical energy, with air serving as
the working fluid [5].

Wells turbine
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Fig. 1. Schematic demonstration of an OWC system matched with the Wells turbine

Wells turbine [5] is widely used in wave energy conversion systems, particularly in
oscillating water column (OWC) devices. Turbine Wells is particularly suited for OWC
applications due to its ability to rotate in a fixed direction regardless of the airflow direc-
tion. The OWC system operates based on the principle of converting the up-and-down
motion of ocean waves into oscillating compressed air within a chamber. Turbine Wells,
located within this air chamber, is driven by the oscillating compressed air. Due to its
unique symmetrical blade structure, the turbine generates torque in a single direction,
regardless of the airflow direction [6,7]. The design of Turbine Wells consists of key
components such as symmetrical turbine blades, arranged at a 90-degree offset angle to
the rotor axis, with the commonly used NACA 00XX airfoil profile [5,6]. Turbine Wells
may or may not have guide vanes, which are positioned on both sides of the rotor to re-
cover the swirling energy from the outgoing air, thus improving the turbine’s efficiency.
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The rotor configurations of Turbine Wells are diverse, including monoplane, biplane, and
contra-rotating rotors. Turbine Wells offer several advantages, such as simple construc-
tion, low manufacturing costs, and relatively high efficiency, with peak efficiency reach-
ing up to approximately 75%. The system also exhibits linear characteristics, where pres-
sure decreases proportionally with airflow at constant rotational speed. As illustrated in
Fig. 2, this design ensures optimal performance and reliability, making the Wells turbine
a prominent choice in wave energy conversion technologies [6,7].

Additionally, the blades of the Wells turbine are aligned at a 0-degree angle to the
rotational plane around the hub. One of its main advantages is simplicity, making it an
ideal choice for ocean energy conversion systems. The only moving parts in the turbine
are the rotor and generator shaft assembly. However, this turbine is hampered by poor
starting performance, low efficiency, and a limited operating range. It is primarily uti-
lized for low current speeds, such as those produced by ocean waves [8]. Wave energy
systems generally have low efficiency, rendering them economically unviable. To achieve
optimal performance, system components need to be redesigned.
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Fig. 2. Schematic of the Wells turbine

Over the past three decades, most studies on the Wells turbine’s performance have
relied on experimental approaches. However, a challenge arises when interpreting ex-
perimental results, as this method often lacks the capability to deliver comprehensive
insights into fluid flow behavior. With advancements in computer science, computa-
tional fluid dynamics (CFD) has become a viable alternative to tackle this problem. This
method offers extensive modeling capabilities for various fluid flow scenarios and has
demonstrated a high level of predictive accuracy [9].
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Multiple researchers have used computational fluid dynamics (CFD) to study the
performance and behavior of the Wells turbine. In their work, Takao et al. [10] utilized
CFD to explore the effect of adding an end plate on the overall characteristics of the
turbine. Through experimental model testing under conditions of steady airflow, they
aimed to quantify how the end plate influences various aspects of the turbine’s opera-
tion. Similarly, Watterson and Raghunathan [11] focused their attention on understand-
ing the role of solidity in the performance of a Wells turbine, specifically one equipped
with a NACAOQO015 blade profile. They conducted simulations to assess how changes in
the solidity, or the ratio of the blade area to the total rotor area, affected the turbine’s
performance and power conversion capacity.

Halder et al. [12] expanded on this by investigating how tip clearance (TC), which
refers to the small gap between the rotor blades and the casing, along with the modifi-
cation of grooves on the blades, influences turbine performance. Their research also em-
ployed the NACAOQ015 blade profile, and they found that both these design factors could
significantly impact the flow characteristics and performance of the turbine. Meanwhile,
Kim et al. [13] explored the effects of blade geometry on performance, specifically an-
alyzing the relationship between the hub-to-tip ratio and the aspect ratio of the blades.
Their study aimed to identify the optimal blade geometry for maximizing turbine effi-
ciency and performance, using the NACA0020 blade profile. In this research, they kept
several key parameters constant across their simulations, including the rotor aspect ratio,
the solidity, the Reynolds number, and the blade sweep ratio (which is the change in the
blade’s chord length along its span), which characterizes the flow conditions around the
blades.

Building on the previous work, the present study conducts a comprehensive numeri-
cal investigation to assess how varying the chord length of the turbine blades impacts the
overall performance of the Wells turbine. The numerical simulations are based on solv-
ing the three-dimensional Reynolds-averaged Navier-Stokes (RANS) equations, which
describe the fluid flow around the blades, assuming incompressible flow. A turbulence
model is also employed to account for the effects of turbulence in the flow. This approach
allows for a detailed analysis of the aerodynamic behavior of the turbine under different
operating conditions.

In the next phase of the study, the results from the numerical simulations are vali-
dated by comparing them to experimental data obtained from previous research. This
step is critical to ensure that the model provides accurate and reliable predictions that
reflect the real-world performance of the Wells turbine. The validation process confirms
that the model captures the key factors influencing the turbine’s operation, such as the
impact of chord length on the overall performance. Following the grid independence
study, which ensures that the simulation results are not influenced by the resolution of the
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computational grid, simulations are conducted on different turbine designs with varying
chord lengths. The results of these simulations are then compared with the findings of
Torressi et al. [3].

2. WELLS TURBINE PARAMETERS

The distinctive feature of the Wells turbine lies in its ability to induce unidirectional
rotor rotation, a process that occurs without the need for a rectifying valve. This unique
characteristic is achieved through the oscillating airflow, which plays a key role in the
turbine’s operation. Four-digit NACA profiles (ABXX) are commonly used to identify
it [14,15]. Three parameters shape the NACA four-digit profiles: the camber (A), the
camber position (B), and the thickness as a percentage of the chord length (XX). When
the first digit (A) and the second digit (B) are equal to 0, the profiles are symmetrical.

In this study, we used NACAQ015. This means that the camber is 0%, the position of
the maximum camber is 0%, and the thickness is 0.15 of the chord length (see in Fig. 3)
[16].
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Fig. 3. Aerodynamic forces acting on a blade of the Wells turbine rotor

According to classical airfoil theory, an airfoil interacting with a fluid flow generates
lift that is directed perpendicular to the freestream, while also producing drag that acts
along the direction of the flow. This is illustrated in Figs. 3(a) and 3(b). As the angle of
attack increases in typical fluid conditions, both lift and drag forces also rise. However,
this relationship holds true only up to a certain limit. Once this limit is surpassed, the
flow around the airfoil begins to separate from its surface, leading to a significant change
in aerodynamic performance. The angle of attack at which this flow separation occurs is
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referred to as the stall angle [17]. Beyond this stall angle, the airfoil experiences a substan-
tial reduction in lift, while drag increases dramatically, reducing the overall efficiency of
the airfoil in generating lift [18,19].

When examining airfoils arranged in a cylindrical or linear cascade, the flow dynam-
ics between adjacent blades can be notably different compared to isolated airfoils. This is
due to the fact that the flow around each individual blade is influenced by the presence
of neighboring blades. The interaction between the blades creates interference effects,
which alters the airflow and leads to changes in the lift and drag characteristics for the
entire cascade. As a result, the aerodynamic behavior of the cascade differs significantly
from that of isolated airfoils, with both the lift and drag forces being modified due to the
combined effects of the blades on the surrounding flow field [18,19].

The Wells turbine operates in two distinct phases that are determined by the behav-
ior of the Oscillating Water Column (OWC). The first phase is referred to as the suction
stage, which occurs when the water level drops, causing air to be drawn into the turbine’s
duct. During this stage, the analysis of the turbine’s velocity and force characteristics is
similar to that shown in Fig. 3(a), where the fluid flow interacts with the airfoils in a spe-
cific manner. The second phase is known as the compression stage, which happens when
the water level inside the housing rises. During this phase, as illustrated in Fig. 3(b), the
flow conditions change, influencing the turbine’s performance and the forces acting on
the blades in a distinct way. The resultant aerodynamic forces (Fr) generated by lift (L)
and drag (D) during these stages are determined by

Fr = /L2 + D2,

Decomposed in terms of lift and drag components, this force can be separated into
the axial force (F4) and the tangential force (F;) according to the two equations below

F4 = Lcosa + Dsing,
F, = Lsinax — Dcos«,

where & = tan~!(U*) is the angle of attack, and the force components measured in New-
tons (N).

Figs. 3(a) and 3(b) also show that the tangential force maintains its direction in both
stages, whereas the axial force changes direction. In the case where the airfoil parameters
are designated as symmetrical, the direction of the tangential force remains the same
for both positive and negative values of the angle of attack. These airfoil blades are
positioned around a rotational axis. The rotor spins in the direction of the tangential force
during both the upward and downward strokes, independent of the airflow direction.

The performance of the turbine can be described using four dimensionless coeffi-
cients, which assess its behavior under steady flow conditions. These coefficients are:
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- The torque coefficient T*
T

- pw?RY

*

in which w is the angular velocity of the rotor (rad/s), p is the density of the air (kg/ m?),
Ry is the blade tip radius (mm), and T is the turbine’s shaft torque (Nm).
- The static pressure drop coefficient AP*
ap = F,
pPwR;

in which Ap represents the total pressure drop between the inlet and outlet of the com-
putational domain (Pa).

- The turbine efficiency 7

 Tw
"= Qap’
in which Q is the volume flow rate (m?3/s).
- The flow coefficient U*
Ua
ur = ,
utip

in which Uy, is the blade tip velocity (m/s), U is the inlet axial velocity (m/s).

3. DESCRIPTION OF THE SUGGESTED DESIGN BLADE

The geometric parameters of the baseline blade design, derived from the Islay Wells
air turbine [7], are provided in Table 1. These parameters include a chord length of
125 mm for the NACAOQ015 blade profile shown in Fig. 4, which has been experimen-
tally tested previously. These parameters are commonly used in many other studies in-
vestigating the performance of Wells turbines, ensuring the comprehensive collection of
necessary design parameters and providing a high level of reliability for the baseline
data [7,8,12,20,21].

Previous studies and experiments have shown that the efficiency of the Wells turbine
increases as the flow coefficient reaches a specific value, after which it begins to decrease.
When the flow coefficient exceeds a certain value, it can lead to a condition known as stall.
This is due to flow separation around the turbine blades. The solidity of the turbine, s, is
a parameter considered as a measure of the blockage of the airflow within the turbine [22]
and also affects the efficiency of the Wells turbine

s =zc/nRi(1+h),
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in which z, ¢, Ry, and h are the number of blades, chord length, tip radius, and hub to tip
ratio, respectively.

Table 1. Geometric details of the baseline turbines [3]

Blade profile NACAO0015
Number of blades (z) 8
Hub radius (Ry,) 0.2m
Tip radius (Ry) 0.3m
Mean radius (R;, + R;)/2 0.25m
Hub to tip ratio (Rj,/Ry) 0.6667
Chord length (c) 0.125m
Solidity at mean radius (s) 0.6366
Tip clearance 0.00125 m

Fig. 4. Schematic view of a blade profile with the baseline turbine

As the solidity of the Wells turbine increases, which is essentially the ratio of the
blade area to the total swept area of the turbine, its performance tends to decrease due
to higher aerodynamic losses. This is because higher solidity leads to increased blade-
to-blade interference and greater overall drag. Additionally, at higher solidity levels,
significant three-dimensional effects become evident near the turbine hub. In this region,
the blades are closely spaced, and their proximity causes complex interactions with the
boundary layer on the hub. These interactions can result in boundary layer separation
on both the hub surface and the surfaces of the adjacent blades [22]. This phenomenon
is more pronounced near the hub compared to the blades tip region, where the airflow is
less constrained.
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Given these challenges, the paper proposes an innovative blade design approach.
The design involves a blade with a chord length that varies along its span. Specifically,
the chord length decreases progressively from the tip of the blade towards the hub. This
variation in chord length effectively reduces the solidity s near the hub, mitigating the
adverse effects caused by high blade density. The paper highlights the importance of
ensuring that the turbine maintains its self-starting capability. According to the recom-
mendations, a minimum solidity s > 0.45 is necessary for this purpose [23].

To achieve this, the paper suggests choosing a chord length of 0.09 m. This choice
ensures that the turbine meets the required solidity criterion, balancing the need for effec-
tive performance and self-starting capability. By adopting this design, the Wells turbine
can operate more efficiently, with reduced aerodynamic losses and improved overall per-
formance, especially in regions close to the hub where three-dimensional effects are most
significant.

The reduction in performance near the hub is more significant compared to near
the tip of the turbine. This can be explained by the fact that, for blades with a constant
chord length, the flow passage near the tip is much wider than the flow passage near the
shaft [24]. When varying the chord length ¢, the goal is also to make the flow passage
at the hub similar to that at the blade tip. This facilitates a more uniform distribution of
relative velocity from the hub to the blade tip. The optimal condition is achieved when
the ratio of the hub radius to the tip radius equals the ratio of the hub chord length (cj,)
to the tip chord length (c;) [24]

Rh _ Gy
R o

Table 2. Geometric details of the suggested turbines

Blade profile NACAOQ0015
Number of blades (z) 8
Hub radius (R},) 0.2m
Tip radius (Ry) 0.3m
Mean radius (R, + R¢)/2 0.25m
Hub to tip ratio (Rj,/R¢) 0.6667
Chord length (c) 0.09-0.135m
Solidity at mean radius (s) 0.57
Tip clearance 0.00125 m

Based on the previously selected cj, the corresponding tip chord length c; is chosen to
be 0.135 m. All other parameters remain unchanged from the original model. A summary
of the blade configuration and other geometric parameters is provided in Table 2. In
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addition, the blade geometry for the NACAO0015 blade with a chord length of 125 mm, is
illustrated in Fig. 5.

c= 1355 mm

Fig. 5. Schematic view of a blade profile with the proposed turbine

4. NUMERICAL MODEL

Previous studies and experiments have shown that the efficiency of the Wells turbine
increases as the flow coefficient reaches a specific value, after which it begins to decrease.
When the flow coefficient exceeds a certain value, it can lead to a condition known as
stall. This is due to flow separation around the turbine blades. The solidity of the tur-
bine, s, is a parameter considered as a measure of the blockage of the airflow within the
turbine [22] and also affects the efficiency of the Wells turbine. The simulations are per-
formed using the widely recognized commercial software FLUENT, a powerful tool for
computational fluid dynamics (CFD) analysis. To solve the steady-state, incompressible
three-dimensional Reynolds—Averaged Navier-Stokes (RANS) equations, the finite vol-
ume method is employed. For turbulence modeling, the two-equation k — w SST model
is selected due to its proven effectiveness in managing flows characterized by adverse
pressure gradients and flow separation. The k — w SST model is a hybrid model that
combines the k — w and k — € models, effectively addressing the shortcomings of each
model. Specifically, the k — w model is used in the near-wall region to accurately capture
boundary layer phenomena, while the k — ¢ model is employed in the outer regions to
mitigate the limitations that arise from the near-wall model. This dual approach ensures
a more reliable representation of turbulent flows across a wide range of conditions, espe-
cially for flows with significant separation or complex turbulence characteristics [25]. In
this study, the Wells turbine rotor is simulated using the Moving Reference Frame (MRF)
method, which is particularly useful for modeling rotating machinery. The MRF method
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allows the rotor to be modeled as a stationary reference frame while accounting for its
rotational motion, thus simplifying the computational complexity involved in simulat-
ing rotating components. For numerical discretization, several schemes and algorithms
are employed to ensure accuracy and stability. The standard scheme is used for pres-
sure discretization, providing a straightforward approach for solving the pressure field.
The SIMPLE algorithm is applied for pressure-velocity coupling, which is essential for
ensuring that the velocity field and pressure field are consistent in the incompressible
flow regime. Additionally, the second-order upwind scheme is utilized for discretizing
the momentum, kinetic energy, and turbulence dissipation rate equations, offering im-
proved accuracy compared to first-order schemes, especially for flows involving large
gradients or sharp changes in velocity.

The computational domain for the turbine simulation takes advantage of the tur-
bine’s rotational symmetry, modeling only one-eighth of the flow annulus. Periodic
boundary conditions are applied in the circumferential direction to accurately represent
the full turbine geometry. The flow domain dimensions are defined based on established
guidelines from the literature. Specifically, the upstream length is set to four times the
chord length and the downstream length is set to six times the chord length, as recom-
mended by [3,12].
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Fig. 6. The computational flow domain with the blade

Fig. 6 provides a perspective view of the computational domain. The domain is
discretized using an unstructured tetrahedral mesh created in Fluent Meshing. The mesh
consists of around one million cells, allowing for an accurate and detailed representation
of the flow. To accurately resolve the boundary layer near the blade, prism layers are
added to the mesh. The prism layers are set with an initial height of 0.01 mm and a
growth ratio of 1.15, which enhances the refinement of the boundary layer and improves
the accuracy of the simulation results (see in Fig. 7).
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Fig. 7. Discretized computational domain

Assuming a constant angular velocity of w = 2000 rpm, the turbine operates under
these conditions. The simulations are performed for 5 different cases under steady flow
conditions, with the flow coefficient varying from U* = 0.075 to U* = 0.275. The flow
coefficient is adjusted by maintaining a constant the blade tip velocity and varying the
inlet velocity in each case. Table 3 provides the variation in the flow coefficient values
corresponding to different inlet velocities.

Table 3. Flow coefficient and inlet axial velocity

ur Uy (m/s)
0.075 4.712
0.125 7.854
0.175 10.996
0.225 14.137
0.225 17.279

The boundary conditions applied are:

- No-slip boundary conditions are applied at the blade surface, hub, rotor, and cas-
ing.

- Periodicity conditions are enforced along the meridional surfaces, with a 45° spac-
ing in the tangential direction.

- At the inflow surface of the annulus, a uniform velocity profile is specified.
- At the outflow surface of the annulus, simple radial equilibrium is applied.

The simulations are conducted using double precision to reduce round-off errors
and ensure higher numerical accuracy. Convergence is achieved by setting the root mean
square (RMS) of the residuals to 1e—5 and the mass imbalance to 0.005%, ensuring the
stability and accuracy of the simulation results.
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5. RESULTS AND DISCUSSION

5.1. Grid dependency and validation

To ensure the accuracy of the CFD simulation results, it is crucial to perform a grid
independence test and compare the findings with current data. This helps to verify the
reliability of the numerical model. To ensure numerical accuracy, the mesh is assessed
for pressure drop convergence. As shown in Fig. 8, the grid independence test was con-
ducted using various grid sizes at the same flow coefficient, leading to the selection of an
optimal grid count of 1,617,071 cells. However, due to the complexity of the tip region,
using a fixed number of cells or elements for all designs is not feasible. The mesh needs
to be adapted to the specific geometry of each design.
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Fig. 8. AP results with respect to different grid numbers

For verification of the numerical methodology’s accuracy, a comparison is made be-
tween the current results, experimental data from [7], and numerical results from [3,12].
The non-dimensional performance parameters T*, AP*, and 7 are charted against U". To
cover the full spectrum of flow conditions, the inlet axial velocity U4 ranging from 4.712
to 17.279 (m/s). Fig. 9 demonstrates that the current numerical results closely match the
available experimental and numerical data. The pressure drop coefficient in the current
results remains linearly related to the flow coefficient, similar to the previous results. As
the flow coefficient increases, the pressure drop coefficient also rises. As U* increases
from 0.075 to 0.225, torque coefficient gradually increases. At U* = 0.225, the system
reaches the stall point, after which both torque coefficient and efficiency decrease sharply
as a result of flow separation.
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5.2. Effect of chord length on the turbine performance

The static pressure drop coefficient, torque coefficient and efficiency of the proposed
turbine with variable chord length and the baseline turbine with constant chord length
are shown in Fig. 10.
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Fig. 10. Comparative study of baseline turbine and proposed turbine
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Despite the differences in chord length configuration, the variation patterns of these
performance parameters follow similar trends for both turbines. As shown in Fig. 10(a),
the overall torque coefficient of the proposed turbine is lower than that of the baseline
turbine. However, from Fig. 10(a), it can be seen that the proposed turbine has delayed
the stall process; at the stall point of both turbine, the torque of the proposed turbine
tends to decrease more slowly than that of the baseline turbine. At U* = 0.275, while the
baseline turbine appears to have stalled, the T* of the proposed turbine remains relatively
high. From Fig. 10(b), the pressure reduction coefficient maintains a linear relationship
with the flow coefficient; the proposed turbine has significantly reduced the pressure re-
duction coefficient. The efficiency of the turbine is compared in Fig. 10(c); where it is
observed that the overall efficiency of the turbine increases by 33%, reaching the max-
imum efficiency of 59.6% at U* = 0.125. Additionally, to gain a deeper understanding
of the aerodynamic performance of the proposed turbine and the baseline turbine under
different flow conditions, in-depth flow analyses need to be conducted.
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Fig. 11. Streamline at mid-chord locations

Fig. 11, the flow through the turbine blades at the mid-chord section is shown. At
U* = 0.075, a small counter-clockwise vortex is observed in the hub region for both the
baseline and proposed turbines. However, the vortex in the proposed turbine is smaller,
and the flow continues to follow the blade surface, whereas the baseline turbine begins
to exhibit flow separation. As the flow coefficients increase to 0.225, the flow through
the proposed turbine remains relatively unchanged and stable, while in the baseline tur-
bine, the previously observed vortex develops into a more pronounced flow separation
region, indicating that the turbine reaches the stall point, and an additional clockwise



Analysis of blade’s chord length with NACA0015 profile for enhanced wave energy conversion of Wells turbine 137

vortex appears near the tip. This vortex grows and completely covers the blade span of
the baseline turbine when the flow coefficients reach 0.275, at which point the baseline
turbine has entered a deep stall state. At this time, the proposed turbine also shows a vor-
tex near the tip, but overall, the flow separation is still not as pronounced. From Fig. 11, it
can be observed that the variation in chord length decreasing towards the hub facilitates
flow distribution, particularly for high-speed flow conditions, thereby delaying the onset
of stall in the turbine.

T o -

Baseline
turbine

Proposed .
turbine

U*=0.075 U*=0.225 U*=0.275

Fig. 12. Tangent velocity contours at mid-chord locations

Fig. 12 illustrates the tangential velocity contours at the mid-chord section. Firstly, it
can be observed that the tangential velocity of the proposed turbine is higher than that
of the baseline turbine, with this improvement being more pronounced at U* = 0.225 and
U* = 0.275. The tangential velocity field of the proposed turbine is uniformly distributed
across the entire span and is enhanced as the flow coefficient increases. Both types of
blades exhibit regions of low tangential velocity at the blade tip surface, known as tip
leakage flows. The cause of this leakage is the pressure difference between the pressure
and suction surfaces at the blade tip. As the flow coefficient increases, the tip leakage
flows grow in size, resulting in turbulence and causing the flow to detach from the main
flow. This results in increased blockage and reduced turbine performance. For the base-
line turbine, tip leakage flows develop rapidly with an increase in the flow coefficient,
adversely affecting the tangential velocity distribution and causing flow separation that
leads to increased blockage. In contrast, the proposed turbine limits the development of
tip leakage flows, reduces the interaction between these flows and the main flow, thereby
improving efficiency and extending the operational range of the turbine.
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Fig. 13. Static pressure coefficient contours at midspan locations

Fig. 13 shows a comparison of the static pressure coefficient of the flow passage be-
tween the baseline turbine and the proposed turbine at the mid-section. At a low flow
coefficient of U* = 0.075, the static pressure on both the pressure and suction surfaces
of the turbines remains relatively constant for both types of turbines. In this condition,
only a small low-pressure region is observed near the leading edge. This low-pressure
area creates conditions that favor flow separation, which ultimately results in a reduc-
tion in turbine efficiency. As the flow coefficient increases, a noticeable trend is observed
where the static pressure coefficients also rise. At a flow coefficient of U* = 0.225, the
low-pressure region expands significantly, covering approximately 80% of the suction
surface for the baseline turbine, while it affects around 60% of the suction surface for
the proposed turbine. In this case, the baseline turbine shows a more pronounced de-
velopment of a large vortex near the leading edge, which further contributes to the flow
separation and loss of performance. When the flow coefficient increases to U* = 0.275, the
low-pressure region grows even more. For the proposed turbine, this region now covers
roughly 80% of the suction surface, while for the baseline turbine, the low-pressure area
almost entirely engulfs the suction surface. This further intensifies the conditions that
lead to flow separation, resulting in a stall condition for the baseline turbine. As a con-
sequence, the efficiency of the proposed turbine experiences a significant decline under
these conditions.

In summary, as the flow coefficient increases, both turbines exhibit a growing low-
pressure region that promotes flow separation. However, the baseline turbine is more
susceptible to flow instabilities, resulting in a more severe stall condition and greater
efficiency loss compared to the proposed turbine.
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6. CONCLUSIONS

An optimal performance design of the Wells turbine is proposed by varying the
chord length gradually towards the hub. Its aerodynamic performance has been com-
puted numerically. The results obtained from the calculations and analysis indicate that
the turbine with the proposed design exhibits better performance and enhanced opera-
tional range compared to the baseline turbine. Additionally, several in-depth flow analy-
ses, including flow field, tangential velocity, and static pressure coefficient, are conducted
to further elucidate the impact of chord length on the aerodynamic performance of the
Wells turbine. The key findings of this study are:

- The torque coefficient and pressure drop coefficient both decrease across the entire
flow coefficient range.

- The maximum efficiency achieved is 59.6%, an increase of 3.8% over the baseline
turbine, with the overall efficiency in the computed range (0.075 < U* < 0.275) improv-
ing by 33%. At the same time, the operational range is relatively enhanced.

- The improved performance is attributed to the reduction in flow separation, limi-
tation of the spread of tip leakage flows, and decreased impact on the main flow.
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