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Abstract— An oscillating water column (OWC) is a type of power generation device that converts ocean wave energy into
electrical energy. The motion of ocean waves forces air through the OWC column and drives a rotor connected to a generator
to produce electricity. The Wells turbine is a typical kind of rotor for OWC system. The performance of the Wells turbine
can be influence by various factor, such as its geometry. Over the time, various research have been conducted to enhance the
Wells turbine design. This study aims to analyze the impact of blade profiles on an 8-bladed Wells turbine’s performance
using the Computational Fluid Dynamics (CFD) method. A full-domain with multiple reference frame (MRF) approach is
applied to represent the rotating flow of the turbine. The flow is solved using Reynold Average Navier-Stokes (RANS) solver
accompanied by shear stress transport (k — w SST) turbulunce model to capture the boundary layer near the wall. In this
study, some blade profiles including NACA 0012, NACA 0015, and NACA 0018, with chord lengths of 100 mm, 125 mm, and
150 mm, are examined. The results of this study reveal that the NACA 0018 blade profile with a 150 mm chord length improves

the torque coefficient (C7) by 36.28% and the power coefficient (Cp) by 1.04% compared to other configurations.

Keywords— Incompressible Flow, OpenFOAM, OWC, Power Coefficient, RANS, Torque Coefficient, Wells Turbine

l. INTRODUCTION

Ocean wave energy is among the most sustainable

resources because it provides a clean and environmentally
acceptable substitute to fossil fuels. At appropriate
locations, it can generate power up to 90%. The ocean
wave energy seems intriguing. It has been studied by
researchers over the past two decades due to its potential
of prominent energy density and long-lasting availability
[1].

In recent decades, several investigations have focused
on wave energy converters (WECs) and associated
technologies [2], [3]. One of the most favorable wave
energy converters is the ocean water column (OWC). By
far the popular wave energy device is the OWC, which is
simple to use. There are numerous OWC devices have
been already deployed in the sea [4]. The OWC employs
an air turbine e.g. Wells turbine to convert flow’s kinetic
energy into mechanical energy [5].

The Wells turbine is a type of air turbine that has
staggered radially at 90-degree angles. It operates
efficiently in bidirectional airflow without needing to
change the direction of the blades or reverse their
orientation. The Wells turbine has various limitations
including its lower aerodynamic efficiency, high noise
levels, narrow operating range, poorer starting
characteristics, and high axial force. Therefore, several
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research have been conducted to enhance the Wells
turbine design over time [5].

Wells turbine performance can be influence by various
factor, such as the geometry itself. Some related studies
had been conducted to examine the performance of Wells
turbine using experimental study or numerical method.

Kim et al analyzed the impact of geometry of Wells
turbine with NACA0020 installed and accompanied by
different hub-tip ratio using CFD. The simulation was
only performed on single blade with periodic boundary
condition [6]. The study showed that the hub-to-tip ratio
of 0.7 provides optimum performance. Other related study
was conducted by Takao et al. [7]. The study indicated
that NACAO0015 blade profile is the best suited for the
substantial Wells turbine. However, NACA0021 blade
profile provides superior performance in the post-stall
regime than NACAO0015 [8].

An experiment conducted by Takao et al. [9] showed
that as the blade thickness increases the torque coefficient
decreases in the region of flow coefficient which is
smaller than stall point. However, when the blade is
altered to a non-parallel distribution (3D-blde), the toque
coefficient increases.

Although the development of Wells turbine is well-
performed by experiment, computational fluid dynamics
(CFD) have become favorable for design optimization
[10]. The computational fluid dynamic (CFD) is often
utilized to solve the flow field and provide the
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performance characteristic of Wells turbine in more
efficient way compared to experiment. The CFD is mainly
performed using numerical method. Some key techniques
that influence the accuracy of CFD simulation are mesh
generation, numerical schemes, and turbulence
modelling. Reynolds Average Navier-Stokes (RANS)
solved by Semi-Implicit Method for Pressure Linked
Equations-Consistent (SIMPLEC) algorithm and coupled
with shear stress transport (k — w SST) turbulence model
is frequently used for the simulation of Wells turbine [8],
[11], [12], [13], [14].

In analyzing rotating motion, meshing techniques are
crucial for accurately representing the flow around a
rotating body. Kotb et al. [15] employed CFD and a multi-
objective genetic algorithm (MOGA) to optimize the
operational range of a Wells turbine. The study focused
on an 8-bladed Wells turbine, with only one blade meshed
and periodic boundary conditions applied to the fluid
domain assuming that each blade encounters identical
flow conditions. The result indicated an 18.23% increase
in turbine efficiency at flow coefficient (¢) of 0.225. The
CFD technique in this study also yielded accurate results
when compared to experimental data. In related studies,
Kotb et al. [16], [17] simulated the Wells turbine by
varying the tip clearance and adding a tapered leading-
edge micro cylinder. ANSYS Fluent software was used
with an unstructured mesh and a skewness correction
factor of 1. The simulation approach demonstrated
accuracy in predicting the performance of the new Wells
turbine design. Next, Uddin et al. [18] conducted a CFD
study on a hybrid Wells turbine that combined NACA
0015 and NACA 0025 airfoil profiles. The investigation
utilized a single-blade domain with periodic boundary
conditions, based on the assumption of symmetric flow.
The domain was discretized using an unstructured mesh
in ANSYS software, and the results demonstrated strong
agreement with experimental data. In a related study,
Wang et al. [19] also used ANSYS but employed a
mapped hexahedral (map-hex) mesh for the entire fluid
domain. The numerical model validation showed high
accuracy when compared with experimental results.

Most CFD simulations of the Wells turbine utilize
only a single blade with periodic boundary conditions,
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under the assumption that each blade experiences
identical flow conditions. This approach effectively
reduces computational costs. However, the use of periodic
boundary conditions neglects the wake interactions
between blades, which are present in an actual Wells
turbine. In reality, each blade interacts with the wakes of
neighbouring blades, influencing blade loading and
overall turbine performance. Consequently, this
simplified approach may not fully capture the individual
behaviour of each blade.

To address these limitations, this study aims to
simulate the Wells turbine with a fully discretized blade
model, allowing for a more precise analysis of how
specific design parameters, such as blade profiles and
chord length, influence turbine performance. This study
represents the Wells turbine's real-world operating
conditions by applying a full-domain simulation with a
multiple reference frame (MRF) approach, capturing the
true aerodynamic interactions between the blade and
incoming flow. This method enables a deeper
understanding of the effect of various design parameters
on turbine performance.

The simulations in this study are conducted using the
open-source CFD software OpenFOAM, known for its
extensive development in fluid mechanics applications
and its widespread use for Oscillating Water Column
(OWC) studies alongside ANSYS Fluent [3]. For the
initial design, a NACA 0015 blade profile with a 125 mm
chord length was selected, as it has been commonly used
in previous studies [12], [20], [21], [22]. Additionally, two
other blade profiles, NACA 0012 and NACA 0018, with
thicknesses below and above that of NACA 0015, are
examined to identify the optimal configuration.

Il. METHOD

2.1 Geometry
The initial geometry used in this study is 8-bladed
Wells turbine with NACA 0015 profile as shown in Figure
1. The detail specification of the model is summarized in
Table 1.

Figure. 1. Initial geometry with NACA 0015

TABLE 1.
INITIAL SPECIFICATION OF THE WELLS TURBINE

Blade profile type
Number of blades (Ng)
Hub Height (Hy)
Chord length (C)

Hub radius (Ry)

Tip radius (Ry)
Rotation speed (w)

NACA 0015
8
40 mm
125 mm
200 mm
294 mm
2000 rpm
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2.2 Simulation Method

_ a1k 3
Ve = max(a1w,SF2) ( )
dk dak a dk (4)
— S —p,— B —_ -
at + Ul axl k B kw + ax] [(V + O'kVt) ax]]
6w+U6w_ o2 2+6 w+ )aw
at J axi -« ﬁw ax] v TuVe ax] (5)

1 0k dw

+2(1-F —_
( 1)042 w 0x, 0%;

The finite volume method is used in this research with
a steady-state incompressible flow solver. The fluid used
in this study is incompressible air under the room
temperature of 25°C. The governing equations of fluid
mechanics include the continuity equation and momentum
equation. For the incompressible flow, the governing
equations can be expressed as Equation (1) and Equation
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Where U is the velocity vector, p is the pressure, v is the
fluid kinematic viscosity, and f is the external forces. In
this study, no external source is applied. Equation (2) can
be decomposed using Reynold decomposition which is
also known as Reynold-Averaged Navier-Stokes (RANS)
equation. The decomposition process produces an
additional term called Reynold stressed which can be
solved using turbulence modeling.

In present study, the shear stress transport turbulence
model (k — w SST) introduced by Menter is used to
capture the turbulent flow around the Wells turbine
coupled with Spalding wall function [23], [24], [25]. The
turbulence kinetic energy k, the specific dissipation rate
w, and the kinematic turbulence viscosity v, are given in
the following equations.

The computation is performed using simpleFoam
solver in OpenFOAM which is an open-source CFD
codes. In addition, the multiple reference frame (MRF)
approach is utilized to represent the rotating flow of the
Wells turbine. Then, a grid independence test is carried
out to determine the sensitivity of the grid density in
providing solution. Two grid configurations are used with
y* value of 50 and 70, respectively. The whole schematic
process of this study is summarized in the flow chart
represented in Figure 2.

From Journal
Paper and Book

Figure. 2. Flow chart of the simulation
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2.3 Computational Domain

The computational domain in this study is a full-domain
constructed into cylindrical form. The overall domain
length form upstream to downstream is 1500 mm. The left
side (upstream) of the domain is assigned as velocity inlet
whereas the right side (downstream) of the domain is
assigned as outlet pressure. The length of the upstream

Rotating zone
L |

static zone
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side and the downstream side are 500 mm (4C) and 1000
mm (8C), respectively. The domain is divided into two
regions which are static zone and rotating zone
representing the rotational flow caused by the turbine's
rotation as shown in Figure 3.

static zone

8xC

Figure. 3. Computational domain

2.4 Mesh Generation

The fluid domain is discretized into volume mesh
using snappyHexMesh library in OpenFOAM. The
structured mesh was considered with the hex-dominant
cell type. The surface triangulation is performed prior to
the volume mesh generation to obtained the surface
features of the Wells turbine using Salome software. The
mesh generation is conducted in two stages. The first stage
is the initial mesh which discretizes the computational

domain into small cells. Some refinement levels are
applied in the rotating zone to capture the rotational flow
accurately. The next stage is the inflation layer addition
which aims to capture the boundary layer near the turbine
model. In this study, 5 layers are generated parallel to the
turbine model with the y™* target of 50 and 70. The result
of the meshing process is presented in Figure 4.

(@)

(b)

(©)

Figure. 4. (a) Initial mesh; (b) Layered mesh (c) Mesh on turbine’s surface
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2.5 Boundary Condition and Numerical Schemes
A fix velocity is imposed on the inlet patch and zero
pressure outlet are assigned on the outlet patch. The fluid
used is air with room temperature condition. The inlet
velocity used in this study is 13.72 m/s. In addition, the
turbine’s rotation of 2000 rpm is introduced in the rotating
zone. The patch name and the boundary conditions for the

838

flow fields in all patches in the domain are presented in
Figure 5 and Table 2, respectively. Then, the convective
terms and the turbulence properties in the governing
equations are discretized using 2" order schemes linear
upwind. As for the gradient terms are solved using cell-
based least squares approach.

Turbine
INLET ‘ I OUTLET
PR
Cylinder shell
Figure. 5. Patch name in the computational domain
TABLE 2.
BOUNDARY CONDITIONS AT ALL PATCHES
Boundary conditions
Patch Type
U p
Inlet Patch fixedValue zeroGradient
Outlet Patch zeroGradient fixedValue
Cyl. shell Wall noSlip zeroGradient
Turbine Wall movingWallVelocity zeroGradient

I1l. RESULTS AND DISCUSSION

3.1 Validation
Validation was performed on two mesh configurations
with y* values of 50 and 70 with NACA 0015 blade
profile. The simulation was carried out at flow coefficient
(¢) of 0.225 or equivalent with the axial velocity of 13.72
m/s which is the pre-stall regime. The validation process
was designed to determine which mesh configuration
yields the most accurate solutions, which were then used
to simulate other NACA profiles. Convergence in the
simulation was achieved when the torque values stabilized
across iterations. Figure 6 illustrates the torque evolution
of the NACA 0015 blade profile with a 125 mm chord
length, obtained from meshes with y* values of 50 and
70. Both meshes demonstrated similar convergence rates.

However, in comparison to findings by Kotb et al. [26] the
mesh with y* 70 slightly underestimated the torque.

The C; value of the turbine can be calculated with
Equation (6)

__ T (6)

Cr = pw2R3

where T is the torque value achieved from the
simulation, p is the air density, w is the turbine’s rotation
in rps, and Ry is the tip radius. The result show that the
mesh with y* 50 yields the most accurate C; value with a
smaller relative error when compared to the study
conducted by Kotb et al. as shown in Table 3. The
comparison of the C; value obtained from each mesh is
also presented in Figure 7.

y+ 70
8
y+ 50
5
4
£
F 3
2 ]
1
e —
0
0 100 200 300 400 500 600 700

Iteration

Figure. 6. Patch name in the computational domain
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TABLE 3.
COMPARISON OF ¢, VALUES WITH OTHER STUDY
Research Blade Profile T Cr Error (%)

Kotb etal. (2023) NACA 0015 - 0.128 -

Present study (y* 50) NACA0015  0.3877  0.132 3.29

Present study (y* 70) NACA0015 ~ 0.3269  0.111 12.89

0.2
——Kotb et al. (2023)
—&—y+ 50
0.16 y+ 70

0.12

CcT

0.08

0.04

0.05 0.1 0.15

0.2 0.25 0.3 0.35

Flow Coeffieicnt (@)

Figure. 7. Comparison of C;. values

3.2 Performance of Wells Turbine with Various Blade
Profiles and Chord Lengths
This study examines chord lengths of 100, 125, and
150 mm alongside three NACA profiles: 0012, 0015, and
0018. The subsequent analysis focuses on identifying the

blade configuration that achieves the highest torque
15

0 20 40

Thickness (1)

-15 Chord Length (C)

coefficient (C;) and power coefficient (Cp) values.
Figure 8 provides a comparison of each NACA profile at
the same chord length.

i/

60 80 100 120

—— NACA 0012
NACA 0015
NACA 0018

Figure. 8. Comparison of NACA profiles

The torque coefficient (C;) values vary across
different NACA blade profiles and chord lengths. As
shown in Figure 9, the torque generated by the NACA
0018 profile increases as the chord length extends from
100 mm to 150 mm. In contrast, the torque values for
NACA 0012 and NACA 0015 decrease when a 125 mm
chord length is applied. However, these profiles produce

4

significantly higher torque when the chord length is
increased to 150 mm. A comparison of all configurations
reveals that the NACA 0018 profile with a 150 mm chord
length is the most effective at generating torque.

35 —s—NACA 0012
NACA 0015
31 —e—NACA 0018

2.5 1

125 150

Chord Length (C)
Figure. 9. C; values of various NACA profiles and chord lengths
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In addition to torque coefficient, the power coefficient
is also evaluated to obtain the most optimal configuration
of Wells turbine. The value of power coefficient (Cp) is
expressed in Equation (7).

APy (7)

P = pw2R?

where AP, is the pressure difference between the inlet and

outlet of the turbine’s flow. Figure 10 depicts the

comparison of Cp values provided by various NACA
25

840

profiles and chord lengths. According to the result, the C,
value increases as the chord length of each blade profile is
extended. Furthermore, the result also indicates that
NACA 0018 with 150 mm chord length has the highest
power coefficient. The Wells turbine’s performance with
a 150 mm chord length is summarized in Table 4. In the
table, the values of %C; and %Cp represent the deviation
of the performance compared to the initial design (NACA
0015).

—e—NACA 0012
—o—NACA 0015
—e—NACA 0018

05 §

100

125 150

Chord Length (C)

Figure. 10. Cp values of various NACA profiles and chord lengths

TABLE 4.
PERFORMANCE OF WELLS TURBINE WITH VARIOUS BLADE CONFIGURATIONS

Blade Profiles

Chord Length (C)  Cr Cp

NACA - 0012 150 mm
NACA - 0015 150 mm
(initial design)

NACA - 0018 150 mm

%Cr  %Cp
1583 186 -37.97 -3.13
2.552 192 - -
3478 194 3628 104

3.3 Flow Structures

Figure 11(a), (b), and (c) present the longitudinal
velocity contours for NACA 0012, NACA 0015, and
NACA 0018 profiles, each with a chord length of 150 mm.
Using a fully discretized domain, the simulation effectively
captures the interaction between the wakes and individual
turbine blades. The results reveal that flow through the
turbine is asymmetrical, rather than uniform, which
influences the performance of each blade and,
consequently, the overall turbine performance.

Additionally, the findings indicate that increasing
blade thickness, while maintaining the same chord length,
enhances the turbine's ability to extract momentum from

the flow more effectively. The result also shows that the
flow separation patterns on the suction side are similar
across blade profiles. However, as illustrated in Figure
11(a), the NACA 0012 profile is less effective at
converting the incoming flow's Kkinetic energy into
mechanical energy compared to NACA 0015 and NACA
0018. This inefficiency is highlighted by a high velocity
magnitude in the wake region, indicating greater energy
loss. Therefore, NACA 0012 generates a lower torque
coefficient than the thicker profiles, NACA 0015 and
NACA 0018. Based on this qualitative assessment, NACA
0018 is determined to be the optimal blade configuration.

U Magnitude

(@)
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Figure. 11. Longitudinal velocity contour (a) NACA 0012; (b) NACA 0015; (c) NACA 0018

IV. CONCLUSION

In this research, a CFD method is employed to evaluate
the Wells turbine’s performance with various blade
configurations. A full-domain with MRF approach is
applied to represent the rotating flow of the turbine. The
Reynold Average Navier-Stokes (RANS) solver is used to
solve the flow, accompanied by shear stress transport
(k — w SST) turbulence model to capture the boundary
layer near the wall. In this study, some blade profiles
including NACA 0012, NACA 0015, and NACA 0018,
with chord lengths of 100 mm, 125 mm, and 150 mm, are
examined. The findings in this study conclude that the
NACA 0018 blade profile with a 150 mm chord length
improves the torque coefficient (C;) by 36.28% and the
power coefficient (Cp) by 1.04% compared to other
configurations.
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