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ABSTRACT

The Wells turbine is a key component in an Oscillating Water Column
(OWC)-based ocean wave energy conversion system, yet its limited
operating range due to leading-edge stall constrains overall system
efficiency. This study presents an independent CFD benchmark of the
performance of the Wells turbine with and without a passive flow
control device, a stall fence, as investigated by Das and Samad (2020).
Steady Reynolds-Averaged Navier-Stokes (RANS) simulations using
the SST k-o turbulence model were performed in ANSYS CFX v22.1
by replicating the original geometry, boundary conditions, and mesh
density for direct comparison. The reference turbine (eight NACA 0015
blades, solidity 0.64) and the configuration with a stall fence (fences at
40% and 80% span) were evaluated over a flow coefficient range of ¢ =
0.075-0.275. Grid independence study using quantitative (non-
dimensional torque T*) and qualitative (tip-vortex topology) criteria
resulted in the selection of a 3.5-million-element mesh. For the
reference turbine, a mean absolute percentage error (MAPE) of 2.0% for
T* and 3.1% for efficiency was obtained in the pre-stall range (¢ <
0.225), confirming strong numerical reproducibility. However, steady
RANS failed to predict the stall onset for the reference configurations
and overpredicted torque by up to 508% in the post-stall region. The
stall point at ¢ = 0.250 was successfully reproduced with a deviation
approaching zero, proving that the vorticity induced by the fence
geometry enhances the reliability of RANS stall predictions. The pre-
stall MAPE for the fence configuration was 4.4% for T*, slightly higher
due to local vortex interactions around the fence. These findings
establish steady RANS as a reliable design tool in the pre-stall range and
demonstrate that passive fence stalls not only extend the turbine’s
operating range but also improve the accuracy of CFD predictions.
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s INTRODUCTION available in many coastal regions worldwide.

The continuously rising global energy
demand has driven the development of
sustainable, environmentally friendly
renewable energy technologies. One renewable
energy source with great potential that has not
yet been optimally utilized is ocean wave
energy. Ocean wave energy has a relatively
high energy density and is continuously

One of the most widely developed conversion
technologies for extracting this wave energy is
the Oscillating Water Column (OWC) (Falcao
& Henriques, 2016). The OWC system
converts the oscillating motion of the water
column induced by sea waves into a
bidirectional (reciprocating) airflow within the
chamber. This airflow is then converted into
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Note. Panel (a) displays efficiency (n) and panel (b) displays torque coefficient (Ct) as a function of flow coefficient (¢) for the Wells turbine and
impulse turbine operating under steady-flow conditions. Adapted from "Wells Turbine for Wave Energy Conversion Improvement of the
Performance by Means of Impulse Turbine for Bi-Directional Flow," by Okuhara et al. (2013), Open Journal of Fluid Dynamics, 3(2A), p. 38
(https://doi.org/10.4236/0jfd.2013.32A006). Copyright 2013 by the authors. Adapted with permission.

Figure 1. Steady-flow turbine characteristics for wells turbine and impulse turbine.

mechanical and electrical energy through a
Power Take-Off (PTO) system, in which the
Wells turbine is among the most widely used
turbine types. The Wells turbine has a self-
rectifying characteristic, enabling it to rotate in
a single direction even when subjected to
bidirectional airflow from wave oscillation.
This advantage gives the Wells turbine a simple
construction and makes it easy to integrate with
the OWC system. However, compared with the
impulse turbine, the Wells turbine generally
exhibits lower efficiency under certain
conditions and stalls at high flow coefficient
values (Okuhara et al., 2013). Nevertheless, the
Wells turbine continues to be studied to this
day owing to its uniqueness and potential in the
development of ocean wave energy conversion
technology. Research efforts have been made to
address the limited operating range of the Wells
turbine by modifying the blade geometry.
Takao et al. investigated the use of three-
dimensional blades with spanwise-varying
thickness, in which the chord length remained
constant. In contrast, the blade thickness
gradually increased from hub to tip (Takao et
al., 2014). Experimental model testing and
quasi-steady numerical analysis showed that
this configuration effectively prevents flow
separation on the suction surface near the blade
tip, thereby improving the turbine's stall
characteristics.

Halder et al. (2018) simultaneously
optimized the blade geometry using a
combined surrogate modeling approach, the
Weighted Average Surrogate, to evaluate
several designs. The optimized blade geometry
increased  turbine  efficiency by 8%,
demonstrating the potential of data-driven
optimization methods for Wells turbine design.
In another, more recent study, Kumar et al.

(2019) proposed a combined approach
integrating  three simultaneous  blade
modifications: a radiused blade tip edge, an
extended static trailing edge, and variable blade
thickness. CFD analysis of this combined
design showed an increase in turbine torque
and operating range, with the radiused-tip
treatment altering tip-leakage flow
characteristics to delay stall onset. A recent
study by Uddin et al. (2024) evaluated two
hybrid airfoil blade designs combining NACA
0015 and 0025 profiles with a variable chord
distribution along the span. As a result,
efficiency peaked at 59.6% with a wider
operating range than the constant-chord
baseline. Collectively, these studies establish
that geometric blade modification is the
primary strategy for extending the operating
range and improving the efficiency of Wells
turbines.

A passive flow control concept adapted
from swept-wing aeronautics is the stall fence.
This technology consists of a spanwise barrier
mounted on the blade surface to suppress
chordwise boundary-layer migration and delay
flow separation at the leading edge. In aircraft
applications, the stall fence has demonstrated
measurable improvements in lift coefficient and
stall angle across various wing configurations,
proving its effectiveness as a low-cost,
geometry-based flow control device (Solfelt &
Maple, 2008; Wauters et al., 2019). Das &
Samad (2010) first applied this concept to the
Wells turbine domain, placing two stall fences
in the spanwise direction at 40% and 80% of
the blade span measured from the hub. The
fence dimensions were determined through
surrogate-based optimization using a Kriging
surrogate model with Latin Hypercube
Sampling. As a result, the optimal fence
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geometry was 1.6% of the chord length for
both height and thickness, and 80% of the
chord length for the fence length. Steady
RANS simulations with the SST k-® turbulence
model in ANSYS CFX 16.1 revealed that the
fence generates a local vortex structure that re-
energizes the separated boundary layer. This
mechanism effectively suppresses the spanwise
spreading of the leading-edge separation
vortex. As a result, the stall point shifted from
¢ = 0.225 This mechanism effectively
suppresses the spanwise spreading of the
leading-edge separation vortex. As a result, the
stall point shifted from ¢ = 0.250 in the fenced
configuration, equivalent to a 16.6% extension
of the operating range. A 16.7% reduction in
the peak-to-average power ratio was also
reported within the stall-free operating range, a
favorable characteristic for grid integration of
OWC systems. Internal flow analysis using
streamline  visualization, static  pressure
coefficient contours, Q-criterion isosurfaces,
and circumferential velocity distributions
confirmed that the fence acts as a vortex
generator, drawing high-energy flow into the
boundary layer and helping keep the flow
attached to the surface at higher angles of
attack.

Although the flow analysis and
performance results presented by Das & Samad
(2020) are highly detailed, no independent
benchmark study has been conducted to
systematically validate the reproducibility of
their CFD methodology, either for the reference
configuration or for the configuration with a
stall fence. The original study validated its
numerical results against experimental data
from Curran & Gato (1997) and reported a
maximum deviation of about 5% in the pre-
stall region (o= 0.225). They also
acknowledged an overprediction at the stall
point, a  well-documented characteristic
associated with the inherent limitation of
steady RANS in resolving progressive leading-
edge separation. It should also be noted that
several recent studies using similar baseline
geometries and numerical methodologies
likewise reported strong agreement in the pre-
stall phase, without explicitly addressing
differences in accuracy between the modified
and reference configurations in post-stall
predictions.  Furthermore, the systematic
difference in stall prediction accuracy between
fenced and unfenced geometries, specifically
the mechanism by which the introduction of a
stall fence improves the predictive reliability of
the RANS framework, has not been analyzed or
documented in previous research. Independent
replication of CFD  benchmarks in
turbomachinery is essential to ensure that

numerical results are not sensitive to
undocumented solver settings, mesh-generation
choices, or turbulence-model configurations.
Without such a benchmark, the reliability of the
steady RANS approach as a design aid for
Wells turbines with passive flow control
devices remains unconfirmed from an
independent standpoint.

This study fills that gap by conducting an
independent CFD benchmark of the Wells
turbine investigated by Das & Samad (2020),
covering both the reference and stall-fenced
configurations. Steady RANS simulations were
performed using the SST k- turbulence model
in ANSYS CFX, replicating the original
geometry, boundary conditions, and mesh
density to enable direct comparison. The main
objectives of this study are: (1) to reproduce
and validate the non-dimensional torque and
efficiency characteristics of both turbine
configurations against the published results of
Das & Samad (2020) and the experimental data
of Curran & Gato (1997); (2) to quantitatively
assess the accuracy of the steady-state RANS
methodology in the pre-stall regime, defined as
¢ < 0.225 for the reference turbine and ¢ >
0.250 for the fenced turbine, through mean
absolute percentage error analysis; (3) to
document and physically explain the difference
in stall prediction accuracy observed between
the two configurations; (4) to establish a
transparent and  reproducible = numerical
baseline for future parametric studies involving
the performance optimization of Wells turbines
with passive flow control devices. The novelty
of this study lies in the systematic
quantification of RANS predictive accuracy
across two geometrically distinct
configurations: with and without a stall fence,
providing insight into how geometry-induced
flow disturbance affects the reliability of
steady-state RANS stall predictions. To provide
a focused framework for this investigation, the
following research questions are addressed in
this study: (1) To what extent can steady RANS
simulations with the SST k-o turbulence model
independently reproduce the torque and
efficiency characteristics reported by Das and
Samad (2020) for both the reference and stall-
fenced Wells turbine configurations, and within
what quantitative error bounds does this
reproducibility hold in the pre-stall operating
range? (2) Does the introduction of a stall fence
geometry fundamentally alter the predictive
capability of steady RANS in capturing stall
onset, and if so, what flow-physical mechanism
accounts for the differential accuracy observed
between  the fenced and  unfenced
configurations?.
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Table 1. Geometric parameters of the wells turbine and stall fence configurations

No Parameter Symbol Value

1 Blade profile - NACA 0015
2 Number of blades N 8

3 Chord length c 0.125 m

4 Hub-to-tip ratio hy 0.67

5 Hub radius i 0.200 m

6 Solidity at mid-span S 0.64

7  Tip clearance T 1% of ¢

8 Rotational speed Wy 2000 rpm
Stall fence parameter (optimized)

1 Fence height h 1.6% of ¢

2 Fence thickness t 1.6% of ¢

3 Fence length 1 80% of c

4  Fence positions (from hub) - 40% and 80% span

Note. Geometric and stall fence parameters adopted from "Influence of Stall Fences on the Performance of Wells Turbine," by Das & Samad (2020),
Energy, 194, Article 116864 (https://doi.org/10.1016/j.energy.2019.116864).

s  METHOD

This section describes the numerical
methodology used to compare the CFD
performance of the Wells turbine with and
without a fence. The approach follows the
method proposed by Das & Samad (2020),
which includes geometry preparation, domain
configuration, mesh generation, solver setup,
and performance parameter definitions. The
complete workflow is shown in Figure 2.

Geometry Preparation

This benchmark study uses the same
turbine geometry as Das & Samad (2020),
thereby enabling a direct comparison of the
numerical results. The reference turbine
consists of eight blades with symmetric NACA
0015 profiles, arranged at a stagger angle of
90°, perpendicular to the axial direction. A
chord length of 0.125 m, a hub-to-tip ratio of
0.67, a hub radius of 0.2 m, and a mid-span
solidity of 0.64 were used. A blade tip
clearance of 1% of the chord length was
maintained. The detailed geometric parameters
are summarized in Table 1. Two stall fences
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were placed along the blade span at 40% and
80% of the blade span measured from the hub.
The fence geometry is defined by three
parameters: length (1), height (h), and thickness
(t), each expressed as a percentage of the blade
chord length. The optimized dimensions h =t =
1.6%c and 1 = 80%c, as determined by the
surrogate-based optimization of Das & Samad
(2020), were directly adopted in this study. The
blade profile geometry was reconstructed in
Autodesk Fusion 360 using the "Airfoil Sketch
from File" extension, which imports
standard .dat (Selig-format) airfoil coordinate
files and generates the sketch profile directly
from the original coordinate points, without
manual redrawing or interpolation, thereby
preserving the exact blade curvature. The
resulting profile sketch was then extruded/
lofted according to the parameters listed in
Table 1. At the same time, the stall-fence
geometry was constructed parametrically using
the adopted dimensions (h =t = 1.6%c, | =
80%c) at the specified spanwise locations.
Because of the rotationally repeating
arrangement of the eight blades, only a single
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Figure 2. Methodology flowchart
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Note. The domain represents one of eight blade passages (45°) with periodic boundary conditions applied to the circumferential surfaces. Inlet
and outlet channel lengths are set to 4c and 6¢ upstream and downstream of the rotor, respectively. Adapted from "Influence of Stall Fences on
the Performance of Wells Turbine," by Das & Samad (2020), Energy, 194, Article 116864 (https://doi.org/10.1016/j.energy.2019.116864).

Figure 3. Single-passage computational domain showing boundary conditions and domain dimension

blade passage, representing 45° of the full
circle, was considered the simulation domain,
with periodic boundary conditions applied to its
circumferential surfaces. The domain consists
of a straight channel with the rotor passage at
its center. An inlet channel length of four chord
lengths (4c) upstream of the rotor and an outlet
channel length of six chord lengths (6c)
downstream were specified to ensure a fully
developed inlet condition and sufficient
pressure recovery at the outlet. The
computational domain is shown in Figure 3. A
uniform axial velocity was applied at the inlet,
while ambient static pressure was specified at
the outlet. At the inlet boundary, the turbulence
intensity was set to 5%, and the turbulent
viscosity ratio (u/p) was set to 10, consistent
with high-turbulence conditions characteristic
of rotating machinery flows (ANSYS CFX-
Solver Theory Guide, 2009). The blade and hub
surfaces were treated as no-slip walls. The
turbine rotor rotates at a fixed speed of 2000
rpm, with the direction of rotation as defined in
Figure 3. The simulations were performed at
eight inlet velocities corresponding to flow
coefficients ¢ = 0.075 to 0.275, yielding a high
Reynolds number based on the relative velocity
and chord length. Because the Wells turbine
operates at a reduced frequency of 703 (Ghisu
et al., 2018), dynamic effects can be neglected
(Cambuli, 2017), and no  significant
performance difference is expected between
steady and unsteady operating conditions
(Cambuli, 2017). Therefore, only steady-state
simulations were performed in this study.

Meshing

Accurate prediction of stall onset in the
Wells turbine depends strongly on the
resolution of the boundary-layer flow around
the blade surface. Therefore, an unstructured
prism layer mesh was applied in the near-wall
region. An unstructured mesh was generated to
discretize the computational domain. To
accurately capture the boundary layer, 20 prism
layers were applied normal to all blade
surfaces, with the first layer set at 1.1x105 m
with a growth ratio of 1.2, ensuring a
dimensionless  wall distance of y*</
throughout. The transition from the prism layer
to the bulk tetrahedral mesh was controlled
using a volume change ratio of 1.5, the default
value in ANSYS Meshing, which ensures a
gradual size transition from the outermost
prism layer element (1.3x10# m) to the bulk
tetrahedral elements (2-3 mm in the far-field
region) without abrupt jumps in element size
that could introduce numerical diffusion. The
resulting mesh topology around the blade and
hub is shown in Figure 4. To ensure that the
simulation results are independent of mesh
density, a grid independence study was
conducted at the flow coefficient = 0.225,
which corresponds to the critical near-stall
operating condition. Four mesh configurations
were evaluated, with element counts ranging
from 1.5 to 11.4 million. Two convergence
criteria were applied simultaneously: (i)
quantitative  convergence of the non-
dimensional torque T*, and (ii) qualitative
convergence of the flow topology assessed
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Note. Twenty prism layers are applied normal to the blade surface with a first-layer thickness of 1.1x10 > m and a growth ratio of 1.2, ensuring
y* < I throughout. The bulk domain is discretized using an unstructured tetrahedral mesh with a volume change ratio of 1.5 at the prism-to-

tetrahedral transition. Mesh generated using ANSYS Meshing 2022 R1.

Figure 4. Unstructured mesh topology in the vicinity of the NACA 0015 Blade profile showing prism layer

refinement in the near-wall region

through the streamline pattern on the blade
suction side. The mesh with 3.5 million
elements was selected because it met both
criteria, as explained in the Results and
Discussion section.

Solver Setup

The selection of the turbulence model is
critical for flows involving stagnation zones
and adverse pressure gradients, both of which
are present at the leading edge of the Wells
turbine blade and on the stall fence surface.
The k-@ Shear Stress Transport (SST) model
(Menter, 1993) was used in this study because
it combines the k- formulation in the near-
wall region with the k-¢ model in the free
stream, thereby enabling accurate resolution of
both attached and separated boundary-layer
flows. Previous numerical studies on Wells
turbines have confirmed that the k- SST
model provides good agreement with
experimental data in the pre-stall operating
range (Ghisu et al., 2018; Halder et al., 2015;
Setoguchi et al., 1998). The Reynolds-
Averaged Navier-Stokes (RANS) equations
were solved using ANSYS CFX v22.1 (ANSYS
CFX-Solver Theory Guide, 2009), a coupled

i_ T
= p w2rR® (1)
. AP
AP = @
T wr
M= ar0 3)
_ Ua 4
g == )

pressure-based solver that solves the velocity
and pressure fields simultaneously. A high-
resolution advection scheme was applied to
discretize the convective terms. In contrast, the
diffusion terms were handled using the root-
mean-square (RMS) residual criterion, with a
threshold of 10 applied to all transport
equations. Convergence was not declared based
solely on the RMS residual criterion. In
addition, the non-dimensional torque T was
monitored as an integral quantity at each
simulation point, and convergence was
confirmed only when T reached a stable plateau
with a variation of less than 0.1% over the final
200 iterations. This dual-criterion approach,
combining residual-based and integral-quantity
convergence, is consistent with best-practice
recommendations for turbomachinery
simulations in ANSYS CFX (ANSYS CFX-
Solver Theory Guide, 2009) and ensures that
the reported performance values correspond to
a fully converged flow solution rather than a
prematurely terminated iteration history.

The turbine performance is described
using non-dimensional parameters to allow
direct comparison with the published
experimental data (Curran & Gato, 1997) and
numerical data (Das & Samad, 2020). The non-
dimensional torque T*, the non-dimensional
pressure drop AP, efisiensi n, and the flow
coefficient ¢ are defined as follows :

Where T is the total torque (Nm), p is the
air density (kg/m?), or is the rotational speed
(rad/s), R is the blade tip radius (m), AP, is the
pressure drop across the rotor (Pa), Q is the
volumetric flow rate (m3/s), Ua is the axial inlet
velocity (m/s), and Ut is the blade tip velocity
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(m/s). These parameters are presented as
functions of ¢, where the benchmark results are
compared with the experimental data of Curran
and Gato (1997) and the numerical results of
Das and Samad (2020).

[ RESULT AND DISCUSSION

This section presents the benchmark
results for the reference turbine and the stall-
fenced turbine configurations. The results are
organized into six subsections: the grid
independence study, validation of the reference
turbine, validation of the stall-fenced turbine,
differential stall prediction accuracy, physical
evidence of the flow, and a discussion of the
limitations of RANS. All quantitative
comparisons were made against the numerical
results of Das and Samad (2020) and, where
applicable, the experimental data of Curran and
Gato (1997).

Grid Independence Study

The grid independence study was
conducted at the flow coefficient ¢ equals
0.225 and 0.150 using four different mesh
densities ranging from 1.6 million to 11.4
million elements. Two convergence criteria
were applied simultaneously: (i) quantitative
convergence evaluated through the non-
dimensional torque wvalue T*, and (ii)
qualitative convergence evaluated through the
flow pattern on the blade suction surface in the

trailing-edge region. The results are presented
in Table 2.

From a quantitative standpoint, the non-
dimensional torque T* remained relatively
consistent across all four mesh levels, with
deviations of less than 5% from the finest mesh
(M4, 11.4 million elements). This pattern is
consistent with the low sensitivity of integral
quantities, such as rotor torque, to local mesh
refinement, because the global force balance is
primarily determined by the large-scale
pressure distribution over the blade surface
rather than by fine-scale flow structures.
Although the error pattern in Table 2 is non-
monotonic, with the deviation increasing from
1.19% (M2 vs. M4) to 2.84% (M3-M4), this
oscillatory behavior does not invalidate the
selected mesh. Grid Convergence Index (GCI)
calculations were performed with Fs = 1.25 and
p = 2, the nominal order of the high-resolution
advection scheme, adopted because the
negative sign of ew/esr = -0.58 prevents
empirical determination of the observed order
of accuracy. The GCI computed directly
between the selected mesh M2 and the finest
mesh M4 is 1.24%, well below the commonly
accepted 3% threshold, confirming that M2
yields results that are practically equivalent to
those of the finest mesh. The elevated GCI of
9.92% at the M3-M4 pair reflects a local T*
overshoot at M3 (2.2414 vs. 2.1794 at M4),
characteristic of oscillatory convergence at

Table 2. Grid independence study results at ¢ = 0.225 (near-stall) and ¢ = 0.150 (pre-stall)

AT* vs Avg. Avg. Min. Tip
Mesh Elements I* M4 % Skew Aspect Orthogonal Vortex Selected
° ness  Ratio Quality Resolution
¢ = 0.225 Near-stall (primary study)
s Not
Ml 1.6 million 2.2220 1.96 0.237 18.765 0.049 No
resolved
M2 3.5 million 2.2053 1.19 0.217 13.889 0.068 Resolved YES
M3 7.2 million 2.2414 2.84 0200 11.202 0.064 Resolved -
M4 11.4 million 2.1794 (baseline) 0.196  9.336 0.063 Resolved -
@ =0.150 Pre-stall
s Not
Ml 1.6 million 0.9733 2.44 0.237 18.765 0.049 No
resolved
M2 3.5 million 0.9840 1.37 0217 13.889 0.068 Resolved YES
M3 7.2 million 0.9949 0.28 0.200 11.202 0.064 Resolved -
M4 11.4 million 0.9976 (baseline) 0.196  9.336 0.063 Resolved -

Note. T* = non-dimensional torque; AT* = percentage deviation of each mesh relative to the finest mesh M4 (baseline), computed as [(T*mesh -
T*M4) / T**M4] x 100. GCI = Grid Convergence Index, calculated following Roache (1998) with safety factor F, = 1.25 and nominal second-
order accuracy p = 2. Convergence at ¢ = 0.225 is oscillatory (es2/e21 = -0.58), confirming that non-monotonic behavior at this condition is associated
with near-stall flow sensitivity rather than mesh quality degradation, as evidenced by the monotonically improving mesh quality metrics across all
refinement levels. Convergence at ¢ = 0.150 is monotonic (es2/ex1 = +3.93). Mesh M2 was selected based on dual convergence criteria: (i)
quantitative, GCI between M2 and M4 of 1.24% at ¢ = 0.225 and 1.43% at ¢ = 0.150, both within the accepted 3% threshold; and (ii) qualitative,
consistent resolution of the tip-vortex topology on the blade suction surface from M2 onward, absent in M1. Mesh quality metrics (average
skewness, average aspect ratio, minimum orthogonal quality) are geometric properties of the mesh and therefore identical across both flow

coefficients.
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intermediate refinement levels.

To verify that this oscillatory convergence
pattern is a consequence of sensitivity to near-
stall flow rather than a general numerical
deficiency in the mesh, two complementary
investigations were conducted. First, an
additional  grid-independence  study was
performed at ¢ = 0.150, representative of stable
pre-stall operating conditions, and the results
are summarised in Table 2. At this flow
coefficient, convergence is strictly monotonic
(es2/e21 = +0.72), and the GCI for M2 relative to
M4 is 0.50%, well within the accepted
threshold and substantially lower than the
1.24% obtained at @ = 0.225. This confirms
that the oscillatory behavior at ¢ = 0.225 is
physically driven by near-stall flow instability
rather than by mesh-induced numerical error.

Second, mesh quality metrics were extracted
for all four configurations and are reported in
Table 2. The average skewness decreases
monotonically from 0.237 (M1) to 0.196 (M4),
and the average aspect ratio similarly improves
from 18.765 to 9.336 across all mesh levels.
Critically, M3 exhibits lower average skewness
(0.200 vs. 0.217) and a lower average aspect
ratio (11.202 vs. 13.889) than M2,
demonstrating that the T* overshoot at M3
cannot be attributed to mesh-quality
degradation at that refinement level. The slight
increase in maximum skewness at M3 (0.877)
relative to M2 (0.832) is attributable to isolated
elements near the fence geometry and does not
reflect a global regression in quality. Taken
together, these results confirm that the
oscillatory T* behavior at ¢ = 0.225 is a

Flow Coefficient 0.225

M3

M4

Note. Streamlines visualized on the blade suction surface at mid-span using ANSYS CFD-Post 2022 R1. Red dashed circles highlight the tip
vortex structure used as the qualitative convergence criterion for mesh selection. The tip vortex is absent in M1 (1.6 million elements) but
consistently resolved from M2 (3.5 million elements) onward, confirming the adequacy of M2 as the selected mesh. Flow coefficient ¢ = 0.225

corresponds to the critical near-stall operating condition.

Figure 5. Streamline topology on the blade suction surface for mesh configurations m1-m4 at ¢ = 0.225
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Table 3. Quantitative comparison of t* and efficiency (1) between present benchmark and Das & Samad

(2020) for the reference turbine configuration

17 Das
T* Das & Error T* & n Error n
¢ Samad (2020) T Eresent (%) Samad  Present (%)
(2020)
0.075 0.010426 0.01076 +3.2 0.46914 0.47564 +1.4
0.100 0.023659 0.02414 +2.0 0.54321 0.57210 +5.3
0.125 0.040100 0.04105 +2.4 0.59012  0.59809 +1.4
0.150 0.061754 0.06046 2.1 0.59753 0.60013 +0.4
0.175 0.083810 0.08281 -1.2 0.57531 0.59381 +3.2
0.200 0.109875 0.10697 2.6 0.56296 0.58085 +3.2
0.225 0.135940 0.13558 -0.3 0.52593 0.56256 +7.0
0.250 0.070175 0.17022 +142.6 0.24938 0.57104 +129.0
0.275 0.031278 0.19036 +508.6 0.08642 0.52728 +510.1

Note. All values obtained from steady-state RANS simulations using the SST k-w turbulence model in ANSYS CFX 2022 R1. T* = non-
dimensional torque; n = efficiency. Error (%) = [(T*Present - T*Das & Samad) / T*Das & Samad] x 100. Positive values indicate overprediction
by the present benchmark. Data for Das & Samad (2020) reproduced from Das & Samad, Energy, 194, Article 116864
(https://doi.org/10.1016/j.energy.2019.116864). Shaded rows (¢ = 0.250 and ¢ = 0.275) indicate post-stall operating conditions where steady

RANS predictive validity breaks down.

physical ~ phenomenon  associated  with
sensitivity to near-stall vortex structure, not a
numerical artifact of deteriorating element
quality.

However, the qualitative analysis of the
streamline pattern on the blade suction side
revealed a fundamental difference between
mesh levels. The M1 mesh level (1.6 million
elements) was unable to reproduce the tip
vortex on the suction side, a physically

significant flow structure associated with
blade-tip  leakage  and  boundary-layer
interaction in Wells turbines. This vortex

structure was consistently reproduced from M2
(3.5 million elements) onward. Figure 5
compares the flow topology at the four mesh
levels, clearly illustrating the absence of the tip
vortex at M1 and its consistent presence from
M2 onward. These results show that
quantitative convergence of integral
performance parameters alone is insufficient as
a mesh selection criterion in studies aimed at
detailed flow-physics analysis. Mesh M2 was
therefore  selected for all  subsequent
simulations based on a dual convergence
criterion: it satisfies the quantitative GCI
threshold (1.24% < 3%) and the qualitative tip-
vortex resolution criterion, while offering a
computational cost (3.5 million elements)
significantly lower than M3 (7.2 million
elements) and M4 (11.4 million elements),
consistent with standard engineering CFD
practice of selecting the coarsest mesh that
satisfies all convergence requirements.

These results show that the quantitative
convergence of  integral  performance
parameters alone is insufficient as a mesh
selection criterion in studies aimed at detailed

flow-physics analysis. Therefore, the mesh with
3.5 million elements (M2) was selected for all
subsequent  simulations,  satisfying  both
quantitative convergence and qualitative flow-
topology convergence while maintaining a
mesh density consistent with that reported by
Das & Samad (2020).

Validation of Reference Turbine

The non-dimensional torque T* and
turbine efficiency 1 obtained from the reference
turbine simulation were compared with the
results published by Das & Samad (2020) and
the experimental results of Curran & Gato
(1997) over the entire flow coefficient range.
The quantitative comparison is presented in
Table 3, while the corresponding performance
curves are shown in Figure 6.

In the pre-stall range between ¢@= 0.075
and @= 0.225, the benchmark model shows
very good agreement with the reference paper.
The non-dimensional torque error varies in sign
along the flow coefficient, ranging from -2.6%
at @= 0.20 to +3.2% at @= 0.075 indicating
the absence of systematic bias and confirming
that the agreement reflects genuine numerical
consistency rather than compensating errors.
The mean absolute percentage error (MAPE)
for T* over the full pre-stall range (¢= 0.075-
0.225) is 2.0% and 2.2% for the strict pre-stall
range (@= 0.075-0.175). The efficiency
prediction shows equally strong agreement,
with  MAPE values of 3.1% and 2.3%,
respectively. To supplement the MAPE metric
and expose point-wise deviation characteristics
that a mean value may obscure, the standard
deviation of the percentage error (o) was
computed across all pre-stall operating points.
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Note. The post-stall zone (¢ > 0.225) is demarcated by a red dashed
boundary in each panel, indicating the operating range where the predictive
validity of steady RANS breaks down. Exp. = experimental data from
Curran & Gato (1997); CFD Das & Samad (2020) = numerical results from
Das & Samad, Energy, 194, Article 116864 (https://doi.org/10.1016/j.energy.2019.116864);
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Figure 6. Performance curves of the reference wells
turbine: (a) non-dimensional torque t*, (b) non-
dimensional pressure drop dp*, and (c) efficiency n

For the full pre-stall range (@=0.075-
0.225n=7), o0=2.3 for T*, a value
commensurate with the corresponding MAPE
of 2.0%, indicating a uniform error distribution
without statistically dominant outliers at any
single operating point. The close agreement
between MAPE and o confirms that no

individual flow coefficient disproportionately
influences the mean error. The benchmark
consistently reproduces the reference results of
Das and Samad (2020) with point-wise
numerical fidelity across the entire pre-stall
operating range.

The most striking agreement is observed
at the numerically reported stall onset point,
= 0.225, where the T* deviation is only
0.3%, indicating near-perfect reproduction of
the turbine torque at this critical operating
point. As shown in Figure 6, the benchmark
curve closely matches the numerical curve of
Das & Samad (2020) and the experimental data
of Curran & Gato (1997) across the entire pre-
stall range, thereby supporting the accuracy of
the present simulation setup.

Above =0.225, the benchmark results
deviate significantly from the reference study.
At @©=0.250, the reference report 7*=0.070,
which corresponds to a deep stall condition. In
contrast, the benchmark predicts 7*=0.170, a
deviation of 142.6%. A @= 0.275, the
deviation reaches 508.6%, with the benchmark
maintaining 7=0.190 compared with the
reference value of 0.031. The corresponding
efficiency deviations are 182.9% and 510.1%,
respectively. These post-stall values are
excluded from the MAPE calculation. The
physical basis for this overprediction is
analyzed in the Limitations of Steady RANS
section.

Validation of Fenced Turbine Configuration

The  non-dimensional torque  and
efficiency results for the stall-fenced turbine
are presented in Table 4 and Figure 7. Unlike
the reference turbine, the experimental dataset
of Curran and Gato (1997) does not include the
fenced turbine configuration. Therefore, the
quantitative comparison for the fenced
geometry was performed exclusively against
the numerical results of Das and Samad (2020).
Figure 7 presents a performance comparison
with the two curves overlaid, allowing a direct
visual comparison between the benchmark
results and the numerical results of the
reference study.

In the strict pre-stall range (¢@= 0.075-
0.175), the MAPE for T* is 4.4%, higher than
the 2.2% achieved by the reference turbine in
the same range. This higher error reflects the
geometric complexity introduced by the fence
structure, which generates local vortices that
steady RANS resolves with slightly lower
precision than for the clean reference blade.
Nevertheless, the agreement remains within
acceptable limits for validation. A notable
anomaly is observed at = 0.200, where the
T* error increases to 17.4% and the efficiency
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Table 4. Quantitative comparison of t and efficiency () between present benchmark and Das & Samad

(2020) for the stall-fenced turbine configuration

T* Das and Error T* Das and Error
@ Samad (2020) | Fresent o ) Samad 2020) " Present o !
0.075 0.00957 0.00996 +4.2 0.44967 0.44878 -0.2
0.100 0.02087 0.02281 +9.3 0.52810 0.55140 +4.4
0.125 0.03913 0.03890 -0.6 0.58039 0.58533 +0.9
0.150 0.06261 0.05843 -6.7 0.59608 0.59138 -0.8
0.175 0.08087 0.07982 -1.3 0.56209 0.58540 +4.1
0.200 0.08609 0.10111 +17.4 0.49935 0.56001 +12.1
0.225 0.09739 0.10987 +12.8 0.44967 0.48156 +7.1
0.250 0.10348 0.12500 +20.8 0.38954 0.42387 +8.8
0.275 0.04696 0.09126 +94 4 0.13595 0.26284 +93.3

Note. All values obtained from steady-state RANS simulations using the SST k- turbulence model in ANSYS CFX 2022 R1. T* = non-dimensional
torque; 1 = efficiency. Error (%) = [(*TPresent — *TDas & Samad) / *T**Das & Samad] x 100. Positive values indicate overprediction by the
present benchmark; negative values indicate underprediction. Validation for the stall-fenced configuration is performed exclusively against the
numerical data of Das & Samad (2020), as no experimental data are available for this geometry in the published literature. Data for Das & Samad
(2020) reproduced from Das & Samad, Energy, 194, Article 116864 (https://doi.org/10.1016/j.energy.2019.116864).
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Note. The post-stall zone (¢ > 0.250) is demarcated by a red dashed boundary in each panel, indicating the operating range where the predictive
validity of steady RANS breaks down for the fenced configuration. CFD Das & Samad (2020) = numerical results from Das & Samad, Energy,
194, Article 116864 (https://doi.org/10.1016/j.energy.2019.116864); Present result = present benchmark study. No experimental data are
available for the stall-fenced configuration; validation is performed exclusively against the numerical results of Das & Samad (2020).

Figure 7. Performance curves of the stall-fenced wells turbine: (a) non-dimensional torque t* and (b)

efficiency n

error to 12.1%. This local deviation, occurring
before stall onset, is consistent with the
emergence of fence-induced flow disturbance.
The phenomenon begins to alter the boundary-
layer behavior from this flow coefficient
onward, slightly earlier than the stall onset at
@= 0.225 as reported by Das and Samad
(2020). This finding suggests that the effective
aerodynamic influence of the fence on the
RANS solver begins at ¢=0.200.

Most  significantly, the benchmark
accurately reproduces the stall point of the
fenced turbine at = 0.250, where T* reaches
its peak and begins to decline in accordance
with stall onset. The stall-point deviation is
nearly zero relative to the reference results,
representing the key validation finding for the
fenced configuration.

Key Finding: Differential Stall Prediction
Accuracy Between Configurations

The most significant result of this
benchmark study is the striking difference in
stall prediction accuracy between the reference
and fenced turbine configurations. Figure 9
presents a summary comparison of the MAPE
values, directly illustrating the superior
predictive reliability of the stall-fenced
configuration relative to the reference turbine.

Figure 9 shows a consistent pattern across
all zones. The reference turbine achieves lower
MAPE values in the pre-stall range (2.0% vs
7.5% for T*, pre-stall full), while the fenced
turbine achieves much lower MAPE values in
the post-stall zone (57.6% vs 325.6% for T*).
In the full zone (p=0.075-0.275), the fenced
turbine MAPE of 18.6% for T* is far lower
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Note. Black markers indicate pre-stall data points (¢ < 0.225 for the reference turbine; ¢ < 0.250 for the stall-fenced turbine) where steady RANS
predictions are considered reliable. Orange markers indicate post-stall data points where RANS breakdown occurs; these points are excluded
from MAPE calculations. The horizontal reference line at AT* = 0 denotes perfect agreement with Das & Samad (2020). The maximum post-stall
deviation for the reference turbine is AT* = 0.1202 at ¢ = 0.250, compared to A*T** = 0.0443 for the stall-fenced turbine at ¢ = 0.275,
confirming the superior RANS predictive reliability of the fence-equipped geometry in the post-stall regime. Numerical data sourced from Das &
Samad, Energy, 194, Article 116864 (https://doi.org/10.1016/j.energy.2019.116864)

Figure 8. Residual error scatter plot of non-dimensional torque (St = t*present - t*Das&Samad) for (a)
reference turbine and (b) stall-fenced turbine configurations across the full flow coefficient range ¢ = 0.075-

0.275

than the reference turbine value of 73.9%,
confirming the overall superior prediction
accuracy of the RANS framework when
applied to the fenced geometry across the entire
operating range. The stall onset of the reference
turbine exceeds @=0.275 in the benchmark,
whereas the stall of the fenced turbine is
correctly reproduced at ¢ = 0.250.

This behavioral difference is explained
through two complementary mechanisms. First,
the stall characteristics are fundamentally
different between the two configurations. In the
reference turbine, the stall is sudden and large-
scale, driven by leading-edge boundary-layer
separation. While the general aerodynamic
behavior of Wells turbines is stable with
negligible dynamic effects, making steady
simulations fundamentally adequate for overall

performance evaluation (Ghisu et al., 2018),
predicting the exact onset of stall on a clean
blade remains inherently difficult for steady
RANS. Because the absence of geometric
disturbance on the clean blade means the model
lacks an explicit physical feature to trigger
surface stall, steady RANS often struggles to
accurately  resolve  the  boundary-layer
separation point. In the fenced turbine, the stall
fence introduces a discrete local vorticity
structure that forces a geometry-driven
separation mechanism, resulting in an early
stall triggered by geometry rather than by
smooth boundary-layer dynamics. Steady
RANS is better able to capture such geometry-
induced flow features, as evidenced by the
near-zero stall-point deviation. The contrasting
prediction accuracy between the two
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Note. MAPE values are computed as the mean absolute percentage deviation of the current benchmark results from the numerical data reported
by Das & Samad (2020). Four flow zones are presented: pre-stall strict (¢ = 0.075-0.175), pre-stall full (¢ = 0.075-0.225), post-stall (¢ = 0.250-
0.275), and full operating range (¢ = 0.075-0.275). Post-stall MAPE values for the reference turbine (T* = 325.6%; n = 319.6%) exceed the chart
axis maximum of 100% and are therefore represented by bars truncated at the axis limit; actual values are reported in Table 3. The post-stall zone
is shaded to indicate the operating range where the predictive validity of steady RANS breaks down. All simulations were performed using
ANSYS CFX 2022 R1 with the SST k- turbulence model.

Figure 9. Grouped bar chart of mean absolute percentage error (mape) for non-dimensional torque t* and

efficiency n across flow zones for reference and stall-fenced turbine configurations
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Note. Color contours represent wall y* values on the blade pressure and suction surfaces at the near-stall operating condition ¢ = 0.225. Although
localized regions of elevated y* are visible particularly on the suction side of the reference configuration and in the vicinity of the fence
attachment lines in the stall-fenced configuration, the area-weighted average y* remains below the threshold recommended for the SST k-®
turbulence model with low-Reynolds wall treatment (y* < 1 for the first prism layer). The elevated y* regions on the stall-fenced suction side
correspond to the fence-induced vortex interaction zones at 40% and 80% span, where local flow acceleration increases near-wall velocity
gradients. These localized exceedances do not compromise the overall near-wall resolution adequacy of the selected mesh. Results visualized
using ANSYS CFD-Post 2022 R1.

Figure 10. Wall y* distribution on the blade pressure side and suction side for reference (top row) and stall-

fenced (bottom row) turbine configurations at ¢ = 0.225

geometry-driven stall distinction described
above.

Second, the fence geometry requires local

configurations, steady RANS failing to
pinpoint the exact stall point in the reference
turbine while successfully reproducing it in the

fenced turbine, is itself indirect numerical
evidence consistent with the smooth versus

mesh refinement in the critical regions along
the blade at 40% and 80% of the span, which
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indirectly increases the near-wall resolution in
those areas, as evidenced in Figure 10 by the
tighter y*© banding around the fence relative to
the surrounding blade surface. This refinement
improves the model’s sensitivity to adverse
pressure gradients near fence locations,
facilitating earlier and more accurate detection
of the geometry-driven separation responsible
for the fenced turbine’s superior stall-point and
post-stall accuracy. This benefit, however, is
confined to the separation-prediction regime
and does not extend uniformly across the
operating range. Further observation of Figure
9 shows that the reference turbine achieves
better pre-stall accuracy (MAPE 2.0%) than the
fenced configuration (MAPE 7.5%). This is
physically consistent: the clean reference blade
offers the most favorable conditions for steady
RANS, without geometric disturbance or local
vorticity interactions. The fence improves stall
prediction accuracy at the cost of a slight
reduction in pre-stall accuracy, an inherent
trade-off in the interaction between fence-
induced flow complexity and the steady RANS
framework.

Physical Evidence of Flow Reproduction

To ensure that this benchmark model
reproduces not only the integral performance
parameters but also the underlying flow
physics, a qualitative and semi-quantitative
flow analysis is presented. This analysis
corresponds to Figure 11 and Figure 12.

As seen in Figure 10, across all flow
conditions, the reference turbine exhibits

regular streamlines, with the flow largely
attached to the suction surface. The presence of
a small vortex region on the hub side at the
lower part of the blade is consistent with the
early development of secondary flow near the
hub at high angles of attack. In the figure, there
is no significant difference among the three
conditions. At the flow-condition ¢=0.175, the
flow remains attached within the blade
boundary layer. The conditions @=0.225 and
=0.250 show the same result. This is related
to the non-dimensional torque, which continues
to rise without any signs of near-stall, with no
vortex appearing and no clearly defined reverse
flow. The main reason the torque keeps rising
in this benchmark is the failure of steady
RANS to capture the recirculation zone, which
forces the flow to remain attached even when
inefficient. By contrast, in Figure 11 for the
fenced case, the fence geometry requires a finer
mesh to capture signs of separation, so the
numerical result is clearer even though the error
is relatively high.

Streamlines on the constant-radius planes
at 40% and 80% of the blade span show a
similar pattern; the flow in Figure 12 for the
reference blade shows no vortex or separation
point at which stall begins. Vortex reattachment
is visible in the fenced configuration at the 40%
and 80% spans, and the tip-leakage vortex is
consistently captured. Therefore, the numerical
simulation is able to capture the stall of the
fenced blade at @=0.250 even though its
torque does not exactly match that of Das &
Samad (2020).
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Note. Color contours represent wall shear stress magnitude t,, (Pa) on the blade suction surface, with red indicating high shear stress (attached
flow) and blue indicating low shear stress (flow separation or incipient stall). Overlaid black lines represent skin-friction lines derived from the
wall-shear-stress vector field. The stall fence locations at 40% and 80% of the span are visible as red vertical markers in the bottom-row panels.
Results obtained from steady-state RANS simulations using the SST k- turbulence model in ANSYS CFD-Post 2022 R1. TE = trailing edge; LE

= leading edge.

Figure 11. Wall shear stress distribution and skin friction lines on the blade suction surface for reference (top
row) and stall-fenced (bottom row) turbine configurations at ¢ = 0.175, 0.225, and 0.250
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Note. Streamlines visualized on spanwise cross-sectional planes at 40% and 80% span measured from the hub, corresponding to the stall fence
installation locations in the fenced configuration. Grey shaded regions indicate recirculation zones associated with boundary-layer separation on
the blade suction surface. SS = suction side; PS = pressure side. Results obtained from steady-state RANS simulations using the SST k-
turbulence model in ANSYS CFD-Post 2022 R1. The absence of a recirculation zone in the stall-fenced panels at ¢ = 0.250, compared with the
reference configuration, demonstrates fence-induced suppression of leading-edge separation at the stall point.

Figure 12. Spanwise cross-sectional streamlines for reference and stall-fenced turbine configurations at 40%

and 80% span locations and ¢ = 0.175, 0.225, and 0.250

Limitations of Steady RANS and Practical
Implications

The results of this study confirm and
quantify the inherent limitation of the steady
RANS method in predicting stall onset for the
reference Wells turbine geometry, while
demonstrating its suitability for the fenced
configuration. The overprediction increases
from 742.6% to 508.6% in the post-stall region
for the reference turbine, caused by three
compounding mechanisms inherent to RANS
formulation.  First, the  time-averaging
procedure inherently smooths out the flow
field, preventing the steady model from
accurately resolving the sudden, geometry-
independent onset of boundary-layer separation
on a clean blade. Second, the SST k-o
production term artificially sustains near-wall
momentum by overproducing turbulent kinetic
energy in stagnation regions at the blade
leading edge, thereby delaying the predicted
separation onset beyond its true physical
location. Third, the shear stress limiter
embedded in the SST k-o formulation which
caps the turbulent shear stress at a value
proportional to the turbulent kinetic energy via
the relation t,<pa;k/max(aim, QF2), where a:
= 0.31 is the Bradshaw constant, Q is the
vorticity magnitude, and F. is a blending
function is designed to prevent overprediction

of eddy viscosity in adverse pressure gradient
flows. However, in the near-stall regime of the
Wells turbine suction surface, this Ilimiter
paradoxically retards the growth of turbulent
eddy viscosity in the adverse-pressure-gradient
region along the blade suction side, thereby
sustaining artificial boundary-layer attachment
beyond the true physical stall point. The limiter
effectively reduces the momentum deficit that
would otherwise trigger separation, causing the
model to predict attached flow even after the
physical boundary layer has detached. This
mechanism, combined with the steady-state
assumption that prevents the resolution of
unsteady post-stall phenomena, including
vortex shedding and dynamic reattachment
cycles, collectively explains the severe torque
overprediction of up to 508% at ¢ = 0.275. This
observation is consistent with Gareev (2011)
and the discrepancy acknowledged in Das &
Samad (2020).

Despite this limitation, steady-state
RANS provides fully adequate accuracy for
engineering design within the pre-stall
operating range. The MAPE of 2.0% for T* at
¢=0.075-0.225 supports design decisions
concerning geometry, operating conditions, and
performance prediction within the practically
relevant range for OWC applications. Higher-
fidelity methods such as URANS, SAS-SST, or
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LES are justified only when accurate post-stall
flow physics are specifically required. For the
fenced configuration, steady RANS proves
effective as a predictive tool across the entire
operating range, including the stall point. The
use of a stall fence not only improves turbine
performance but also enhances the predictive
reliability of the steady RANS framework. This
finding has direct practical implications for the
CFD-based design of Wells turbines with
passive flow control devices.

m  CONCLUSIONS

This study successfully demonstrates that
independent CFD benchmark replication of
Wells turbine performance, both with and
without stall fences, is achievable using steady
RANS with the SST k-o turbulence model in
ANSYS CFX, yielding pre-stall MAPE values
of 2.0% and 4.4% for the reference and fenced
configurations, respectively. These results
confirm that the computational methodology of
Das & Samad (2020) is numerically
reproducible and solver-independent. A key
finding of this benchmark is the fundamentally
different stall-prediction behavior between the
two configurations: steady-RANS fails to
capture stall onset in the reference turbine, with
post-stall torque overpredicted by up to 508%,
whereas stall onset in the fenced turbine is
reproduced with near-zero deviation at . This
differential accuracy is explained by the nature
of stall mechanisms; the progressive and
transient leading-edge separation in the
reference turbine is inherently beyond the
predictive capability of steady averaging,
whereas the geometry-driven vorticity imposed
by the fence provides a discrete flow-separation
trigger that steady RANS can resolve. Beyond
performance validation, this study establishes
that passive stall fences enhance not only
turbine operating range but also the reliability
of CFD-based design prediction, making steady
RANS a more effective tool when applied to
fence-equipped  geometries. All  findings
reported here are valid within the operating
conditions of the present simulation: a chord-
based Reynolds number of Re,=4.3x10°-
4.5x10°, corresponding to a rotational speed of
2000 rpm, a chord length of ¢=0.125 m, and
flow coefficients of @=0.075-0.275 under
standard air conditions. Within this Reynolds
number regime, the flow is fully turbulent, and
the SST k- model operates within its validated
range. Extrapolation of these findings to
significantly ~ different Reynolds number
regimes, such as full-scale OWC prototype
conditions where Rec may exceed 10°, should
be approached with caution and would require
independent validation. For engineering design

purposes. Steady RANS is fully adequate
within the pre-stall operating range for both
configurations. At the same time, higher-
fidelity methods such as URANS or LES
remain necessary only when accurate post-stall
physics are required. The validated numerical
baseline presented here provides a transparent
foundation for future parametric optimization
of Wells turbines incorporating passive flow-
control devices.
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