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A B S T R A C T

The Wells turbine is used in conjunction with an oscillating water column to harvest wave energy. It is a self-rec-
tifying axial flow reaction turbine which consists of symmetrical blades aligned normal to the incoming flow. A
narrow operating range due to flow separation restricts the power extracting capability of the turbine at a higher
flow rate. To improve its performance, a turbine blade with combined design modifications such as radiused edge
blade (REB) tip, static extended trailing edge (SETE) and variable thickness blade (VTB) was investigated through
CFD analysis. Three-dimensional time independent Reynolds-averaged Navier-Stokes equations were solved in a
commercial solver to obtain the turbine performance, which was given by non-dimensional torque, pressure drop
and efficiency. The combined REB tip, SETE and VTB modifications enhanced relative average turbine power
output by 97% and the relative operating range by 22%. However, the average efficiency is decreased by 7.7%,
because of the increased pressure drop.

Nomenclature

Abbreviations
AR Aspect ratio
LE Leading edge
OWC Oscillating water column
PS Pressure side
PTO Power take-off
RANS Reynolds-averaged Navier-Stokes
RET Radiused edge tip
SETE Static extended trailing edge
SS Suction side
SST Shear stress transport
TE Trailing edge
TLF Tip leakage flow
TLV Tip leakage vortex
VTB Variable thickness blade
WEC Wave energy converter

Symbols
C Cp Chord length [mm] Pressure coefficient [-]
Cptot Total pressure coefficient [-]

h Average cell size [m3]
H= Hub to tip ratio [-]
k Turbulence kinetic energy [m2/s2]

Pressure [Pa]
Pressure drop [Pa]

Δp∗= Pressure drop coefficient [-]
Q Volume flow rate [m3/s]
Rhub Blade hub radius [mm]
Rmid = Radius of blade midspan [mm]
Rtip Blade tip radius [mm]
T Torque [N·m]
T*= Torque coefficient [-]
UA Inlet axial velocity [m/s]

Utip Blade tip velocity [m/s]
U*= Flow coefficient [-]
V Absolute velocity [m/s]
W Relative velocity [m/s]
y+ Non-dimensional wall distance [-]
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Fig. 1. Airflow inside the OWC (left) and torque characteristic of Wells turbine (right).

Fig. 2. Schematic of Wells turbine.

Table 1
Turbine specification (Torresi et al., 2008).

Blade airfoil profile NACA 0015

No of blades 8
Chord length (C) 125mm
Hub radius 200mm
Tip radius 300mm
Mean radius 250mm
Hub to tip ratio 0.6667
Solidity at mean radius 0.64
Tip clearance 1.25mm
Rotational speed 2000rpm

Z Number of blades [-]
α Angle of attack [o]
ρ Density [kg/m3]
Ω Angular velocity [rad/s]
η= Efficiency [-]

Subscripts
1, i Inlet
2, e Outlet
o Stagnation
t Tangential

1. Introduction

The ocean wave energy has a huge potential to meet our ever-grow-
ing energy demands and to reduce dependency on fossil fuels. The en-
ergy is available throughout the year and easily predictable. However,
its commercial extraction has many hindrances such as harsh environ

ment, high cost and low performance, etc. Increasing the performance
of wave energy converter (WECs) is inevitable for economically viable
power extraction (Astariz and Iglesias., 2015). The oscillation water col-
umn (OWC) device is the most commonly used WEC (Mustapa et al.,
2017). It consists of a partially submerged concrete structure with an
opening below the water surface, which creates an air chamber. The in-
coming wave compresses and decompresses the entrapped air by oscil-
lating motion and the air turbine inside the OWC extracts energy from
the airflow. Wells turbine is one of the most commonly used air turbines
in an OWC device (Falcão, 2010). It is a self-rectifying axial reaction
turbine and consists of symmetrical airfoil blades. The merits of Wells
turbine include low cost, high blade velocity for relatively low airflow
velocity and simple to construct; whereas its demerits are noisy opera-
tion, reduced torque at small flow rates and a narrow operating range
(Falcão., 2010).

To understand the Wells turbine operation, airflow inside the OWC
and the turbine torque characteristic are illustrated in Fig. 1. The air-
flow inside the OWC is cyclic in nature and varies from a maximum to
a minimum value, and vice versa. At low air flowrate, there is no power
generation due to low air velocity; whereas at high flowrate, stall oc-
curs due to high air velocity. Despite the availability of high power at
higher flowrate, the stall phenomenon restricts the ability of turbine to
extract energy. Hence, the power extracted by the Wells turbine is in-
termittent in nature and to improve its performance, the power extract-
ing capability of turbine at low velocity and the operating range should
be improved. An exhaustive study on the various design parameters af-
fecting the performance of Wells turbine can be found in the works of
Raghunathan (1995) and Shehata et al. (2017). The Wells turbine per-
formance is very sensitive to tip clearance (Raghunathan, 1995) and tip
leakage flow (TLF) (Taha et al., 2011). A higher value of tip clearance
delays stall with reduced efficiency; in contrast, small tip clearance im-
proves efficiency and advances the stall (Raghunathan, 1995).

Researchers investigated various configuration such as bi-plane
(Raghunathan and Tan, 1983), guide vanes (Gato, 1990), contra-rotat-
ing (Raghunathan and Beattie, 1996), blade sweep (Gato and Webster,
2001), variable chord (Govardhan and Dhanasekaran, 2002) and op-
timized airfoil profiles (Mohamed et al., 2011; Shaaban, 2017) to im-
prove the Wells turbine performance. As discussed earlier, the TLF
affects the performance of Wells turbine significantly. Takao et al.
(2007) implemented end plates to suppress the TLF, whereas Taha et
al. (2011) proposed a non-uniform tip clearance to enhance the per-
formance. Shaaban and Hafiz (2012) optimized the duct geometry to
improve the turbine power and efficiency. The optimized design weak-
ened the mixing between TLF and blade suction side (SS) flow and im-
proved the performance. Halder et al. (2015) adopted a casing groove
to delay the stall phenomenon by altering the TLF behavior. Cui et
al. (2016) studied various blade tip configurations to improve perfor-
mance and found that the ring type blade performed relatively bet-
ter. Halder et al. (2017) and Halder et al. (2018) optimized the blade
sweep angle with thickness and casing groove to augment the turbine
power and to delay stall. Nazeryan and Lakzian (2018) studied variable
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Table 2
Reference blade and variants of blade modifications.
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Fig. 3. Flow domain with single blade and periodic interfaces.

thickness distribution from hub to tip and reported that the variable
thickness blade (VTB) diminished the mixing between the TLF and blade
SS flow. The VTB reduced the entropy generation and improved stall
characteristics. A similar phenomenon of the TLF modification is pre-
sented in the study of Kumar et al. (2018). They introduced a radiused
edge tip (RET) blade to alter the TLF pattern that improved the relative
peak turbine power and operating range by 37% and 25%, respectively.

From the above discussion, it can be concluded that the nature of
interaction between the TLF and the primary flow on the blade SS dic-
tates the aerodynamic performance of Wells turbine. Various authors
used different design modifications to weaken the above-said interac-
tions; however, the combined effects of these proven design modifica-
tions were not investigated. Moreover, Liu et al. (2007) observed that
the airfoil with static extended trailing edge (SETE) enhances the lift
coefficient. The idea of SETE was inspired from the thin extended trail-
ing edge found in the birds such as owl and merganser (Liu et al.,
2006). In a quest to enhance the Wells turbine performance by increas-
ing the operating range and turbine power, the combined effects of
blade modifications such as VTB, RETB, and SETE are investigated in
this study. It is evident from the literature that both VTB and RETB
has increased the operating range, whereas SETE is anticipated to im-
prove the turbine power. The aerodynamic performance of the modified
blades is obtained by solving the three-dimensional steady Reynolds-

averaged Navier-Stokes (RANS) equation and compared with the ref-
erence blade. An extensive parametric analysis and discussion are pro-
vided by analysing the flow behavior to unveil the aerodynamic effects
of the modified blades.

1.1. Description of reference and modified blades

The reference Wells turbine geometry is presented in Fig. 2, and the
specifications are given in Table 1 (Torresi et al., 2008). A combina-
tion of VTB, RETB and SETE are modified to generate seven different
blades (Table 2). The blade tip, trailing edge (TE) and thickness dis-
tributions are altered and new designs are produced. In case of VTB,
NACA 0010, NACA 0015 and NACA 0020 profiles are implemented at
the hub, midspan and tip, respectively (Nazeryan and Lakzian, 2018).
The RETB is created using the fillet option in SolidWorks (Dassault Sys-
tems, Waltham, MA), with a radius of 1%C as reported in the study
of Kumar et al. (2018). The SETE is implemented by fixing the lead-
ing edge (LE) and extending TE without altering the original features of
the airfoil. The length (l), thickness (t) and deflection are fixed as 5%C,
0.25mm and 0°, respectively (Liu et al., 2007).

2. Performance parameters

The turbine performance can be expressed as:
Torque coefficient (T*)

(1)

Static pressure drop coefficient (Δp*)

(2)

Efficiency (η)

(3)

Flow coefficient (U*)

(4)

Fig. 4. Discretized computational domain.
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Table 3
Numerical model and applied conditions.

Working fluid Air

Type of analysis Steady
Nature of flow Incompressible
Computational domain Single blade with periodic interface
Rotation speed 2000rpm
Inlet Axial velocity (4–18m/s)
Outlet Zero relative pressure
Blade and hub No-slip wall
Shroud No-slip counter rotating wall
Lateral sides Periodic boundary
Reference pressure 1atm
Turbulence intensity 5%
Advection scheme High-resolution

Table 4
Grid parameters and Grid Convergence Index (GCI) analysis.

Number of elements (10 6) N1, N2, N3 6.80, 3.07, 1.39

Average grid size (h) h1, h2, h3 0.0052, 0.0068, 0.0089
Grid refinement factor (r) r21, r32 1.3, 1.3
Performance parameter (φ) φ1, φ2, φ3 0.0427, 0.0422, 0.0402
Apparent order P 5.47
Extrapolated values , 0.04294, 0.04295
Approximate relative error , 1.14%, 4.95%
Extrapolated relative error , 0.35%, 1.52%
GCI , 0.43%, 1.92%

Table 5
Flow coefficient and inlet axial velocity flow ranges.

Flow coefficient (U*) [-] Inlet axial velocity (UA) [m/s]

0.075 4.712
0.125 7.854
0.175 10.996
0.225 14.137
0.275 17.279

Fig. 5. Validation of present numerical model with published data for η, Δp*, and T*.

3. Numerical methodology

The numerical analyses were performed by solving steady incom-
pressible RANS equation. The two-equation eddy viscosity-based, k-ω
shear stress transport (SST) was chosen as the turbulence closure model;
since it is favourable for flows with adverse pressure gradient and sep-
aration. It is a blend of k-ε and k-ω model, which compensates the
limitation of both models by applying k-ω model in the near wall

region and k-ε in region away from the wall (Menter, 1994). The k-ω
SST turbulence model is mesh sensitive and requires a fine mesh with
y+ value less than one to resolve the viscous sublayer region near the
wall (Ansys CFX, 2011).

Fig. 3 displays the flow domain used for the numerical study. The
upstream and downstream lengths of the flow domain were fixed as 4
and 6 times of chord length, respectively (Torresi et al., 2009; Halder et
al., 2015; Hu and Li, 2018). A Cartesian coordinate system was adopted
such that the x, y, and z-axes represent chordwise, streamwise and span-
wise directions, respectively. A rotating frame of reference was used to
realize the rotational effects of turbine without physically rotating it.
Additional momentum sources are added to governing equations to ac-
count for the Coriolis and the centrifugal force components (Ansys CFX,
2011). The flow domain was meshed with unstructured tetrahedral ele-
ments in ICEM CFD 15.0 (Fig. 4) (Ansys ICEM CFD, 2012). Additionally,
prism elements with an initial height of 0.011mm and a height ratio of
1.2, were created around the blade to resolve the boundary layer. The
details of boundary conditions are provided in Table 3. The numerical
simulations were carried out using Ansys CFX 15.0 (Ansys CFX, 2011).
It is an implicitly coupled solver that solves the velocity and pressure
equations simultaneously. The simulations were run with double preci-
sion to minimize the round-off error. To ensure convergence, root mean
square (RMS) of residuals and the mass imbalance were set to 1e-5 and
0.001%, respectively. All simulations were performed on high-perfor-
mance Virgo super cluster available at Indian Institute of Technology
Madras. It has a total computing power of 97 TFlops and populated with
2X Intel E5-2670 8C 2.6GHz processors.

4. Results and discussion

4.1. Grid sensitivity study and numerical validation

The numerical uncertainty caused by the discretization error is eval-
uated using the grid convergence index (GCI) based on Richardson ex-
trapolation (Roache, 1998). As recommended in the literature, a grid
refinement factor (r) of 1.3 was adopted in this study (Celik et al.,
2008). Meshes with three different resolution such as fine (6.8 million
elements), medium (3.1 million elements) and coarse (1.4 million el-
ements) were generated and the aerodynamic performance parameter
(φ), i.e., non-dimensional torque was computed for these grids. The pro-
cedure provided by Celik et al. (2008) was followed in this study to
estimate the discretization error. The grid refinement was systemati-
cally done by varying the global mesh size. The average grid size for a
three-dimensional flow domain is expressed as

(5)

where ΔVi is the volume of the ith cell and N is the number of elements
in the flow domain. The subscripts 1,2,3 represents fine, medium and
coarse meshes, respectively. The apparent order (P) is determined using
the equation given below.

(6)

(7)

(8)
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Fig. 6. Aerodynamic performance comparison of the variants of modified blades with the reference blade.

Fig. 7. Comparison of REF and OPT blades for pressure coefficient at blade midspan.

The value of q(P) is 0 in equation (6), since in this
study.

The approximate and extrapolated relative error estimates are com-
puted using equations (9) and (10), respectively.

7
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Fig. 8. Location of turbolines.

(9)

(10)

Finally, the GCI is given by

(11)

Table 4 provides the outcome of GCI analyses. The obtained ex-
trapolated relative errors for the fine and medium grids are 0.35%
and 1.52%, respectively. The numerical uncertainty reduces with an in-
crease in grid refinement. The GCI for the medium and fine meshes
are 1.92% and 0.43%, respectively. Although the numerical uncertainty
in the fine grid is very less, selecting it will increase the computa-
tional time considerably. In addition, the GCI between the medium and
coarse grid is less than 2%, and it implies that the solution obtained

from the medium grid is not much sensitive to further refinement
(Manna et al., 2013). Hence as a trade-off between computational accu-
racy and time, the medium grid is retained for all computational analy-
ses performed in this study.

To ensure the accuracy of the numerical methodology followed, the
present results are compared with experimental results of Curran and
Gato (2005) and numerical results of Torresi et al. (2008) and Halder et
al. (2015). The nondimensional performance parameters T*, Δp*, η are
plotted against U* and the inlet axial velocity (UA) is varied from 4 to
18m/s to simulate the entire flow range. Table 5 provides the range of
UA used in the numerical analyses. From Fig. 5, it can be seen that the
present numerical results match well with the existing experimental and
numerical results. The values U*=0.225 and UA =14.7312m/s corre-
spond to the stall point, after that the torque and efficiency drop rapidly
due to flow separation.

4.2. Aerodynamic performance of the modified blades

The aerodynamic performance of the modified blades is shown in
Fig. 6. In general, the torque generated by all configurations of modi-
fied blades is improved significantly (Fig. 6a). The torque is enhanced
for all U* in SETE combination blades, while it occurred at a relatively
higher U* with delayed stall in RETB combination blades. The reason
behind the improved torque of SETE variants can be explained by the
increased pressure drop as shown in Fig. 6b. The combined VTB, RETB
and SETE blade shows higher torque compared to other variants. More-
over, the efficiency of the modified designs is reduced due to increased
pressure drop. Although the efficiency decreases (Fig. 6c), the modified
designs show wider operating range excluding the SETE blade, where
only the torque is enhanced. As explained earlier, the wider operating
range is vital to improve the mean turbine power output. From Fig. 6a,
it is evident that the combined VTB, RETB and SETE blade (now on-
ward referred as OPT) is superior to other designs, both in terms of op-
erating range and turbine power output. Fig. 6d shows the relative per-
cent variation of the REF and OPT blade before stall condition. It can
be seen that the percent increase in pressure drop is higher than the
corresponding torque enhancement. This causes a decrease in the effi

Fig. 9. Spanwise distribution of non-dimensional tangential velocity at turboline 1, for different values of U*.

8



UN
CO

RR
EC

TE
D

PR
OO

F

P.Madhan Kumar et al. Ocean Engineering xxx (xxxx) xxx-xxx

Fig. 10. Total pressure coefficient distribution at turboline 2 on the blade suction side for. REF and OPT blades at different values of U*.

Fig. 11. Full flow domain total pressure coefficient contour at 20%C downstream of blade SS for REF and OPT blades at different values of U*.

ciency of OPT blade. The decrease in efficiency increases with an in-
crease in U* as the losses increase significantly with U*. Further, a de-
tailed flow analysis was carried out to comprehend the fluid flow behav-
ior in the OPT blade.

4.3. Flow analysis

As U* increases the performance parameter also changes. Therefore,
it is required to distinct the effect of performance parameter for REF

and OPT blade. At a higher U* (=0.275) the OPT blade improved the
stall limit while the REF blade stalled after U* (=0.225). Furthermore,
the performance at low flowrates is also important, hence three differ-
ent flow coefficients (U*=0.075, 0.225, and 0.275) were adopted for
flowfield comparison of REF and OPT blade. Fig. 7 shows the pressure
coefficient (Cp) distribution at blade midspan, and it is expressed by

(12)
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Fig. 12. Non-dimensional tangential velocity contours for REF and OPT blades at the mid chord section at different values of U*.

Fig. 13. Streamlines at mid chord section for REF and OPT blades at different values of U*.

As shown in the figure, the OPT blade shows slightly increased pres-
sure at blade LE and TE for U* = 0.075. The increased blade load-
ing for the OPT blade is significant at U* = 0.225, where a higher
suction pressure occurs at LE compared to the reference (REF) blade.
The area enclosed by Cp curve represents the blade lift force. Hence, a
higher enclosed area signifies increased lift and increased torque in the
OPT blade. At higher U* (=0.275), the suction pressure at LE vanishes

in REF blade and it shows constant pressure on the SS which indicates
stall. Increased angle of attack (AOA) and the corresponding severe ad-
verse pressure gradient is responsible for stall in REF blade. In contrast,
the OPT blade shows increased suction near LE which explains the de-
layed stall and enhanced torque (Fig. 6a).

Fig. 8 illustrates the location of turbolines along which the tangen-
tial velocity and total pressure coefficient distributions are plotted. Fig.

10
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Fig. 14. Streamlines at blade leading edge for REF and OPT blades at different values of U*.

Fig. 15. Streamlines at different planes along blade chord for REF and OPT blades at. dif-
ferent values of U*.

9 represents the spanwise distribution of non-dimensional tangential
velocity at turboline 1 (Fig. 8). The tangential velocity is a critical
factor that affects the turbine power output as it is evident from the
Euler equation ( ) for turbine. As revealed in the fig-
ure, tangential velocity increases from hub to tip for both blades, how-
ever the OPT blade shows slight enhancement in tangential velocity at
U*=0.075 as compared to REF blade. The tangential velocity enhance-
ment in OPT blade increases with increase in U*. The tangential velocity
curve steepens, and it is reduced near the tip region for the REF blade
due to stall condition at U*=0.275. In contrast, the OPT blade shows a
continuous increase in tangential velocity due to delayed stall (Fig. 6a).

Fig. 16. Tip leakage flow patterns for REF and OPT blades at different values of U*.

Fig. 10 shows total pressure coefficient distribution at turboline 2
(Fig. 8) located on the blade SS. The total pressure coefficient (Cptot) can
be expressed as

(13)

The losses in turbomachinery can be classified as profile loss, sec-
ondary loss and tip leakage loss (Denton, 1993). The profile loss is re-
lated to the development of boundary layer, and it increases with flow
separation. The secondary loss, also known as end wall loss, arises due
to the generation of secondary flows near the endwall. The tip leakage
loss occurs due to leakage flow, which arises due to the pressure vari-
ation between pressure side (PS) and SS of blade tip. The tip leakage

11
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Fig. 17. Isosurface of Q-criterion for a value of 5.5×106 s−2 with Cptot distribution for
REF and OPT blades at different values of U*.

loss interacts strongly with secondary loss, and it is difficult to differen-
tiate between them. Hence, they are combined (Niu and Zang, 2011) as
shown in Fig. 10. In addition, the Cptot is higher near the tip region for
both the blades and is nearly constant from hub to near-tip region ex-
cept for the case of blade stall.

At U*=0.075, the OPT blade shows higher losses near the tip,
whereas the profile loss is almost the same for both cases. Due to stream-
lined entrance, the RET increases TLF and tip leakage loss. This in-
creased tip leakage loss combined with higher pressure drop due to
SETE decreases the efficiency of OPT blade (Fig. 6c). The tip leakage
loss increases steadily with an increase in U*. At U*=0.275, the OPT
blade shows an increased loss near the tip region, whereas the REF blade
shows an increased loss from about 20% of blade span to tip. The higher
profile losses are resulted from flow separation due to adverse pressure
gradient, which signifies stall in the REF blade. However, the OPT blade
does not show increased profile loss and it implies attached flow.

Fig. 11 shows full flow domain Cptot contour at 20%C downstream of
blade SS. The first impression is a distinctly high Cptot that is observed
near the tip and the hub region. The high Cptot in the tip and hub region
corresponds to the tip leakage vortex (TLV) and the hub-corner separa-
tion vortex, respectively. The increase in Cptot with U* indicates an in-
crease in tip leakage loss due to increased TLF. The tip leakage loss is
higher in the OPT blade compared to the REF blade, due to increased
blade loading. At U* = 0.275, a significantly high Cptot region along the
blade span implies stall in REF blade, whereas it is confined near the tip
of the OPT blade and indicates delayed stall.

Fig. 12 illustrates non-dimensional tangential velocity contours at
the mid-chord section. The low tangential velocity region visible on the
SS of blade tip signifies TLF and it increases with an increase in U* for
both blades. In addition, the high-velocity region on the blade SS im-
plies the mainstream flow. The TLF offers blockage to the mainstream

flow and it intensifies with the increase in U*. The OPT blade shows
a higher tangential velocity along the blade span throughout the flow
range and it corroborates with the results shown in (Fig. 9). At
U* = 0.275 for the REF blade, a low-velocity region is visible on blade
SS and it extends from 20% of blade span to tip. It indicates a stall due
to the strong interaction between TLF and mainstream flow thereby in-
creased blockage. On the contrary, for OPT blade, the above-mentioned
interactions are weak, and confined to a smaller region, thereby reduc-
ing blockage and improved the performance.

The flow structures and streamlines at the blade mid-chord section
are visualized to comprehend the flow dynamics in the REF and the
OPT blade (Fig. 13). The leakage flow ejects from the blade tip PS to SS
as a result of pressure difference and rolls down into a clockwise TLV.
At a lower U* = 0.075, the TLV is confined near the blade tip SS for
both blades. The size of the TLV increases with increase in U*, because
of increased axial velocity and AOA. For both blades, the TLV is con-
fined near the tip region and the mainstream flow is not affected sig-
nificantly for U* ≤ 0.225. With further increase in U*, the TLV breaks
down because of severe adverse pressure gradient in the REF blade and
interacts strongly with mainstream flow inducing a stall phenomenon.
In contrary, the OPT blade shows a stable TLV and weak mixing with
the mainstream flow, which is consistent with the results shown in Fig.
12. The increased TLF due to RET decreases the effective AOA and re-
duces the adverse pressure gradient, thereby delays the stall.

Further, the tip separation bubble vanishes in OPT blade due to ra-
diused edge in contrast to the REF blade which shows separation bubble
near the LE sharp corner (Figs. 13 and 14). In OPT blade, the absence
of the separation bubble eliminates blockage to the clearance flow and
the leakage loss is increased. The leakage loss is reduced in REF blade
due to blockage by separation bubble. These results are consistent with
the increased tip leakage loss as shown in Fig. 10. Moreover, the ra-
diused edge in OPT blade prevents tip separation and reduces the inten-
sity of leakage flow interaction with the mainstream flow because of the
streamlined edges compared to the sharp edges in the REF blade (Ameri
and Bunker, 1999).

Fig. 15 shows the TLV and Cptot contours at 20%, 50% and 80%
planes along the blade chord. It can be observed that the TLV emanates
from the LE on the blade SS and diffuses as it moves downstream. A
high Cptot region visible on the SS of chordwise planes indicates TLV.
The strength of TLV increases with increase of U* up to 0.225 and in-
creased Cptot appears near the SS of blade tip for both blades. For the
REF blade, at U* = 0.275 the TLV breaks down and interacts strongly
with mainstream flow thereby increasing blockage and causing stall. Se-
vere adverse pressure gradient stems from increased U* is responsible
for the TLV breakdown. In contrast, the TLV is stable in the OPT blade
and it interacts weakly with mainstream flow. This explains the delayed
stall phenomenon and increased operating range for the OPT blade. Ad-
ditionally, volumetric streamlines around the blade tip are presented in
Fig. 16 to understand the TLF pattern. The TLF emerges as a flat wall jet
and interacts weakly with mainstream flow up to U* ≤ 0.225 for both
blades. However, at U*=0.275, the REF blade shows strong interaction
between the TLF and mainstream flow in contrast to the OPT blade. This
corroborates the results shown in Figs. 12 and 15.

Fig. 17 shows the isosurface of Q-criterion (Q=5.5×106 s−2)
coloured with Cptot. As explained earlier, the TLV is visible on the blade
SS, and the TE vortex originates from the blade TE. The increased Cptot
along the blade SS and TE also indicates the aforementioned vortices.
Both the TLV and TE vortex increase in size with U*. The TLV is con-
fined near the tip region and there is no significant interaction with the
mainstream flow for both blades up to U*=0.225. At U*=0.275, the
TLV breaks down in REF blade and interacts strongly with mainstream
flow. It increases blockage and stall occurs. However, in the OPT blade,
TLV is stable and interacts weakly with mainstream flow thereby delay-
ing stall.
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5. Conclusion

The aerodynamic performance of Wells turbine using various com-
bination of design modifications was computed numerically. The design
modifications implemented in this study were radiused edge tip, static
extended trailing edge and variable thickness along the blade span. The
optimum design was selected based on the wider operating range and
maximum power output. Moreover, a detailed flow field analysis of the
optimum design was presented using the pressure coefficient, total pres-
sure coefficient, tangential velocity, and tip leakage flow. The main con-
clusions are:

• The combined radiused edge tip, static extended trailing edge, and
variable blade thickness provided wider operating range and en-
hanced power output.

• The combined design improved the relative stall margin and turbine
power by 22% and 97%, respectively and decreased relative effi-
ciency by 7.7%.

• The increased suction pressure in the combined design is responsible
for the enhanced power output.

• The nature of the interaction between TLF and mainstream flow dic-
tates the Wells turbine performance. The above-said interactions are
weak in the combined design and are responsible for the delayed stall.

• Moreover, further investigations should be carried out to comprehend
the effects of design parameters on the performance with a multi-ob-
jective optimization approach.
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