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Controlling tip vortices and cavitation with a
grooved-tip design for tidal turbines

Yabin Liu, Junchen Tan, and Ignazio Maria Viola

Abstract—Cavitation can result in blade erosion, vibra-
tion, and cavitation noise due to bubble collapse. Tidal
turbines’ blade tips experience the highest flow speed, and
thus, risks of cavitation increase due to low pressure inside
tip vortices at high Tip Speed Ratios (TSRs). This can cap
their power efficiency and lead to an upper TSR limit. The
present work focuses on controlling tip vortices through
a novel approach: tip permeability achieved by a grooved
tip design. A blade-resolved Reynolds-Averaged Navier-
Stokes simulation has been carried out on a model-scale
horizontal-axis turbine. In our work, the simulation results
have been validated with existing experimental data from
the UK Supergen Benchmarking turbine and our wing tip
vortex measurements in a water tunnel. We modelled a
porous zone placed over the blade tip section, demonstrat-
ing that there is an optimal permeability that can substan-
tially reduce the tip vortex intensity and associated pressure
drops, and thus mitigate the risk of cavitation. Building on
this conclusion, in this study, we have developed a novel
design with multiple grooves distributed along the blade
tip chord, resulting in an equivalent local 2D permeability.
The spanwise scope of the porous or grooved zone is 0.1%
of the turbine diameter. It is found that the grooved tip
design can significantly increase the minimum pressure
coefficient at the tip vortex core by up to 27% at a TSR
of 6. We also explored different groove channel designs,
either by pitching the grooves or making them convergent.
We found that, although the effects remain significant and
relatively consistent across all design types, the tip vortices
are most effectively suppressed when the groove channel
has a convergent shape. This promising outcome suggests
a substantial reduction of the tip vortex cavitation risks
and can thus enable turbines to operate at higher TSRs.
Additionally, as the spanwise extent of the permeable tip
is minimal, the impact on the turbine’s power and thrust
coefficients is slight.

Index Terms—Tidal turbine, tip vortices, cavitation,
grooved-tip, flow control
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I. INTRODUCTION

IDAL power has the potential to play a significant

role in the transition to net-zero energy. In the
third quarter of 2024, onshore and offshore wind ac-
counted for 26% of the total electricity generation in the
United Kingdom, with hydroelectricity contributing an
additional 2% [1]. Furthermore, tidal stream resources
have the potential to generate 34 TWh per year -
equivalent to 11% of the UK’s current electricity de-
mand [2]. However, both wind and tidal turbines face
persistent challenges related to vortices and their asso-
ciated wake [3, 4], cavitation [5, 6] and noise [7], which
limit the efficiency and durability of the turbines. Tidal
turbines, in particular, experience more severe erosion
due to prolonged exposure to seawater [8], and their
tips experience the highest flow velocity with a sig-
nificantly increased risk of cavitation and cavitation-
caused damage. Therefore, reducing the intensity of
blade tip vortices and mitigating the cavitation risks
will allow tidal turbines to operate at higher Tip Speed
Ratios (TSRs) without compromising their reliability,
ultimately increasing the amount of power that can be
harvested.

Blade tip vortices form due to the pressure imbal-
ances between the pressure and suction sides of a
blade, creating highly vortical flow structures that lead
to a pressure drop in the centre region. The two types
of tip flow in turbomachinery, tip leakage vortices in
the presence of a casing wall with a gap between
the rotating blades and the casing wall, and tip vor-
tices when there is no casing wall, share the same
underlying flow physics. In underwater applications,
such as ship propellers and tidal stream turbines, tip
vortices are often linked to cavitation due to pressure
drop within the vortex core [5, 9]. The intensity of tip
vortices is often an indicator for the local pressure drop
inside the vortex core [10, 11] as well as the vortex
breakdown [12, 13], thus having a dominant influence
on the cavitation risks, flow unsteadiness, and wake
recovery.

To mitigate the tip (leakage) vortex intensity, Liu et
al. [14] proposed a blade tip design incorporating a
single groove, which showed a significant potential to
suppress the tip leakage vortices and associated cavi-
tation A micro jet is passively generated at the groove
and interacts with the primary tip leakage vortex,
producing a promising jet-induced vortex breakdown
effect. However, a subsequent experimental study by
Jiang et al. [15] revealed that the centralised jet flow
may introduce new cavitation risks due to the high
velocity inside the groove. Taking inspiration from
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Fig. 1. Schematic of a permeable tip for a tidal turbine blade

nature, where permeability is often used to control
vortical structures [16], we proposed a novel approach
of permeable tip treatment [17] (as shown in Figure 1).
Simulations of the model-scale tidal turbine used in
UK Supergen ORE Tidal Benchmarking Project [18]
showed the effects of imposing a uniform Darcy-
type permeability at the blade tip region. Building
on the promising results of these simulations, the
present study presents a practical engineering solution:
a multi-groove blade tip design that leverages uniform
permeability in controlling wakes, while addressing
the new cavitation risks identified by Jiang et al. [15]
for the single groove approach.

Porous media have already been successfully used
for controlling tip vortices, typically to mitigate noise
in turbomachinery [19, 20]. Furthermore, a porous
metal tip of a hydrofoil was found to mitigate the
tip clearance cavitation generated by the vicinity of
the tip to the side wall of a cavitation tunnel [21].
However, those experiments focused on the effects of
tip gap sizes, while the specific role of permeability
was not explained. Other studies showed that the tip
vortex intensity can be modified by equipping the
blade tip geometry with rounded tips [22], thickening
and raking tips [23], and bionic wavy tips [24].

Here, we present a practical approach to reducing
tip vortex intensity and minimising the associated
cavitation risks by incorporating multiple grooves at
the blade tips. Building on our previous work [17, 25],
we employ blade-resolved Reynolds-Averaged Navier-
Stokes (RANS) simulations to model a horizontal-axis
tidal turbine with grooved-tip designs. The groove
configurations are initially guided by porous media
simulations in Liu et al. [17] to ensure similar local
permeability characteristics. Subsequently, we assess
their effectiveness in mitigating tip vortices and reduc-
ing pressure drops. We then analyse the pressure co-
efficient distribution and internal flow patterns within
the grooves to gain insight into the underlying flow
physics. Finally, we compare the turbine’s power and
thrust coefficients to evaluate the impact of grooved-tip
designs on its overall energy performance.
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Fig. 2. Schematic of permeable tip treatment: (a) baseline blade
without a permeable tip; (b) a permeable tip with porous media;
(c) a permeable tip with multiple grooves

II. METHODOLOGY AND VALIDATION
A. Model and grooved-tip designs

In the present work, we develop a novel structure
featuring multiple grooves to replicate the permeability
effects modelled by porous media in our previous work
[17]. A schematic of a permeable tip using porous
material is shown in Figure 2b, while the design in-
corporating multiple grooves is depicted in Figure 2c.

As described in Appendix A, the chordwise dimen-
sion and number of grooves are determined based on
a two-dimensional (2D) channel simulation, ensuring
that the design with multiple grooves achieves a local
2D permeability similar to that of the porous media
simulation. The design consists of 25 grooves oriented
in the chord-normal direction, each with a width of
1% of the tip chord. Additionally, we explore three
alternative designs Figure 3 by varying the contraction
ratio and the direction from the pressure side (PS) and
suction side (SS) for each groove. The spanwise extent
of the groove structures is set to 0.1% of the rotor
diameter, consistent with the porous media simulation
by Liu et al. [17].

B. Numerical methods and validation

This study employs Computational Fluid Dynamics
(CFD) simulations to analyse one-third of a tidal tur-
bine rotor (Figure 4a) within a rotating, non-inertial
reference frame within Ansys Fluent. Periodic condi-
tions are enforced at the two inner side boundaries
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Fig. 3. Four types of groove designs: (a) 25G-R-CN: 25 rectangular,
chord-normal grooves; (b) 25G-R-P: 25 rectangular, pitched (by 30°)
grooves; (c) 25G-C-CN: 25 convergent (convergent ratio 2:1), chord-
normal grooves (d) 25G-C-P: 25 convergent (convergent ratio 2:1),
pitched (by 30°) grooves.

(Figure 4b). The horizontal-axis turbine, with a 1.6 m
rotor diameter D, was tested by the UK Supergen
Offshore Renewable Energy Hub [18]. Experimental
data were obtained from towing tank tests conducted
at a Reynolds number of 1.3 x 10°, determined using a
constant towing velocity of Us, = 1 ms~! and the rotor
diameter as the characteristic length.

The SST k — w turbulence model is employed in the
simulations. A uniform, constant free-stream velocity
with low turbulence intensity, specified as 1076, is
specified at the upstream inlet boundary. The down-
stream outlet boundary is assigned a constant zero
pressure. A slip condition is applied at the outer
boundary, while no-slip conditions are applied to the
blade and hub surfaces. A non-conformal interface
technique is employed to connect the rotor domain
with the groove channel. The validation and verifi-
cation of the employed numerical method have been
performed in our previous work [17], which shows a
good agreement between the simulation results and the
experimental data.

The computational domain is discretised using
ICEM-CFD, generating a structured mesh of approx-
imately 33 million hexahedral cells for a case with
multiple grooves. As shown in Figure 5, the mesh
along the blade-tip chord direction is further refined
(compared to the mesh used in Liu et al. [17]) to predict
the flows going through the grooves accurately. The
boundary layer of the blade and the groove walls is
accurately resolved, maintaining an average y* around
one at the design tip speed ratio of 6.03.

ITI. RESULTS
A. Vortex pattern and pressure coefficient at the vortex cores

In Figure 6, we compare the 3D streamlines orig-
inating from the blade tip for the baseline case and
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Fig. 4. Model: (a) turbine rotor with three blades (b) axial view of
the 120°-wedge computational domain
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Fig. 5. Mesh on the turbine blade and grooves.

the permeable tip designs featuring multiple grooves.
The simulation results indicate that the grooved-tip
design effectively mitigates tip vortex intensity and the
associated pressure drops by significantly increasing
the radial extent of the primary tip vortex and en-
hancing vortex diffusion. Furthermore, the presence of
these grooves suppresses the tip separation vortex and
displaces the primary tip vortex away from the blade
suction surface, thereby further reducing the risk of
blade damage in the event of cavitation within the
vortex. These behaviours align with the permeability
effects observed in porous media, as reported in Liu et
al. [17].

Figure 7 illustrates the tip vortex structure, defined
by the @ criterion, along with the pressure coefficient
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Fig. 6. Comparison of 3D streamlines released from the blade tip
between: (a) Baseline; (b) 25G-R-CN; (c) 25G-R-P; (d) 25G-C-CN; (e)
25G-C-P. The pressure-coefficient Cp, is defined as Cp, = i"pg"; ,
where poo is the inlet pressure and Us is the inflow freegtre;om
velocity (towing velocity in the experiment).

(Cp) distribution across multiple cross-sections. These
sections extend from the mid-chord position (y/c = 0.5)
to the trailing edge (y/c = 1.0) and further into the
wake region at y/c = 1.4. The grooved-tip designs
significantly reduce the pressure drops associated with
the primary tip vortex, particularly during its merger
with the tip separation vortex near the trailing edge.
Additionally, the tip vortices fragment into smaller
structures due to the influence of the grooves and the
jet flows generated within the groove channels.

We further quantitatively analyse the effects by ex-
tracting the minimal C, on each cross-section along
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Fig. 7. Comparison of tip vortices visualised by @ criterion, where
QD?/U2 = 6.4 x 105, and distribution of pressure coefficient on
cross-sections between: (a) Baseline; (b) 25G-R-CN; (c) 25G-R-P; (d)
25G-C-CN; (e) 25G-C-P.

the primary tip vortex trajectory. As demonstrated in
Figure 8, the grooved-tip designs effectively increase
the minimal pressure coefficient within the primary
tip vortex by up to 27%, significantly mitigating the
risk of cavitation in a tidal turbine. Although all four
types of grooved-tip designs demonstrate significant
and consistent efficacy, the 25G-C-CN design exhibits
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Fig. 8. Comparison of minimal pressure coefficient along the primary
tip vortex trajectory.

the optimal effect, while the 25G-R-CN design shows
the least effect overall.

B. Pressure coefficient inside the grooves

As highlighted by Jiang et al. [15], a potential draw-
back of the single-groove design proposed in Liu and
Tan [14] is the risk of cavitation within the groove,
caused by high flow velocity and the resulting local
low pressure. To investigate this issue, we further
analyse the pressure coefficient distribution along a
circumferential cut through the multiple grooves in
the present work, as shown in Figure 9. The results
indicate that the multiple-groove design substantially
mitigates this problem due to the lower flow speeds
within the grooves, thereby reducing the risk of cavi-
tation inside the groove channels. Although local low
pressure occurs in several grooves, the scope of this
phenomenon is very limited, and the extent of the
pressure drop is moderate. Figure 9 also shows that
the 25G-C-CN design demonstrates the optimal effect
in reducing pressure drops in the primary tip vortex,
particularly in the region near the trailing edge.

To understand the reason for the moderately su-
perior effect demonstrated by the 25G-C-CN design,
we present the velocity vectors inside and around
the grooves along the same cut through the multiple
grooves in Figure 10. It is evident that the 25G-C-CN
design induces the strongest interaction between the
jet flows from the groove channels and the primary
tip vortex. In contrast, the 25G-R-CN design, which
shows the weakest effect in Figure 8 among the four
designs, generates a lower level of interaction due to
the vortical flows formed inside the groove channels.
This indicates that a practical design must consider
both general effects, such as overall permeability, and
local effects, such as the local blockage within the
groove channels.

C. Power and thrust performance

In this section, we examine the impact of the
grooved-tip design on the turbine’s power coefficient

Fig. 9. Distribution of pressure coefficient on a circumferential
section at 99.825% radius of the turbine rotor: (a) Baseline; (b) 25G-
R-CN; (c) 25G-R-P; (d) 25G-C-CN; (e) 25G-C-P.

(Cp) and thrust coefficient (Cr). Given that the span-
wise extent of the groove structures is only 0.1% of the
turbine diameter—approximately 0.23% of the turbine
blade’s radial length—the influence of the grooved-tip
designs is minimal across all configurations. As shown
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Fig. 10. Velocity vector inside and around the grooves on a circum-
ferential section at 99.825% radius of the turbine rotor: (a) 25G-R-CN;
(b) 25G-R-P; (c) 25G-C-CN; (d) 25G-C-P.

TABLE 1
COMPARISON OF POWER AND THRUST COEFFICIENTS AMONG
DIFFERENT GROOVED-TIP DESIGNS

Design Type  25G-R-CN  25G-R-P 25G-C-CN  25G-C-P
Cpr/CPyive 0.9915 1.0018 0.9993 1.0243
C1/CTyptine 0.9918 1.0002 1.0017 1.0156

in Table I, the relative change in Cp ranges from -
0.85% to 2.43% compared to the baseline case, while
the relative change in C'r ranges from -0.82% to 1.56%.

IV. CONCLUSION AND DISCUSSION

In the present work, we introduce an innovative
method to reduce tip vortex intensity and the associ-
ated cavitation risks by incorporating tip permeability
through a grooved tip design for tidal turbines. This
builds upon our previous work, which demonstrated
that the permeable tip treatment with optimised per-
meability can significantly lower tip vortex intensity
and pressure drops, thereby mitigating the risk of
cavitation.

Using blade-resolved RANS simulations, we have
developed a novel grooved-tip design that replicates
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Fig. 11. Schematic of a permeable tip for a tidal turbine blade

the local 2D permeability effect. Our findings show
that the grooved-tip design significantly enhances the
minimum pressure coefficient at the tip vortex core,
with an increase of up to 27% at a tip speed ratio of
six. Additionally, we explore various groove configu-
rations, including pitched and convergent designs, and
discover that while all designs had consistent effects,
the convergent groove design proved to be the most
effective in suppressing the tip vortices and associated
pressure drops.

Additionally, the minimal spanwise extent (0.1% of
the turbine rotor diameter) of the grooved tip ensures
a slight impact on the turbine’s power and thrust
coefficients, with a relative change in Cp of up to 2.43%
and a relative change in Cr of up to 1.56%.

These findings underscore the effectiveness of the
grooved-tip design in significantly reducing cavitation
risks, enabling turbines to operate at higher tip speed
ratios while maintaining structural integrity. In general,
this approach offers a highly efficient and practical
solution for improving the performance and durability
of tidal turbines, as well as other wing- or blade-based
systems operating in underwater environments.

APPENDIX A
2D CHANNEL SIMULATION FOR PERMEABILITY
ESTIMATION

To guide the practical design of multiple grooves,
a 2D channel simulation is conducted. As illustrated
in Figure 11, the 2D channel includes a foil with the
same profile as the turbine blade tip. Simulations are
performed for two cases: (i) the foil is filled with a
porous material of uniform permeability, characterised
by the non-dimensional Darcy number Da (refer to
[17] for the detailed definition of Da); (ii) the foil
contains multiple grooves allowing flow passage, while
the remaining region remains solid. When the pressure
loss across the foil, defined as the pressure differ-
ence between the channel inlet and outlet boundaries,
is identical in both cases, the groove configuration
achieves the same 2D permeability (along the chord-
normal direction). Given that the optimal permeability
range has been identified as Da = 1075 to Da = 107°
[17], the corresponding groove configurations have
been determined to fall in this range of permeability.
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