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Floating Offshore Wind Turbines (FOWTs) require a multidisciplinary approach to optimize 
aerodynamic efficiency, hydrodynamic stability, and mooring system performance. This study 
presents a fully coupled numerical model of the National Renewable Energy Laboratory's 
(NREL) 5 MW OC4 semi-submersible FOWT, validated using Computational Fluid Dynamics 
(CFD) simulations in OpenFOAM and experimental data. The model accurately predicts the 
turbine’s aerodynamic response, platform motion, and mooring system behaviour under varying 
wind and wave conditions. 

This research focuses on the impact of the centre of gravity (COG) height on FOWT stability and 
performance. Results indicate that reducing the COG height has a minimal effect on heave and 
surge motions but significantly decreases pitch motion and mooring line tension. This improves 
static stability, reduces wave load impacts, and enhances aerodynamic power output, leading 
to greater energy capture efficiency. 

Additionally, the study compares the performance of a Conventional Mooring System (CMS) and 
a New Mooring System (NMS). Findings indicate that the NMS provides enhanced stability in 
surge and heave motions, distributes stress more efficiently, reduces mooring line tension, and 
improves structural durability. Although aerodynamic performance differences between the two 
mooring systems are minor due to phase differences in surge and pitch motions, optimizing 
these dynamics could further enhance energy generation and cost efficiency. 

This research contributes to advancing FOWT technology by providing insights into optimising 
structural and mooring systems, ultimately improving offshore wind energy's reliability and 
economic viability. Future work will explore further refinements in mooring system designs and 
their integration into industry-standard analysis tools. 
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Introduction

Context: FOWTs harness deep-sea wind energy but face challenges from 
coupled aerodynamic, hydrodynamic, and mooring dynamics.
Problem: Existing models often oversimplify interactions, limiting accuracy 
in predicting stability and efficiency.
Research Gap: Fully coupled simulations integrating real-world platform 
motions and mooring dynamics are computationally demanding and 
underexplored. 

Objectives

1. Develop a validated CFD model for fully coupled aero-hydro-mooring 
analysis of FOWTs.

2. Investigate the impact of Centre of Gravity (COG) height on platform 
stability and energy capture.

Methodology

� Tools: OpenFOAM-based CFD solver with:

�turbinesFoam (Actuator Line Model for aerodynamics).

�waves2Foam (wave generation/absorption).

�MoorDyn (dynamic mooring system, Coulling et al., 2013).

�sixDoFRigidBodyMotion (6-DOF platform dynamics).

�Model Validation: NREL 5 MW OC4 semi-submersible FOWT validated 
against experimental and numerical benchmarks.

Figure 1: Flowchart of the FOWT fully coupled model 

Key Results

COG Impact: Lower COG reduces pitch motion by 20% and mooring tension 
by 8.6%, improving FOWT stability but also fluctuating the power output.

Environmental conditions

Inflow Wind 

Speed (m/s)

Wave 

amplitude (m)

Wave Height 

(m)

Wave Period 

(s) 

Rotor Speed 

(rpm)

11.4 3.79 7.58 12.1 12.1

Load Cases#

COG (m)
LC1 LC2 LC3 LC4

-10.2 -12.2 -14.2 -16.2

Table 1: Environmental conditions and load cases for the FOWT

Figure 2: Comparisons for the platform motion response and power 
under the case LC1 in Table 1

(a) Pitch response                              (b) Surge response

(c) Heave response (d) Power

(a) Pitch response                               (b) Heave response

Figure 4: Pitch, heave, and mooring tension under cases LC1-4.
(c) Fore mooring  tension              (d) Port-aft mooring tension 

Figure 6: FOWT vortex contour proximity to the wind turbine 
and midplane flow field under the case LC1

2/3 T 
2/3 T 

Figure 5: Aerodynamic power and thrust under cases LC1-4.
(a) Aerodynamic power                     (b) Aerodynamic thrust 

Conclusion

� The coupled model accurately predicts FOWT dynamics.
� Reducing COG enhances the pitch and mooring tension of the FOWT 
system, but leads to fluctuations in power output.

� Mean power output was increased by 0.9% due to improved platform 
stability.

Key reference

Haider et al. (2024). Renewable Energy 237, 121793.

Tran and Kim (2016). Renewable Energy, 90, 204-228.

Coulling et al. (2013). J. Renew. Sustain. Energy 5, 023116.
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Controlling Tip Vortices with a Grooved-tip Design 

Junchen Tan*, Ignazio Maria Viola†,and Yabin Liu‡ 

Underwater turbomachinery, such as propellers and tidal turbines, faces significant challenges 
from blade tip vortices, leading to cavitation and noise. Building on our previous work on 
controlling tip vortices by employing permeable tips1, we propose a novel and practical design 
featuring multiple grooves at the tip of a wing extracted from a NACA 63415 hydrofoil, consistent 
with the profile of the Supergen Benchmarking Turbine blade tip 2. Experiments were conducted 
in a water tunnel at a Reynolds number of 30,000, employing streamwise and cross-flow 
Particle Image Velocimetry (PIV) to visualise and understand tip flow and vortical structures 
with and without the grooves. Lift and drag forces were recorded to assess the impacts of 
grooved-tip designs on the hydrodynamic efficiency of wings. 

Streamwise PIV results show a significant velocity deficit in the tip vortex with the grooves, 
suggesting a mitigated pressure drop and lower cavitation risk. The underlying mechanism 
involves micro-jets generated inside the grooves interacting with the primary tip vortex. Cross-
flow measurements suggest substantial suppression of the tip separation vortex and significant 
reduction of vorticity within the primary tip vortex core. 

Downstream of the wing, analysis of the swirling strength and vorticity confirms reduced vortex 
intensity and increased vortex dimensions, and consequently, enhanced diffusion. Additional 
vortex parameter analyses, including circulation, viscous core radius, and vortex intensity, 
reveal that the grooved tips enlarge the vortex core radius without notably affecting its 
circulation. Lift force measurements indicate a slight increase in the lift coefficient with grooved 
tips, though the variations are within measurement uncertainties. These findings demonstrate 
that the proposed grooved-tip design is very effective for controlling tip vortices, and yet its 
implementation is remarkably simple. 

In summary, our proof-of-concept experiments introduce a novel, practical, and passive design 
for controlling tip vortices. For tidal turbines, this has the potential to significantly mitigate 
concerns about blade tip cavitation and thus overcome the upper limit of the turbine’s tip 
speed ratio. Therefore, our ongoing experimental campaign at FloWave applies this design to a 
model-scale tidal turbine, utilising the Lagrangian Particle Tracking Velocimetry technique to 
visualise tip flows and wake structures. This innovative design offers broad applications, ranging 
from green propulsion systems to sustainable energy harvesting. 

*School of Engineering, University of Edinburgh, Edinburgh, EH9 3BF, UK.
†School of Engineering, University of Edinburgh, Edinburgh, EH9 3BF, UK. 
‡Department of Engineering, University of Cambridge, Cambridge CB2 1PZ, UK; 
yl742@cam.ac.uk. 
1Liu et al., arXiv preprint 2408.16418 (2024). 
2Willden et al., Proceedings of the European Wave and Tidal Energy Conference 15 (2023). 
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Conclusions

✓ Controlling tip vortices through grooved tip design is experimentally tested in a water tunnel for a

NACA63415 hydrofoil; the overall effect is promising.

✓ A velocity deficit is observed along the primary tip vortex trajectory, indicating the pressure drop

within the tip vortex core is mitigated by the interactions between groove-jets and wake.

✓ The tip separation vortex on the foil tip is substantially suppressed.

✓ The underlying flow physics for the mitigation of primary tip vortex is through reduced vortex intensity

and enlarged vortex dimensions.

✓ The design is effective, yet simple, as demonstrated by our proof-of-concept experiments. Model-scale

turbine tests with Lagrangian Particle Tracking Velocimetry measurement will commence in April.

Background and Concept

Tidal turbine blade tips, which experience the highest flow speeds, are prone to tip

vortices and the associated cavitation and noise issues. The increase of turbine Tip

Speed Ratio (TSR) is beneficial to optimise the turbines’ efficiency and energy

output, however, the risk of cavitation and noise due to tip vortices caps the upper

TSR limit. In addition, the blades are more vulnerable to cavitation erosions in the

seawater environment when cavitation bubbles collapse, and the performance and

durability of tidal turbines can be severely affected. Therefore, considerable attention

must be paid to tip vortex cavitation to overcome the upper TSR limit, thereby,

improving the turbine efficiency and enhancing power extraction.

Building on our previous work [1] on controlling the tip vortices through permeable

treatment modelled by a confined porous zone at the tip, we propose and investigate a

novel and practical tip design to mitigate tip vortices through grooves achieving an

equivalent 2D permeability. A schematic diagram of the flow control approach on a

tidal turbine blade is illustrated in Fig. 1. The proof-of-concept experiments were

performed around a wing in a water tunnel at the University of Edinburgh, and we

are testing the design on a model-scale tidal turbine in FloWave with Lagrangian

Particle Tracking Velocimetry (PTV) technique.

Fig. 1: Schematic of the flow control technique through a grooved-tip design.

Turbine blade from the Supergen Tidal

Turbine Benchmarking Project [2, 3]

Key Research Outcomes and Ongoing Work

Fig. 3: Streamwise PIV results showing the velocity deficit in the wake with grooved tip.
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Fig. 4: Crossflow PIV results showing a reduction in vorticity (𝜔𝑥) and swirling strength (𝜆𝑐) in the wake

with enlarged vortex dimensions (left panel); mitigation of tip separation vortex (right panel).
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Fig. 5: Ongoing – turbine test with Lagrangian Particle Tracking (4D PTV) in FloWave (U. of Edinburgh).
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Experimental Methodology

Test parameters：

❑Water tunnel experiment with crossflow and streamwise Particle Image Velocimetry

(PIV) measurements (see Fig. 2).

❑ Freestream velocity 𝑈∞ = 0.3 m/s; chord-based Reynolds number Re = 30,000.

❑ NACA63415, chord length c = 100 mm, span b = 200 mm, angle of attack 𝛼 = 6∘.

❑ Groove depth at the tip is 1% of the wing span.

[1] Liu et al., 2024, https://doi.org/10.48550/arXiv.2408.16418.

[2] Liu et al., 2023, https://doi.org/ 10.36688/ewtec-2023-505.

[3] Willden et al., 2023, https://doi.org/10.36688/ewtec-2023-574.
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Fig. 2: Experimental setup for particle image velocimetry measurements.
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