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Abstract: Recently the leading-edge tubercles on the pectoral fins of humpback whales have
attracted the attention of researchers who wish to exploit this feature in the design of turbine
blades to improve the blade performance. The main objective of this paper is therefore to make
a further investigation into this biomimetic design inspiration through a fundamental research
study involving a hydrofoil section, which represents a straightened tidal turbine blade, with
and without the leading-edge tubercles, using computational and experimental methods.

Firstly a computational study was conducted to optimise the design of the leading-edge
tubercles by using commercial CFD code, ANSYS-CFX. Based on this study the optimum
tubercle configuration for a tidal turbine blade with S814 foil cross-section was obtained and
investigated further. A 3D hydrofoil model, which represented a “straightened” tidal turbine
blade, was manufcatured and tested in the Emerson Cavitation Tunnel of Newcastle University
to investigate the effect of various tubercle options on the lift and drag characteristics of the
hydrofoil. The experiments involved taking force measurements using a 3-component balance
device and flow visualistion using a Particle Image Velocimetry (PIV) system. These tests
revealed that the leading-edge tubercles may have significant benefits on the hydrodynamic
performance of the hydrofoil in terms of an improved lift-to-drag ratio performance as well as
reducing the tip vortex which is main cause of the undesirable end-effect of 3D foils. The study
explores further potential benefits of the application of leading-edge tubercles on tidal turbine
blades.

Keywords: Tidal turbine, Leading-edge tubercle, Foil tests, Computational Fluid Dynamics
(CFD), Lift and drag measurements, Flow visualisations, Particle Image Velocimetry (PIV)
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1 Introduction

The humpback whale is a species of giant marine mammal, ranging from 12~16m long. In spite
of its large size this creature is unique in its ability to do athletic manoeuvres, especially in
catching its prey, compared to other similarly sized marine mamals. Humpback whales utilize
their unusually long pectoral fins to perform tight turns to drive a school of fish into a small
circular zone so that they can swallow their prey all together. Close observation of their long
fins indicates that the leading edges of these fins are not smooth, having some tubercles which
are round shape protuberances [1][2]. Wind tunnel tests showed that placing leading-edge
tubercles on foils could improve the foil performance in terms of delayed stall and higher lift-
to-drag ratio |3-8].

A number of numerical and experimental investigations has been conducted to understand the
tubercle concept [8-12]. Some of these investigations indicated that the effects caused by the
tubercles on the performance of a 2 dimensional (2D) foil and 3 dimensional (3D) foil are quite
different [3][5][6][9)[L1][13-15]. Studies on the 2D foils were more focused on the optimisation
of the sinusoidal shape tubercle profiles defined by different parameters. Optimised tubercle
profiles on these 2D sections could improve the lift coefficient curves further by maintaining
the lift after the stall point. However this was at the cost of a reduction in the maximum lift
coefficients since the drag coefficients were increased by these tubercles, at the same time. On
the other hand, different performance characteristics have been reported based on the
investigations with the leading-edge tubercles on 3D foils which are usually tip tapered like
rudders, stabilizer fins, wings, flippers etc. The investigations with the 3D foils also claim the
improvement of the lift coefficient curves by maintaining the lift beyond the stall point which
is similar to the effect of tubercles on 2D foils. However, in addition to this, the performance

regarding to the lift-to-drag ratio can be enhanced [6-8 .

Encouraged by the previous investigations into tubercle performance, especially for the 3D foil
applications, an attempt was made recently to apply the tubercle concept to tidal turbine blades
and scaled turbine models with different tubercle designs were tested in a towing tank .
Some performance improvement was demonstrated in this application even though the power
coefficients achieved were not comparable to state-of-the-art levels due to various design and
other issues developed during the tests. The blade with only a 1/3 of the span covered with
tubercles displayed the best performance amongst the different ranges of the tubercle
extensions over the blade span. Based on the results of this recent research it was thought that,
there was a scope for further research and development in this field to improve the performance
of a tidal turbine and demonstrate it in a validated manner.

The main objective of this study is therefore to make a further contribution to the understanding
of the tubercle concept in the design of tidal turbine blades by using computational and
experimental approaches. Within this framework, a fundamental investigation using a single
2D and 3D blade configuration is presented in this study. This is intended to achieve some
basic understandings of the leading-edge tubercles on a straightened turbine blade prior to
applying them to the real blades of a whole tidal turbine.

In the remainder of this paper, an optimization study is presented in Section 2 to optimise the

main parameters of the leading-edge tubercles for a single blade with S814 cross-section profile
by using the commercial CFD software, ANSYS-CFX. In this exercise a reference 2D foil

3
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fitted with different sizes of tubercles was analysed to lead on to the design of a 3D foil with
tubercles. Then a straightened 3D foil based on a tidal turbine blade with the same chord length
distribution but with a constant pitch angle was designed by using the optimised tubercles and
a physical model based on this design was tested in a cavitation tunnel as presented and
discussed in Section 3 of the paper. Finally main conclusions obtained from the study are
presented in Section 4.

2 Tubercle Design and Optimization

2.1 Description of Tubercle Design

The design study was based on a previous UK National research programme (EPSRC-RNET),
in which a tidal turbine was designed based on the S814 profile cross-section from the NREL
series, as shown in[Figure 1]from Wang et al who conducted an experimental investigation
into the efficiency, slipstream wash, cavitation and noise characteristics of this turbine. The
scaled turbine model is shown in[Figure 2]as mounted on the open water dynamometer of the
Emerson Cavitation Tunnel of Newcastle Universiy. A representative and straightened version
of this turbine blade, which is based on the S814 profile cross-section, was considered as the
reference foil in this study to apply the tubercle concept.

The investigation into the optimisation of the tubercle profiles was initiated by systematically
changing the Height (H) and the Wavelength (W) of these protrusions based on the sinusoidal
form of their shapes. Two sets of tubercle designs were simulated with two different heights
which were assumed 5% and 10% of the foil chord length (C) and combined with ten
wavelength arrangements varying from 0.1C to 1C in 0.1C increments. The definitions of these
parameters are shown in[Figure 3

2.2 Numerical Method and Validation

Before investigating the effect of the designed tubercles on the foil performance, the foil test
data available from Ohio State University was used to validate the CFD model [21].
According to the previous 2D foil studies [5][6][8][11], the tubercles were found to be beneficial
when the foil was under stall or near stall conditions. However the simulation of a foil
performance under stall conditions was a challenging case in CFD simulations [23].
Therefore the establishment of a reliable CFD model, in terms of the turbulence modelling,
effective mesh generation, etc., would be critical for the simulations as discussed in the next.

2.2.1 Turbulence Model

For the optimisation study presented here, a more computationally economical time
independent steady state RANS model was preferred. Industrially acknowledged and
recommended K-epsilon and Shear Stress Transport (SST) turbulence models were

investigated in the study .

2.2.2 Mesh Generation

Mesh quality for curved surfaces is another critical issue for CFD simulations. As a first attempt
a structured mesh of around 1 million O-type elements was generated by the ANSYS-

4
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MESHING module [23]. The value of the non-dimensional wall parameter, y+, was kept as 1
to ensure the required mesh quality within the boundary layer and the growth ratio was
limited to 1.08. The outer boundary was set at about 10 chord lengths away from the foil.
Meanwhile newly developed Solution Adaptive Mesh technology was also used to adapt the
mesh automatically based on the flow gradient [23]. This enabled more effective mesh
distribution depending on the requirements.

Figure 4|shows the whole mesh and the details of the grid near the foil section before the
solution adaptive mesh was processed. However after the process of solution mesh adaption,
the number of elements became around 2.5 million or more which depended on the calculation
cases. The mesh would be further refined automatically during the simulation itself, as shown
in|Figure 5

2.2.3 Validation of CFD

shows the comparison of the CFD predictions for the experimental lift and drag
coefficients of the Ohio State University foil. The CFD simulations were conducted using both
K-epsilon and SST turbulence models by maintaining the chord length based Reynolds number
at 10°. As shown in[Figure 6] both CFD simulations with the two different turbulence models
displayed very good agreement with the experiments up to a 10 deg of angle of attack (AOA)
where the stall occurred. After the stall, the CFD predictions overestimated the lift coefficient
especially using the K-epsilon turbulence model. However, when the CFD simulation with the
SST turbulence model was combined with the solution adaptive mesh technique the
prediction was greatly improved, as shown in|Figure 6] Similar comparisons are also shown
for the drag coefficients. As shown in|Figure 6] the predictions with the SST turbulence model
combined with the solution adaptive technique show close agreement with the experimental
data. Finally, the comparisons of the CFD predictions with the experimentally measured
pressure distribution around the foil in stall condition are shown in|Figure 7|and|Figure 8|and
again display very good correlations. Therefore the SST turbulence model with the solution
adaptive mesh was adopted for the analysis of the flow.

2.3 Optimization Result and Analysis

Using the validated CFD model, the lift coefficients of the foil with the S814 profile cross-
section and sinusoidal tubercles of differing parameters were simulated. As shown in[Figure 9]
and [Figure 10] the tubercles on 2D foils maintained higher lift coefficients in the post-stall
region (20°~40°) while they also reduced the maximum lift coefficient. Increasing the tubercle
wavelengths brought the lift coefficients of the foil with the leading-edge tubercles closer to
the lift coefficients of the reference or “baseline” foil with the smooth leading edge i.e. without
tubercles. However reducing the wavelengths increased the lift at higher angles of attacks while
reducing the maximum value of the lift. By taking into account these trends, the foil having a
sinusoidal form of tubercle with the height and wavelength of H=0.1C and W=0.5C,
respectively, was considered to be a good compromise from the performance point of view and
was chosen for further analysis as a 3D foil.

Post analysis of the CFD simulation results of the cases, “Baseline” and the optimised “H-0.1,
W-0.5", under 15° are shown in[Figure 11] The velocity iso-surfaces for the case where the
velocity is equal to 50% of the incoming velocity, reveal the flow separation patterns and were
plotted and coloured base on the pressure distribution. As shown in Figure 11, the flow pattern
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around the foil was favourably affected by the presence of the tubercles as the flow appeared
to be more attached to the foil surface following the crest of the tubercles whereas the baseline
foil without tubercles displayed separated flow after the leading edge.

3 Foil Design and Test

Having conducted the CFD analysis on the 2D foil and validated the results, the next task was
the design of a representative 3D foil with tubercles, based on an existing tidal turbine blade,
and to conduct dedicated experiments to investigate the effect of tubercles on the hydrodynamic
characteristics of this foil.

3.1 Foil Design and Manufacture

As reported in the open literature [6][11] by previous researchers the effect of tubercles on the
hydrodynamic performance of 2D and 3D foils was different and further evidence supporting
this claim would be welcome as one of the natural outcomes of the present study. Therefore a
3D foil representing a turbine blade was designed and model tested in this section.

As stated in Section 2.1, the representative 3D foil was based on the blade of the tidal turbine
designed by Wang et al [19]. However, while the foil had the same chord length distribution
as the subject tidal turbine blade it had a constant pitch. Based on the limitations imposed by
the testing section of the ECT, the span of the test foil was specified as 560mm. Considering
the operating range of the tip speed ratios (TSRs), the range of the angles of attack (AOA) to
be applied on the foil during the tests was specified to be 0° to 40° while the inflow velocities
were selected as 2, 3 and 4m/s. Over this inflow velocity range, the reference Reynolds number
(Re), which was described based on the chord length (150mm) of the foil at 0.7 radius, was
varied from 0.3x10° to 0.6x10°. This was similar to the Re range for the turbine model that was
used by Wang et al [19].

According to the optimisation task with the 2D foil presented in Section 2.3, the foil with the
tubercles would display relatively the best performance when the height (H) and wavelength
(W) of the tubercles were 0.1C and 0.5C, respectively. Hence approximately 8 sinusoidal
tubercles with successive crests and troughs were evenly distributed along the leading edge.

Based on the above arrangement, the 3D foil was manufactured in two separate parts and then
assembled. The first part was the interchangeable (or removable) leading-edge part of the foil
while the second part was the remainder (i.e. main body) of the foil that also supported the
whole foil structure. The interchangeable leading-edge was printed using a 3D printer in four
segmented pieces from a liquid resin material, Stratasys Vero White Plus RGD835.

The interchangeable and segmented manufacture of the leading-edge profiles provided very
useful flexibility for testing the different leading-edge arrangements as well as overcomed the
size limitation of the 3D printer. The main body of the foil was milled by CNC machine from
a carbon fibre reinforced plastic (CFRP) to ensure that the structure would be strong enough
and the deformation minimal. All the models with various combinations of the leading edge
profiles are shown in[Figure 12
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The main foil with five different leading-edge combinations, one of which was the smooth
leading edge, was tested and corresponding hydrodynamic performances were compared to
explore the effect of the four different tubercle arrangements on the foil performance. In order
to classify the different leading-edge tubercle combinations, the reference foil with the smooth
leading-edge section was represented by legend “0000” while the foil with the leading-edge
tubercles covering the whole span was represented by “11117. Other leading-edge
combinations with partial tubercle applications were represented using legend “0001”, “0011”
and “0111” for thel/4, 1/2 and 3/4 coverage of the foil span by the tubercles from tip to root,
respectively.

3.2 Experimental Setup

The experiments were conducted in the Emerson Cavitation Tunnel (ECT) at Newecastle
University. The tunnel is a medium size propeller cavitation tunnel with a measuring section
of 1219mmx806mm (width x height), as shown in[Figure 13] The speed of the tunnel inflow
varies between 0.5 to 8 m/s. Full details of the ECT and its further specifications can be found
in reference [24].

The lift and drag performance of the test foil was the primary interest during the experiments
as in many foil investigations. During the tests, the forces (X, Y) acting on the foil, which was
suspended vertically from the upper lid in the mid-plane of the tunnel measuring section, were
measured using a 3-component balance device. This device was a Cussons R102 balance which
was specially designed and manufactured for the ECT to be mounted on the top lid of the tunnel
using a height and angle adjustment mechanism. The test foil was mounted to the bottom plate
of the 3-component balance to transfer the forces to the 3 load cells and a circular plate was
fitted at the root of the blade to prevent the tunnel inflow entering into the cavity, where the
balance was housed, as shown in|Figure 14

The measured lift and drag forces were represented by the following non-dimensional
coefficients:

Lift Equation (1)
CL = 1
EpVZA
Drag Equation (2)
CD = 1
7,DVZA

Where Lift is the measured lift of the foil which is perpendicular to the incoming flow; Drag is
the measured drag of the foil which is aligned with the incoming flow; p is the density of the
tunnel water, which was measured as 1004 kg/m> using a density meter; ¥ is the tunnel inflow
velocity; A is the reference area of the foil which is assumed to be equal to the foil projected
area, 0.0924 m?.

All the measured data were gathered by a National Instruments data acquisition system and
analysed instantaneously by LabVIEW. For each measurement point, 500,000 samples were
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acquired at a 1 kHz sample rate and averaged to calculate the mean value. During the
experiments, each test run was repeated three times for uncertainty analysis. The average
results were then plotted and compared. The maximum values of CL and CD were 2.3% and
3.1%, respectively, with mean values of standard deviation of 1.1% and 1.0%, respectively.
One example of the uncertainty analysis is presented in Figure 15.

In order to measure and analyse the flow field around the foil, a 2D particle image velocimetry
(PIV) system was used, while some still photo images were also taken. The detailed technical
specification of the PIV system used, which was a Dantec Dynamics Ltd product, is shown in
Table 2. During the use of this system, the flow field was illuminated by the planar laser light
sheet which was perpendicular to the hydrofoil and highly seeded flow field images were
captured by the double framing high-speed CCD camera at a frequency of 5S00Hz and 0.0004s
time interval. Throughout the measurements, 100 double frame image pairs needed to be
captured, analysed and averaged to achieve a time-averaged velocity distribution. The adaptive
PIV analysis was used for the 2D images from each camera with a grid size of 16x16 pixels.
Afterwards, the results of these 100 velocity samples were averaged to achieve the final results.

3.3 Force Measurement Results and Analysis
3.3.1 Reynolds Number Effect

First of all, based on the above test set-up, the reference foil “0000” was tested at 2, 3 and 4m/s
tunnel velocity to demonstrate the effect of Reynolds number (Re). Because of the practical
limitations of the testing facility, a typical full-scale Re range for a tidal turbine, which often
ranges from 10x10° to 30x10° based on the chord length at 0.7 radius, could not easily be met
within the model scale test. In the current tests, the Re range was varied from 0.3x10° to 0.6x10°
where the Re was described based on the reference chord length of 150mm at 0.7 radius. It is
important that the Reynolds number effect has to be checked prior to any flow tests and certain
precautions must be taken to improve the circumstances for very low Re cases.

Figure 16 shows the measured lift, drag and lift-to-drag ratio of the reference foil (i.e. Foil
0000) which are represented in terms of the associated coefficients as described in Section 3.2.
In this figure the last character with an underscore bar in the legend used refers to the tunnel
incoming velocity (e.g. 0000 2, where the tunnel velocity is 2 m/s). As shown in Figure 16,
within the range of the Reynolds numbers tested, the slope and maximum value of lift
coefficients decrease gradually with increasing Re. On the other hand, the drag coefficients are
nearly identical for different values of Reynolds number. Thus, the lift-to-drag ratios of the
reference foil with the smooth leading-edge are reduced with increasing Reynolds number.

The tests conducted for the reference foil (Foil “0000”) were repeated for Foil “1111” which
had full leading-edge tubercles and the results are presented in[Figure 17] As shown in[Figure ]
unlike in the reference foil case, the lift coefficient of the foil with the leading-edge
tubercles increases with the Reynolds number, particularly after a 14° angle of attack (AOA)
for 2m/s and 3m/s flow speed. A large gap can be seen between the lift coefficients for 2m/s
and 3m/s. There seemed to be a trend suggesting that the lift-to-drag ratio can be enhanced with
increasing Reynolds number and hence the foil with the leading-edge tubercles may have a
better performance at higher range of Reynolds number.
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3.3.2 Performance Comparison between the Foils with and without Tubercles

Figure 18|shows the comparison of the lift and drag performances for the reference foil (Foil
“0000”) and its counterpart (Foil “1111”") with a full set of leading-edge tubercles, at a 4m/s
inflow velocity which corresponds to the highest Reynolds number that was achieved.[Figure |
[18]clearly shows the beneficial effect of the tubercles on the lift coefficient and hence on the
lift-to-drag ratios. It is interesting to note in[Figure 18]that the lift coefficients of both foils are
almost identical up to an angle of attack (AOA) of 9-10° after which Foil “1111” can maintain
a linear growth until 16° AOA while Foil “0000” cannot. This results in a 32% increase of the
lift-to-drag ratio for the foil with leading-edge tubercles compared to the reference foil, as
shown in[Figure 19] Meanwhile the peak lift-to-drag ratio of Foil “1111” also shows a 5.8%
higher value at 4° AOA. From([Figure 19] it is clear that the enhancement caused by the leading-
edge tubercles can be observed over the majority of the range of AOAs tested.

3.3.3 Performance Tests with Different Tubercle Coverage Arrangements

Although the beneficial effect of leading-edge tubercles covering the whole span of the foil has
been confirmed in the previous section, it has been reported in other research that this effect
may vary depending on the position and extent of the tubercles’ coverage relative to the foil
span [18]. Therefore 3 different tubercle coverage arrangements, which were described in
Section 3.1 as Foil “00017, “0011”, “0111”, were tested to identify the optimum arrangement.
Five sets of tests, which also included the reference foil (“0000”) and the foil with full coverage
of tubercles (“1111), were conducted at 3m/s and the results were compared, as shown in
[Figure 20]|to|Figure 22| From the plots of the lift coefficients, it can be seen that the peak lift
coefficient tends to increase with the extent of the tubercles. As shown in[Figure 20] Foil
“1111”, demonstrates the highest lift with a value of 1.48 at 16° AOA. Nevertheless this
arrangement also displays the highest drag. Based on the comparisons of the lift-to-drag ratios
of the tested arrangements, it appears that Foil “0001”, which had 1/4 of its leading-edge
covered with tubercles, displayed an overall better performance. This can be clearly seen in
[Figure 21|and[Figure 22|where Foil “0001” shows a positive impact from 0° to 26° AOA with
more than 10% enhancement in the maximum lift-to-drag ratio at 5° AOA, compared to the
reference (Foil “0000”). Even though Foil “1111” displayed the highest growth rate at 16° AOA,
Foil “0001” may offer more potential in improving the performance of a tidal turbine operating
over a wider range of tip speed ratios.

3.4 Flow Visualization Results and Analysis
3.4.1 Mapping the Flow Separation Region

Flow visualization tests with Foil “0000” and Foil “1111” were performed at a 3 m/s tunnel
inflow speed and at AOAs of 16° and 24°. For these conditions, the flow fields across three
selected sections along the foil span were visualised using the PIV device. The locations of the
selected sections are shown in Figure 23 for Foil “1111” and these positions were repeated for
Foil “0000”. For each test condition, 100 pairs of PIV images were analysed and averaged to
achieve the time-averaged data. The images of the flow fields and associated velocity vectors
at the three selected sections are shown in|Table 3|and|Table 4|for the AOA of 16° and 24°,
respectively.
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Firstly, concentrating on the 16° AOA results in[Table 3] as shown in the first column (Section1)
the flow separation observed at the back of Foil “1111” is much stronger than the separation
observed at the back of Foil “0000”. As the visualisation sections are getting closer to the foil
tip the flow separation gradually vanishes as shown in the flow field results for “Section2” and
“Section3”. This can be related to the strong rolling up effect of the tip vortex forming from
the pressure side to the suction side of the foil which would reduce the flow separation. In fact,
hardly any flow separation could be observed from the results of “Section2” and “Section3”
with Foil “0000”.

On the other hand, as shown in|Table 4} the results of the flow visualisations at 24° AOA
indicate severe flow separation for both foils. However the separation experienced by Foil
“1111” was even more severe than that experienced by Foil “0000”.

3.4.2 Development of Tip Vortex Cavitation

Perhaps the most striking difference between the flow pattern around Foil “0000” and Foil
“1111”, was the development of a very strong tip vortex cavitation generated by Foil “0000”
as opposed to almost no such cavitation generated by Foil “1111” due to the effect of the
leading-edge tubercles. This can be clearly seen in the results given in[Table 3]for the test
condition with a 3m/s incoming velocity and 16° AOA. A close-upof this cavitating vortex,
which emanated from the tip of the reference foil with about a 10mm diameter, is shown in

Figure 24

Using a typical cavitating Rankine vortex expression, the relationship between the diameter of
the cavitating tip vortex, a., and its circulation, I', can be given by Equation 3 .

0.5pI'2 Equation (3)

Po =P = Gz

where, ps1is the pressure in far field and p,, is the saturated vapour pressure of the water.

According to Equation 3, the larger the diameter is, the stronger the vorticity. Since both foils
were tested under the same conditions, the larger tip vortex cavitation experienced by the
reference foil would be responsible for the stronger “end effect” and hence greater loss of lift.
whereas its counterpart (Foil “1111”) with the leading-edge tubercles would maintain the 2D
flow by lowering the end effect and therefore experience more favourable lift characteristics
for the same condition.

3.4.3 Concluding Remarks on the Effect of Leading-Edge Tubercles

Based on the observations and analyses so far, by combining our understandings from the flow
analysis with regard to the effect of different grades of flow separation and that of tip cavitation
generation with and without leading-edge tubercles, we can conclude that the leading-edge
tubercles can effectively weaken the 3 dimensional effect of the hydrofoil.

This hypothesis has been firstly supported by the evidence of much weaker separations
observed on the back of the reference foil with the smooth leading edge compared to the much
more severe separations observed on the counterpart foil with the leading-edge tubercles. Since
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the measuring sections are very close to the tip, the 3D effect generates the rolling up flow
which can reduce the flow separation close to the tip region. Therefore the more severe the
flow separation at the tip region is, the weaker the 3D effect is.

On the other hand the hypothesis was also complemented by the evidence of suppressed tip
vortex cavitation and hence much reduced vortex strength resulting from the leading-edge
tubercles. This also supported that the 3D effect was weakened by the leading-edge tubercles.

4 Conclusions

This paper reports research into the design, optimization and validation of a tidal turbine blade
to exploit the potential benefits of biomimetics in the form of leading-edge tubercles. Based on
the research so far, the following conclusions can be drawn:

1.

As demonstrated in the optimisation study based on the 2D foil, while the application
of leading-edge tubercles could maintain high lift coefficients under post-stall
conditions, it could also lower the magnitude of the maximum lift. Based on the
optimisation study, a sinusoidal form of leading-edge tubercle profile with 0.1C height
and 0.5C wavelength appeared to be a good compromise for an optimum design and
this was applied on a 3D foil which was model tested to validate its performance.

Comparative model tests of the 3D foil with a smooth leading edge (no tubercles) and
with the leading tubercles, which covered the whole span of the foil, confirmed the
significant benefits of the tubercles on the lift and lift-to-drag ratio of the foil despite a
slight increase in the drag characteristics. A maximum improvement of 32% in Cr/Cp
can be gained in the post stall region at a 16° of angle of attack due to the linear increase
of the lift coefficient maintained with the increase of the angle of attack.

By optimising the application length of the leading-edge tubercles along the foil span,
it was found that the maximum lift coefficient was reduced with the reduced tubercle
application length. However, due to the enhanced lift coefficients before the stall and
compromised increase in the drag coefficient, the foil with the shortest tubercle
application length, which was equal to a 1/4 of the span, at the tip region displayed the
best overall performance amongst the different combinations tested. This was based on
the increased lift-to-drag coefficient ratio over the wider range of angles of attack and
more than 10% increase in the peak lift-to-drag ratio.

The flow visualisations of the 3D foil with and without the leading-edge tubercles
indicated that the strong tip vortex caused by the well-known end effect can be reduced
dramatically by the application of the tubercles which maintain the 2 dimensional
characteristics of the flow around the 3D foil.

Based on this research, the biomimetic exploitation of tubercles on tidal turbine blades has been
shown to be promising. However further fundamental research investigating the tubercle
concept and a thorough investigation on tidal turbine models are necessary.
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CFD validation for S814
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Figure 6 Validation for CFD prediction of lift and drag coefficients of S814 airfoil
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Pressure coefficients distribution at 12°
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Comparison of 2D foil with tubercles (H=0.05C)
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466 Figure 9 Comparison of 2D foil lift coefficients with different tubercle profiles by varying the wavelength (W)

467 at constant tubercle height (H=0.05C)

Comparison of 2D foil with tubercles (H=0.1C)
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469 Figure 10 Comparison of 2D foil lift coefficients with different tubercle profiles by varying the wavelength (W)
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Figure 12 Tested 3D hydrofoil models with interchangeable leading-edge parts
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479
480 Figure 14 Setup of 3-component balance (Cussons R102) on the Emerson Cavitation Tunnel upper lid (Left) and

481 setup of tested foil mounted on the 3-component balance (right)
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Reynolds number effect on "0000"
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485 Figure 16 Experimental data for Foil "'0000" with smooth leading edge at different incoming velocities
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Reynolds number effect on "1111"
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Figure 17 Experimental data for Foil "1111" with leading-edge tubercles at different incoming velocity

22




489
490

Comparison between "1111" and "0000"
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Growth ratio of CL/CD of "1111" relative to "0000"
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Comparison of different configurations

152 | i

1.14 |-

CL

0.76 -

0.38

0.84 1

0.56

CD

0.28

0.00 -

121 =

11.4

CL/CD

0.0 | .

IIIIIllllIlllllIlIIIIIIIIIIlIIllllIIIIIIIllllIIIIIIllII

0 5 10 15 20 25 30 35 40
ANGLE OF ATTACK, AOA (Deg)

Figure 20 Comparison of experimental data for different leading-edge tubercle coverage arrangements
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Comparison of "0000" and "0001"
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497 Figure 21 Comparison of experimental data for foil with minimum leading-edge tubercle coverage (“0001”) and for
498 the reference foil (“0000”) at 3m/s.
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Comparison of growth ratio of CL/CD
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503

504 Figure 23 Sectional positions selected along Foil “1111” for flow visualization using PIV

505
506 Figure 24 Cavitating tip vortex observation on reference foil with smooth leading edge
507 (Note a 10mm diameter tip vortex cavitation was generated)
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511

Table 1 Chord distribution of the reference foil

Span(mm) 0 70

140

210

280

350 | 420 490

560

Chord(mm) | 225.1 | 210.08

195.06

180.04

165.02

150 | 134.98 | 119.96

104.94

Table 2 Specifications of Dantec Dynamics Stereo PIV (Particle Image Velocimetry) system

Laser

NewWave Pegasus

Wavelength

527nm

Repetition rate per head

1-10K Hz; 2-20K Hz

Energy —Dual Cavity System

10 mJ @ 2000 Hz

Light sheet optics

80x70 high power Nd:Y AG light sheet series

Synchronizer NI PCI-6601 timer board
Camera NanoSense MK III
Sensor size 1280x1024 pixels
Maximum capture frequency 1000Hz
Maximum images 3300

Seeding particles

Talisman 30 white 110 plastic powder
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514

Table 3 Comparative experimental flow patterns at 3 selected sections for Foil “0000” and Foil “1111” observed at

16° of angle of attack

“0000”, foil with smooth leading edge

Section 1

Section 3

Section 2

“1111”, foil with leading-edge tubercle

w

Section 3

Section 2
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517

Table 4 Comparative experimental flow patterns at 3 selected sections for Foil “0000” and Foil “1111” observed at

24° of angle of attack

“0000”, foil with smooth leading edge

Section 1

Section 2

] Section

11117, foil with leading-edge tubercles

Section 2
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