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ABSTRACT

As fossil fuels near depletion and their detrimental side
effects become prominent on ecosystems, the world is
searching for renewable sources of energy. Tidal energy is an
emerging and promising renewable energy resource. Tidal
turbines can extract energy from the flowing water in a similar
way as wind turbines extract energy from the wind. The
upside with tidal turbines is that the density of water is
approximately 800 times greater than that of air and a tidal
turbine harnessing the same amount of power as a wind
turbine can be considerably smaller in size. At the heart of the
horizontal axis marine current turbines are carefully designed
hydrofoil sections. While there is a growing need to have
hydrofoils that provide good hydrodynamic and structural
performances, the hydrofoils also have to avoid cavitation for
safe operation. This study uses a genetic algorithm
optimization code to develop hydrofoils which have the
desired qualities mentioned above. The hydrofoil problem is
parameterized using a composite Bezier curve with two Bezier
segments and 11 control points. Appropriate curvature
conditions are implemented and geometric constraints are
enforced to maintain the hydrofoil thickness between 16 to
18%. XFOIL is used as the flow solver in this study. The
hydrofoils are optimized at Reynolds number of 2 million and
for angles between 4 to 10 degrees. The best foil from the
results, named USPT4 is tested for performance with the CFD
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code ANSYS CFX. The CFX results are validated with
experimental results in a wind tunnel at the same Reynolds
number. The hydrofoil’s performance is also compared with a
commonly used NACA foil.

INTRODUCTION

The electricity requirements around the globe are met
mainly by burning huge quantities of fossil fuel [1]. The
continuous increase in the fossil fuel price and environmental
related problems caused by burning fossil fuel is now a global
issue [2]. On the other hand, the demand of electricity keeps
increasing, due to increase in world population, increase in
industrialization and industries becoming manual to
automated, the demand for electricity is predicted to double by
2053 compared to that in 2008 [3]. This has challenged
researchers to look for alternative energy sources; renewable
energy is becoming favorable alternative energy source for
fossil fuels. Many renewable energy technologies have been
exploited over the years, the drawback of renewable energy
technology is that limitation of resources available at one
location, and it is not viable to store it for longer period of
time, therefore, electrical energy from number of sources will
be required to feed in to the grid.

Marine current energy is a clean and reliable source of
renewable energy; it is one of the alternative energy sources
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for fossil fuels. Horizontal axis marine current turbines
(HAMCT) can be used to generate electricity for commercial
use for any location where the marine current velocity exceeds
2 m/s [4]. Developments have taken place globally on
HAMCT over the years from improvement in the efficiency of
models to prototype building and installation. Works of Bahaj
et al. [5, 6] involve developing, designing and model testing of
bi-directional marine current turbines. Hwang et al. [7]
designed HAMCT with improved efficiency by developing
and designing individual blades with control. CFD method has
been developed and now being used to compute and analyze
3D HAMCT performance [8-10]. Sale et al. [11] optimized the
twist and chord distribution of HAMCT blades using genetic
algorithm (computation code); this is developing to be an
effective method for optimizing turbine blades with improved
hydrodynamic performance. These turbines vyield the
maximum efficiency between 45-48%. Another effective
method of improving the turbine performance is by placing a
duct around the turbine - RTT by Lunar Energy [12], SeaGen
by Marine Current Turbines (MCT) [13], some -early
investigations and testing performed by Thorpe [14] and Clean
Current’s tidal turbine [15]. Placing the shroud/duct will
increase the cost; therefore the increase in efficiency must be
significantly higher to justify the higher turbine cost. Whether
it is a shrouded or a non-shrouded turbine, the blade sections
(hydrofoils) needs to be very carefully designed so that it can
operate over a wide range of conditions, and should be
structurally strong to withstand strong hydrodynamic forces.
For most cases, airfoils are directly used as hydrofoils, but this
results in a higher chance of cavitation inception; using
modified airfoils as hydrofoils results in delayed cavitation
inception [4, 16]. A useful method to optimize airfoil/hydrofoil
geometry for specific turbine applications is using Genetic
Algorithm (GA) code [11, 17-22].

HAMCT is governed by lift, and the design and operating
concept is similar to Horizontal axis wind turbine (HAWT)
[23]. Hydrofoils are the blade sections and play a very
important role in overall performance of HAMCT. For a
successful design of hydrofoils, it requires one to study
detailed hydrodynamic  characteristics of hydrofoils.
Hydrofoils operates in a similar way as airfoils, generating lift
force as the fluid passes over the surface, but there are some
fundamental differences in the design and operation of
hydrofoils. These are very high Re, and strong hydrodynamic
forces on hydrofoil (requiring thick hydrofoils); the main
challenge in designing hydrofoils is occurrence of cavitation,
useful information on cavitation and the stall characteristics of
marine propellers is available and can be utilized in hydrofoil
design [24]. Once cavitation inception is predicted at 2D

design stage, then we can move ahead and analyze rotor
performance with 3D analysis.

In the current study, a hydrofoil has been optimized for the
tip region of the blade using a GA code. For seeding, foil
SG6043 was used after carefully studying its hydrodynamic
characteristics. The generated hydrofoil is named as USPT4, it
has a maximum thickness of 17%, and has lower suction peak
over a wide range of a. The hydrofoil also has high L/D ratios
for a between 4-10 degrees.

OPERATING
PARAMETERS

CONDITIONS AND DESIGN

The important hydrofoil characteristics that need to be
studied when designing are Cpnin and L/D ratio. A good
hydrofoil must have a high L/D ratio over a wide range of o
with delayed stall, and lower suction peak on the upper surface
of the hydrofoil to prevent cavitation. For the case of HAMCT,
the blade sections needs to be thick, so that the blade can
withstand large hydrodynamic forces. For hydrofoil design
stage, the 2D panel method XFoil can be used [4]. XFoil is a
linear vorticity stream function panel method with viscous
boundary layer and wake model, and is found to be a suitable
tool for predicting cavitation criteria and hydrofoil
characteristics at the preliminary design stage [25]. It is very
important to avoid cavitation on the blade’s surface. Cavitation
causes structural damage and adversely affects the turbine’s
performance; the pressure associated with bubble collapse is
high enough to cause failure of metals [26]. Cavitation
inception occurs when the minimum local pressure on the
blade surface falls below the vapour pressure of the fluid.
Cavitation inception can be predicted by comparing the local
minimum Cp with the cavitation number o [4]. Hydrofoil will
encounter cavitation if the Cpp, is lower than —o or Cppin 1S
lower than Cpgit (Cperit = —0). The cavitation number is defined
as

— PAT +pgh — b 1)
0.5pW 2

o= po B p\g
0.5pW

The risk of occurrence of cavitation is higher on the blade
towards the tip due to low immersion depth near the tip and
the highest relative velocity experienced near the tip. An
important parameter in predicting cavitation on hydrofoil is its
Re — information of turbine geometry and turbine operating
conditions are required for calculating Re. Mostly 3-bladed
HAMCT are used, 3-bladed turbines has less vibrations during
operation and the marine streams are not usually wide and
deep, therefore, the turbine size is limited to 10-15 m, the
rated speed was set to be 2 m/s and TSR (Tip Speed Ratio) of
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4; the Re comes to around 2 million near the tip of the turbine.
To predict cavitation, Cpyiy was determined at different
locations on the blade using the above-mentioned geometric
and operating conditions. The Cpc,i; at the blade location (r/R)
of 0.6 to 1.0 and for tidal current velocities of 2 m/s, 2.5 m/s
and 3 m/s are shown in Fig. 1.
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Figure 1. Variation of the critical pressure coefficient along
the blade for different current velocities.

The Cyi for blade tip at tidal current velocities of 1 m/s
and 1.5 m/s are around -16 and -8 (not shown), therefore, the
chances of cavitation are almost zero at these velocities. As the
velocity increases above 2 m/s, the chances of cavitation
increase at r/R of 0.6 to 1.0. The cavitation may occur on the
outer 10% of the blade if the Cppyiy drops below -4.0, -2.7, and
-1.8 for velocities of 2 m/s, 2.5 m/s and 3 m/s respectively. For
these cases, it is necessary to pitch the blade to avoid
cavitation.

OBJECTIVE FUNCTIONS

The objective of the algorithm is to maximize the lift while
minimizing or fixing the drag and keeping the thickness
between 16 to 18% of the chord. After many experiments with
the optimization algorithms, it was found that improving the
performance at multiple angles such as from 4° to 10° is
computationally expensive. However, optimizing at the
minimum and maximum angles also has the effect of causing
nearby angles to be optimized as the lift and drag curves
follow a smooth function. For this reason, the hydrofoil was
optimized at angles of 4° and 10°. The objective function was
built as follows:

1. Minimize drag coefficient (Cy), Maximize lift
coefficient (C)) for g;..... On .

2. Keep Cp below critical value. (constraint).

This gives the following generalized fitness function:

F(B(u), Re) :Z[wc—fm]x% )

where m is the number of angles which is 2 for this case. For
this case a; = 4° and a, = 10°. The Reynolds number (Re)
chosen for optimization was 2 million as this is common for
tip regions of tidal turbines in average streams of 2.5 m/s. The
Bezier curve function is discussed in detail in later sections.
To get a much better idea of only leading edge transition
effects on the optimization method, the free-stream turbulence
intensity was set to 2.981%.

HYDROFOIL PARAMETERIZATION AND
OPTIMIZATION PROCEDURE

Before optimization can be applied to a problem, it needs
to be defined as a mathematical model taking into account all
the variables and parameters. In order to optimize the
hydrofoil, the 2D shape of the hydrofoil needs to be
parameterized by defining the variables that will control the
coordinates and shape of the hydrofoil. In this study, the need
was for a single discipline shape parameterization scheme
whereby only the shape function will be parameterized. It was
essential to carry out a study of existing parameterization
methods. This is discussed in detail in ref. [27]. One of the
most common and easiest ways to represent free form curves
is via Bezier curves. Bezier curves were developed by Paul de
Faget de Casteljau [28] and later popularized by Pierre Bezier.
Bezier curve parameterization allows the use of a parameter u,
and multiple control points P; to generate x and y coordinates
of an airfoil. This study makes use of Bezier curves to
parameterize the airfoil. Several studies [17, 19] have used
Bezier airfoil parameterization for airfoil optimization. The
Bezier parameterization scheme is easy to implement along
with constraints and has reasonable accuracy. The
parameterization uses control points outside the airfoil curve
as parameters. The following paragraph details the
parameterization method.

Bezier curve parameterization allows the use of a
parameter u, and multiple control points P; to generate x and y
coordinates of an airfoil. This study makes use of Bezier
curves to parameterize the airfoil. The Bezier parameterization
scheme is easy to implement along with constraints and has
reasonable accuracy. The order of the Bezier curve is
determined by the number of control points. For n + 1 control
points Pi, a Bezier curve of the nth order will be formed. By
joining the control points together, a control polygon is
formed. The generalized form of a Bezier curve is defined as:
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where B (u) vector contains the x and y coordinates on the
curve and P; contains the X, y coordinates of the control
polygon. The parameter u is defined from 0 to 1 uniformly in
this study. For this study a composite Bezier curve was used to
define the geometry of the hydrofoil. One Bezier curve was
used to represent the upper surface while a second Bezier
curve was used to represent the lower surface as shown in
Figure 2.
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Figure 2. Bezier curve parameterization of SG6043(6) foil
using composite Bezier curves , up = upper surface, lw =
lower surface. Points P were achieved through interpolation.

The start and end control points, PO and P7 lie on the foil
curve itself at the leading and trailing edges and their positions
are fixed to maintain a chord length of unity for easier
computation and comparison in the flow solver XFOIL.
Specific conditions were defined to control the integrity of the
airfoil shape at the leading and trailing edge. At the leading
edge the initial and terminal points of the upper and lower
curves coincide to close the curve. C° continuity is enforced at
the trailing edge by simply connecting the upper and lower
curve points without any special condition. At the leading
edge, C1 continuity was enforced by ensuring that P1 Iw is a
reflection of P6 up with the mirror line being perpendicular to
segment P1 lw — P6 up and crossing at P7 up. Despite the
leading and trailing edges being fixed, the upper and lower
surfaces of the foil had a large degree of freedom and has the
possibility to represent a suitably large number of free form
closed shapes. With the leading and trailing points restricted
and P1 lw being governed by the coordinates of P6 up, a total
of 11 control points were available to manipulate the airfoil
shape. Higher order (10"™) curves were also experimented on
but these increased the number of control points and were
prone to form bumps due to enhanced local control which was
not taken well by the geometry-sensitive solver. The 7" order
Bezier foil parameterization function was coded in C++.
Geometric constraints on the foil ensured that only realistic

hydrofoil shapes were analyzed. The constraints are described
later in the paper.

The problem of increasing lift and other favorable
characteristics of hydrofoil while minimizing or maintaining
drag and other unwanted traits calls for a suitable multi —
objective optimization scheme. In this case, the L/D needs to
be improved within a given thickness value. The Genetic
Algorithm (GA) optimization approach was developed by
Holland [29] and has seen use in numerous optimization
problems owing to its robust approach. The GA is a stochastic
algorithm and it keeps in memory a population of solutions
during iteration rather than a single solution. The GA uses a
direct analogy of natural behavior. While conventional GA
represents the population of solutions in binary bits, recent
developments have allowed for real valued GA approach. The
solutions of GA are coded as an array of bits called
chromosomes or genotype. The genotype represents an
individual in a solution vector called the phenotype. GA is an
iterative process and each iteration is called a generation. The
initial population is made up of individual solutions
represented in chromosomes. Each individual is subjected to a
fitness function that will determine its fitness values. Normally
the chromosomes with the desired or closer to desired fitness
values are chosen to be parents in the next generation. During
selection it is common to use a roulette wheel. Here the
selection is made biased by assigning better solution a higher
probability of getting selected. The parents are then mated
using crossover methods to form the next population set.
Mutations are allowed to avoid solutions getting stuck in local
maxima. The fitness function is repeated on the next set of
population until a termination condition is reached. The
termination condition may be reached if a satisfactory solution
is found or at the end of the generations. This study utilizes the
binary coded GA written in C++ by Lal et al. [30].

Figure 3 shows the flow of information in the GA
optimization. Initialization of the population also includes
seeding of the popular SG6043 airfoil control points. Seeding
an airfoil shape into the GA code provides the code some idea
of a good airfoil and it does not have to start from an abstract
shape altogether. Since GA optimizes the control points of the
Bezier functions that govern the foil shapes, the 11 control
points were discretized into a bit string of 88 bits with each
control point represented using 8 bits.
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the seeded SGB043 in first generation
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Fitness Evalutaion using objective
function getting data from XFOIL
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Figure 3. Flowchart for hydrofoil optimization using GA.

GEOMETRIC CONSTRAINTS AND FITNESS
EVALUATION

The flow solver used in this study is highly sensitive to
geometry and hence strict geometry conditions are set to
prevent unnecessary analysis and failure of analysis by
passing nonrealistic hydrofoil shapes to the solver.

To ensure that the upper and lower Bezier curves do not
overlap, the following condition was set.

Y (U)ypoer = Y (U)1ower > O, (Except for PO and P7) (4)

upper

To maintain structural strength of the blade, the blade
section must be sufficiently thick. The thickness is maintained
between 16 to 18% of the chord at the tip using the following
condition.

0.16¢ > (Y (U) ypper — Y (U)oer) > 0.18C (5)

upper

The upper and lower limit of the y coordinates was set to
prevent highly cambered airfoils and to maintain a realistic
search space. The x coordinates were fixed in order to reduce
the number of control variables.

(Y (U)ypper) 0.2 (Y (U))ower) = 0.1 (6)

Instead of coding the constraints along with the individual
solutions, the solutions are allowed to override these
conditions initially. Once the shapes are created, a pre- fitness
evaluation is done and the shapes that are not conforming to

any of the geometric conditions are assigned the lowest fitness
value of 1 and further analysis of these curves is not permitted.
The popular panel method viscous/inviscid flow solver XFOIL
[25] was used to calculate the C, and Cq4 values of the
hydrofoils at pre-defined Reynolds numbers and a. The C,and
CqVvalues were input to the fitness function (Equation 2).

EXPERIMENTAL AND CFD ANALYSIS

Numerical analysis was performed on the USPT4
hydrofoil using ANSYS ICEM-CFD and CFX software. Flow
over hydrofoils was analyzed for different a and Re values. A
hexahedral mesh based on O-grid and C-grid topology was
created around the foil with 300,000 nodes. The mesh density
was increased near the leading and trailing edges to capture
the peak suction, stagnation and transition points. A k-w shear
stress and transport turbulence model was used. The hydrofoil
was also tested in XFOIL from 0 to 15 degrees. Essential
characteristics such as C, and C4 were noted and compared
with experimental results. An open circuit, suction type low
speed wind tunnel was used. The Engineering Laboratory
Design (ELD) Inc wind tunnel in the Fluids laboratory at the
University of the South Pacific with speed range from 3 m/s to
49 m/s was used. A centrifugal fan powered by a 10 HP AC 3-
phase thyristor controlled motor is used to generate the
airflow. A maximum velocity resolution of 0.08 m/s is
achievable in the test section. The test section measures 305
mm x 303 mm x 1000 mm. A traversing pitot-static tube was
used to measure the velocity in the wind tunnel test section. A
Furness Controls FCO510 digital micro-manometer was used
to take pressure readings. The USPT4 profile was milled out
of wood and 22 pressure taps were provided on the upper
surface and 13 on the lower surface. The USPT4 foil was
polished to ensure a smooth surface. The foil was fixed from
wall to wall to avoid 3-dimensional flow effects in the
experiment. The pressure taps were placed near the middle of
the test section, which ensured that any effect of the test
section boundary layer is not felt by the pressure taps. A
separate section of the foil was milled and finished without
any pressure taps. This was for direct lift (L) and drag (D)
force measurements. A two component lift and drag
dynamometer equipped with a Linear Variable Differential
Transformer (LVDT) was used. The dynamometer has an
accuracy of 1 g(f). The hydrofoil was tested at a Reynolds
number of 250,000 and the results were compared with
numerical results.

RESULTS

The results of XFOIL, experimental and CFD tests are
presented in this section. The profile of USPT4 is compared
with that of NACA63-814 in Fig. 4. Both foils have the same
thickness of 17% of the chord. The USPT4 was generated to
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maintain a thickness between 16% to 18%, as mentioned
earlier.

—— USPT4
NACA63-814

-

Figure 4. Hydrofoil USPT4 compared to the NACA63-814
tidal turbine hydrofoil (not to scale).
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Figure 5. Lift coefficient of the two hydrofoils at Re = 2
million.

Figure 5 shows the lift coefficient of the hydrofoils at
different angles of attack. The USPT4 stalls at around 11
degrees when turbulence intensity is around 1% and at 12
degrees for 2.98% turbulence intensity. The USPT4 has higher
lift coefficents in both the cases compare to NACA63-814.
Stall occurs softly so there will not be any abrupt change in
power production if there is any change in the flow direction.
Since the tip region generates most of the lift, strength is not a
major issue here and high C, values are advantageous.

Figure 6 shows the drag polars for the USPT4 and NACA
foils. Drag polars are useful in determining the relation
between lift and drag coefficients. While lift keeps increasing
until the stall angle, drag also rises. The operating point is
located from the drag polar such that maximum lift is attained
when the drag is still small.
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Figure 6. Drag polars for the two hydrofoils at 2 million
Reynolds number.

In the case of USPT4, a good operating angle is apparently
10 degrees. This corresponds to C, of 1.77 and C4 of 0.023.
The operating angle is determined at the higher turbulence of
2.98%.
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Figure 7. Lift-to-drag ratio of the hydrofoils at Re = 2 million
at different turbulence intensities.

The tip region of the blade is expected to contribute a lot
more to power production compared to the inboard regions of
the blade. For this reason, the efficiency or the lift to drag ratio
has to be considerably high for the hydrofoil. Figure 7 shows
that USPT4 has reasonably good L/D at the Reynolds number
of 2 million. Since lift increases at higher angles, the
corresponding operating points are preferred to be at high
angles. At the turbulence intensity of 1.052%, the USPT4
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hydrofoil peaks at 9 degrees with L/D reaching 148 and drops
off from 10 degrees onwards. The NACA63-814 has
maximum L/D of 127 at 3 degrees. While L/D may be high, if
this L/D occurs at low angles of attack, this may not be as
useful as higher L/D at higher angles of attack. As turbulence
increases to 2.98%, the USPT4 is affected and a drop in L/D
takes place for all angles. The turbulence increases frictional
drag and reduces the L/D ratio. However, peak L/D drops to
86 at 7 degrees. It may be suitable to choose an operating
point around 7 degrees so that slight change in angle of attack
will not adversely affect the performance even in case of high
turbulence which is common in tidal streams. L/D at higher
turbulence intensities is still higher than the NACA63-814
foil. Despite being of the same thickness, the USPT4
outperforms the NACA63-814 in terms of hydrodynamics.
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Figure 8. Experimental and Numerical Coefficient of pressure
at Reynolds number of 220,000.

Figure 8 shows the coefficient of pressure measured on the
upper and lower surface of the hydrofoil at Re= 220k. The
measurement results are in reasonably good agreement with
CFX results except for the upper surface locations close to the
leading edge.

Figure 9 shows the minimum Cp that occurs at each angle
of attack. From previous calculations, it was found that the Cp
required for the onset of cavitaion is around -4.11 for a chord
of 250 mm with free-stream velocity of 2 m/s. It is evident
from Fig. 9 that while Cp values reach a minimum of -4.1 at
14 degrees, this is not of concern in the design. This is because
this angle is out of the normal operating angle range of the
hydrofoil. Even at low turbulence intensity, the hydrofoil
USPT4 will stall at around 12 degrees. The stall would
apparently slow down or stop the turbine’s rotation and hence
the conditions that will cause a Cp Of -4.1 will not likely
occur. The least Cp experienced in design situation is -3.77
which is safe from the cavitaion Cp of -4.11 in this case.

Figure 10 shows the pressure contours around the
hydrofoil at Re = 2 million for the angle of attack of 6°. The
stagnation point occurs on the lower surface of the hydrofoil.
The build-up of high pressure on the lower surface and the
suction on the upper surface can be seen.

Figure 9. Minimum Cp for each angle of attack at Re = 2
million and turbulence intensity of 1.052%.
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Figure 10. Pressure contours around the USPT4 foil at 6
degrees and Re = 2 million

Figure 11 shows the streamlines around the foil at an angle of
attack of 12° and Re = 2 million. While there is a strong
suction on the upper surface with the maximum velocity
nearly double of the free-stream velocity, the flow separation
from the upper surface due to the adverse pressure gradient
(shown in Fig. 8) can clearly be seen from this figure.
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Figure 11. Streamlines around the USPT4 foil at 12 degrees
and Re = 2 million.
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CONCLUSIONS

A hydrofoil suitable for the tip region of a tidal current
turbine is designed and tested for performance. Unlike wind
turbines, care must be taken to avoid cavitation on tidal
turbine blades. For this reason, the minimum Cp was kept well
below the cavitation limit for a relative velocity of 6 m/s. The
USPT4 has been designed using genetic algorithm
optimization and while it has suitable thickness of 17%, it also
has good hydrodynamic characteristics with L/D ratios as high
as 148 at higher angles of attack. Over the range of angles of
attack of 6° to 12° the performance of the foil will not
deteriorate, resulting in good output from the turbine.
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