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a b s t r a c t

In this study, we investigate the effect of hydrofoil flexibility on the power extraction of a flapping tidal
stream generator with hydrofoils down-scaled for a water channel in an experiment with a typical
Strouhal number and frequency. The described deformations in the chord and spanwise directions are
imposed onto the surfaces of the hydrofoil to analyze the flexibility effect. In a two-dimensional (2D)
simulation, parameter studies of the chordwise flexure are conducted and a 30% improvement in the rate
of the power-extraction efficiency is then achieved when the chordwise flexure is 20% of the chord
length. In a three-dimensional (3D) simulation, the chordwise flexure of 20% achieves a 15% improve-
ment in the rate of the power-extraction efficiency for the hydrofoil with an aspect ratio (AR) of 5, which
is less than that in the 2D simulation due to 3D effects such as tip loss and a spanwise vortex. Meanwhile,
the effect of the spanwise flexure on the power extraction is minor as compared to that of the chordwise
flexure. It was also found throughout the parametric study of the AR variation that the 3D effect of the
chordwise flexible hydrofoil is slightly stronger than that of the rigid hydrofoil.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Tidal stream energy has been considered as one of renewable
energy sources in order to reduce our dependency on fossil fuels.
So far, most tidal stream generators have been developed in three
types: horizontal axis, vertical axis, and flapping type generators
[1]. Among them, the flapping type devices are still in a nascent
status as compared to the rotary-type turbines with horizontal
and vertical rotational axes [2e5]. In 21 century, the several
flapping systems as commercial products have been designed,
developed or installed. Meanwhile, the flapping systems still
need improvement in power-generating capability, controlla-
bility and structural safety in order to be considered as a viable
alternative of the rotary-type generators despite the fact that
they are known to be eco-friendly systems due to relatively low
tip speed [6].

The flapping generators have been investigated in both experi-
mental and numerical studies in recent years. As a first attempt, in
the 1980s, an experimental study showed that wind energy could
be extracted from a flapping foil while coupling the pitch and
plunge motions in the proper conditions [7]. Later, the optimal ef-
ficiency of a flapping generator was determined through parameter
studies. An experimental study with an aluminum NACA0012 hy-
drofoil explored power-extraction efficiency as the function of the
Strouhal number, the phase angle between the pitch and plunge
motion, and the angle of attack. A maximum efficiency of 43% was
achieved under an optimal condition in which Strouhal number
was 0.4 and the maximum angle of attack was 34.4� with a phase
angle difference of 90� between the pitch and plunge motions [8].
The pitching axis location within chord lengths of 0.2e0.5 from the
leading edge was recommended based on a study considering
constrained sinusoidal pitching motion [9]. When the pitching axis
was close to the downstream area of the mid-chord point, self-
induced oscillation was presented in experimental studies, partic-
ularly those of Semler [10]. For a dual-foil configuration, the results
from a two-dimensional simulation showed good agreement with
the experimental results of a 2 kW prototype, and the three-
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dimensional effect on a flapping tidal generator was also investi-
gated by Kinsey and Dumas [11,12]. In that study, the drop in the
hydrodynamic performance due to the finite span length was
determined as compared to a two-dimensional case. According to
the results, the endplate at the foil tip and the high aspect ratio foil
were proposed tominimize the tip loss; with them, the reduction in
the performance of the three-dimensional foil could be limited to
around 10% as compared to the two-dimensional foil.

Thus far, wing flexibility mimicked from flapping flying or
swimming creatures is well known as a key factor to improve the
level of propulsive efficiency. Experimental studies on the propul-
sive systems were intensively conducted, hence optimal efficiency,
correlation between leading edge vortex (LEV) and spanwise flow
were figured out [13e15]. When the Strouhal number is larger than
0.2, moderate spanwise flexibility can induce a slight increase in the
thrust and a slight decrease in the required power, yielding high
propulsive efficiency in a water channel experiment [16]. A stron-
ger LEV in a flexible wing was observed in these experiments as
compared to that in a rigid wing. A two-dimensional numerical
simulation with a fluidestructure interaction model showed that a
flexible ray with leading edge strengthening could improve the
thrust and propulsive efficiency [15]. In contrast to propulsive
systems in which thrust is required, the flapping tidal generator
creates a high drag while its power is mainly extracted from lift.
Therefore, chordwise and spanwise flexibility can be utilized to
improve the power-extraction efficiency of a flapping tidal gener-
ator by alternating the size of the LEV and by synchronizing the
phase of the instantaneous lift force and plunge velocity. Recently, a
two-dimensional numerical simulation of a flapping hydrofoil with
local described deformation was carried out to investigate the
benefits of flexibility on the extraction of power [17]. The results
showed that a flexible hydrofoil is beneficial to enhance the power-
extraction efficiency by increasing the peak of the lift and shifting
the phase between the instantaneous lift force and plunge velocity
in a favorable pattern.

In this study, the effects of chordwise as well as spanwise flexure
on the power-extraction efficiency of a flapping hydrofoil are
investigated through two-dimensional and three-dimensional nu-
merical simulations with an in-house code. The dimensions of the
flapping hydrofoil and the operating conditionwere determined by
considering the water channel in lab-scale experiments. The
amounts of chordwise and spanwise deformations were directly
determined by quadratic functions in the simulations. In addition,
the effects of the aspect ratio of the hydrofoil on the power-
extraction efficiency were explored.

2. Numerical method

2.1. Flow solver

The power extraction performance of a flapping hydrofoil is
estimated by an in-house parallelized multi-block structured
NavieseStokes solver, which is named as KFLOW [18,19]. The time-
dependent viscous flow around the flapping foil is simulated by
solving the preconditioned Reynold-Averaged NavieseStokes
equation as below
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Here, the pressure p and the temperature T are expressed in per-
turbed forms to decrease the round-off and the cancellation errors
in very low Mach number flows. r is the density and ui is the ve-
locity component. E is the total energy and H is the total enthalpy.
The quantity tij and t*ij are the laminar and turbulent stresses,
respectively, and qi is the heat flux in each direction. G�1 is used to
contain the compressible effect and to reduce the stiffness problem
in low Mach number flows by scaling the acoustic wave speeds
with a preconditioned velocity scale [20]. The governing equation
was used in the numerical simulations for flexible flapping wing
propulsion as well [21].

The accuracy of KFLOW in studying a flapping foil was validated
in previous works [22e25]. Inviscid, laminar and several turbulent
models are available in KFLOW. In the following simulations of the
flapping tidal generators, a turbulent scheme, k-u is used; it has
been selected to simulate turbulent flow in energy extraction from
flapping foils [12,17,26]. For the spatial discretization, the Roe flux
difference slitting scheme and the third-orderMUSCL are usedwith
Van Albada limiter to obtain the secondary accuracy of inviscid flux.
The central difference is used to calculate the variable gradient of
viscous flux. The dual-time stepping with the diagonalized alter-
nate directional implicit (DADI) method is used to advance the
solution in time. This allows not only the use of a large time
increment but also the maintenance of temporal accuracy. More-
over, the dual-time stepping also eliminates factorization and
linearization errors by iterating the solutions along a pseudo-time,
and the detail description is provided in Ref. [27].

The Chimera mesh option is used due to its advantage in
handling the relative motion between meshes [28]. In this Chimera
overset method, a cut-paste algorithm is applied to compose a
cross section that exchanges information between grids, which
enables the generation of overlapping grids with moderate mesh
interface regions. The overlapped grid method combines two ma-
jor steps: hole cutting and donor identification [29]. Specially for
flapping tidal power extraction, a large pitch angle is mandatory;
hence, the Chimera mesh is essential. Fig. 1 shows the body-fitted
and domain meshes used in the simulations. The Chimera mesh is
composed of a C-type mesh around a hydrofoil as the body-fitted
mesh and an H-type mesh for the rest of the computational
domain as the domain mesh in two-dimensional (2D) and three-
dimensional (3D) simulations. In the 2D simulation, the distance
from the foil (the body) to the far-field and inlet boundaries is set
to 20 times of the chord length (20c), while the distance from the
foil to the outlet boundary is elongated to 25c; thus, domain size
becomes 40c � 45c. Specially, in order to resolve vorticity shedding
well, a fine mesh is created in the downstream zone, as shown in
Fig. 1A. In this study, the power extraction of the flapping foil
directly depends on force and moment on the foil, therefore high
quality grid that obeys the criterion of orthogonality and stretching
near the foil is used as shown in Fig. 1B. Similarly, the domain sizes
of the 3D simulation are 25, 20 and 20 times of the chord length in
length, height and width directions, as shown in Fig. 1C. The closed
view of the mesh in vicinity of the 3D foil is depicted in Fig. 1D. The
numerical convergence by the grid density variation will be pre-
sented in Section 3.1.
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