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Abstract- More recently, the oscillating foil hydrokinetics turbines, as a new method to extract energy from incoming flow field,
have been studied significantly. However, the focus of previous investigations is directed towered the fundamental parameters
which affect the performance of the system. In this work, the impact of working environment on the efficiency of flapping foil
hydrokinetic turbine is investigated. The system is placed in proximity the floor sea and the mean distance between the foil
pitching axis and the seabed, hy, are changed as ho=6¢, 3c and 1.5c. The results show that the total energy extraction efficiency
of shallow water condition has decreased considerably to compare with deep water case because of interaction between the
boundary layer of the seabed and the flapping foils. In addition, the upstream foil losses more energy than downstream foil.
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Nomenclature

a: angle of attack Re: Reynolds number

t: time

U, free stream velocity

Vs - effective upstream velocity
Xp: pivot point locates

Cr : power coefficient
CL(t): instantaneous lift coefficient
Cw(t): instantaneous momentum

c: blade chord length (m) 6,: pitching amplitude

d: swept area ¢: phase difference between the pitch and heave

f: oscillating frequency motions

f*: reduced frequency of flapping foil n: syste_m energy-extraction efficiency

ho: heave amplitude p: density

h(t): instantaneous heave of foil M: pitching moment

P: instantaneous power of the system Lx: gap between the upstream and downstream foil

1. Introduction

In recent years, due to the rise of fossil fuel prices and have both received significant attention, ocean energy, and
their harmful effect on the environment such as air more specifically tidal energy, has also emerged as
pollution, global warming, and climate change [1,2]; there important players in energy space. Recently, a new type of
is a growing intention to find new methods to extracts mechanism to extract energy, the flapping foil power

sustainable renewable energy sources. While wind and solar generation system has been investigated [3]. The research
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about the concept of flapping foil energy extraction began
in 1981 by the experimental work of MaKinney and
DelL aurier [4].

Following these pioneering studies, many researchers
carried out several numerical, experimental and prototype-
based investigations on the flapping foil system for power
extraction [5-11]. Kinsey and Dumas [12-14] performed a
serious of numerical and experimental simulation and
identified that the motion characteristic has stronger effects
on foil performances than geometry and viscous parameters.
Xiao and Zhu [15] identified the connection between energy
extraction efficiency and kinematic parameters such as
frequency, the effective angle of attack and the amplitudes
of pitch and heave. Lemann [16], Ashraf [17] and Kinsey
and Dumas [18] have studied numerically the two foils in
the tandem arrangement. The results indicated that the
amount of harnessed power of tandem foils is more than
single foil. Since the downstream foil observed energy from
the wake of the upstream foil. To achieve the more power
output, the downstream foil should be located at an optimal
place in the wake to the upstream foil [16-18].

The significant focus of pervious investigations about
oscillating foil hydrokinetics turbine is directed towards the
study of geometrical and kinematical parameters of flapping
foil system to achieve the highest efficiency. However, the
effect of working environment on the flapping foil device
sill receives very limited attention. Few studies have been
conducted in regard to the sea floor effect on a flapping foil.
The present investigation studies two flapping foils in the
tandem arrangement which operates in shallow water. The
system is assumed to be placed in proximity the floor sea
and the level of sea water is considered as ten-time chord
length. The mean distance between the foil pitching axis and
the seabed, ho, are changed as ho=6¢, 3c and 1.5c. To make
a comparative analysis, another simulation in which the
flapping foil system oscillates under deep-water conditions
is also performed. The results include two important
concerns. One is to precisely capture vortex structure under
working conditions and the other is to accurately compute
the aerodynamic forces on the foil and total performance of
the system.
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2. Problem Description
2.1. Model description

“Fig. 1” show a 2D schematic diagram of the tandem
configured, flapping foils energy harvesting device. The
kinetic motion of each foil is a combination of heaving and
pitching motion at their pitching axis. Two NACAQ0015
foils with a gap separation Ly and a chord length of ¢ are
flapping in a uniform, viscous water flows with a velocity
of U.. The Reynolds number is 500,000, which measured
according to the foil chord length. The pitching center of the
foil located at x, = ¢/3 from the leading edge. Two different
water depths, ten times foil chord length, and deep water,
are considered. The mean distance between the foil pitching
axis and seabed are changed; three cases ho=1.5c, hy =3c,
ho=5c are simulated (see “Fig. 27).

The equations for the foil motions are defined as [19]:
0(t) = 0,sin(wt) Q)
h(t) = hy + hy, sin(wt + 1/2) 2)

Where 6(t) is the instantaneous pitching angle and 6m
is the pitching amplitude, h(t) is the instantaneous distance
between the foil pitching axis and the ground, hO and hm
are the mean distance and the plunging amplitude
respectively, o is the angular frequency.

According to the velocity U.. and the foil chord c, the
dimensionless reduced frequency f* is expressed as:

% fc

fr = ®3)

Following the previous investigations are done by
Kinsey and Dumas [22], the pitching and heaving
amplitudes are set at 6,=75°, ho=c, respectively; the phase
difference between the upstream foil and downstream foil,
vy, is fixed at 180°; the gap distance between two foils Ly
equals to 5.4c and the reduced frequency f* equals to 0.14
for all cases in the present study. This choice in the
parametric range is a good starting point to investigate the

[}

-

DOWNSTREAM FOI

Fig 1. 2D schematic diagram of the tandem configured, flapping foils energy
harvesting system
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Fig 3. Sketch of flows over a flapping foil is placed in near of the
seafloor [19]

effect of working environment on the system at present
stage. The parameters used in this simulation are shown in
Table 1.

Table 1 Parametric details

Foil profile NACAOQ0014
Chord length (c) 0.24
Pitching amplitude (hm) c
Heaving amplitude (6m) 75°
Phase angle (p) 90°
Motion phase lag () 180°
Gap distance (Lx) 5.4¢c
Reduced frequency f* 0.14

2.2 Energy harvesting performance

Based on the decomposition of motion, the amount of
power extracted from the flow field to the foil through the
heaving and the pitching motion can be defined as

P, (t) = Y(t) dh/dt 4)
Py(t) = M(t) d8/dt 5)

Where Y(t) the vertical is a force on the foil, dh/dt is
the instantaneous heaving velocity, M(t) is pitching
moment, d6/dt is the instantaneous pitching velocity. The
overall power extraction is

P(t) = P, (D) + Po(t) = Y(t) dh/dt + M(t)do/dt  (6)

Symmetry

The non-dimensional power coefficient C, is expressed by

P 1 dh de
Cr =1 03 = Q[CL(t)a+CM(t)a ()

Where C(t) is the lift coefficient and Cwm(t) is the
momentum is defined as:

a®="0% . ®)

cw="O%h (©)

The total energy harvesting efficiency n is determined as the
ratio between the total extracted power and the total
incoming flow energy flux within the swept area, A, [13]

P

n= LEENY (10)

2.3. Computational approach and validations

In the present work, all cases are simulated two-
dimensionally by using the commercial CFD package, Open
FOAM, which is based on solving unsteady Reynolds-
averaged Navier-Stokes equations (URANS). To model
turbulence, a URANS approach with the one equation
Spalart-Allmaras model is utilized. This model was found
to give good predictions of the hydrodynamic performance
of flapping foil compered to experimental data [13,14].

For shallow water cases, the size of the computational
domain is 75c x 21c. A uniform constant velocity in the X
axis direction is imposed at the inlet. The incoming flow is
considered as calm water than means no wave is produced
from the inlet boundary. The outlet of a domain is set as
pressure outlet with dp / én=0. The bottom boundary is
considered as a non-slip wall to reflect the sea floor. The top
boundary is set symmetry and free surface is located at
D=10c between the top and bottom boundaries. For
reducing the effect of boundary conditions on the results
under deep water case, the computational domain is
extended 85c away from the flapping foil device. The
oscillating of rigid body is used, and the body-fitted a grid
moves with the motion of the foils simultaneously. The
selected mesh is C-type with structured mesh around the
foil. The grid is built with approximately 50,000 cells with
close to 400 points on the foil and Y™ is almost lower than
1 during modeling. For the setting of the moving grid, refer
to [20-23].

Velocity

D=10¢ Foils P

Pressure
. Outlet

Free Surface

Wall

Fig 2. Boundary conditions
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Prior to conducting a detailed computation, the validity
and accuracy of the numerical methods should be
corroborated. The validation is the comparison of the lift
and power coefficients of one cycle with results of Kinsey
and Dumas [13]. In this case, the tandem configured
flapping foils system which operates in Re=5x10° is
simulated.
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Fig 4 (b). Power coefficient

Two NACAO0015 foils flap with a reduced frequency,
f*=0.14 and a pitching amplitudesfo=70°, a heaving
amplitude ho=c and a pitching center at the third chord (X,
= ¢/3). The gap distance between the upstream foil and
downstream foil Ly, is 5.4c. The phase difference in
between two foils, v, is 180°. According to “Figs. 4a and
4b”, the results of the present computational model compare
well with the work of Kinsey et al. [14].

3. Result
The main concept of this work is on the impact on the

working environment on the energy extraction performance
of the tandem foils power generator. For this purpose, the

numerical simulations are performed and the mean distance
between the foils and the seabed, hy, are changed and power
extraction performance of such a flapping foil system in a
shallow water are investigated.

3.1. The effect of mean distance on power extraction
performance

In this section, three mean distances ho=6¢, 3c and 1.5¢c
are considered. The value of the power extraction efficiency
of the system 1, the maximum value of lift coefficient Cy,
for four operation condition are reported in table 2. When
the effect of working environment is considered in
simulation, the performance of the total system has
experienced a decrease. The total power extraction
efficiency for ho=6c, ho=3c and ho=1.5c decline 7.24%,
8.5% and 10.14% respectively to compare with deep water
case. This amount of energy loss is due to the seabed effect
and water surface level. It is interesting to note that the
downstream foil lost less energy than the upstream foil.

Table 2. The value of power extraction efficiency and the
maximum value of lift coefficient for four operation
conditions

n G

Deep water Foil 1 62.1 2.67
Foil 2 35.2 3.51

Total 26.9
ho =6¢ Foil 1 57.6 2.50
Foil 2 32.6 3.21

Total 25
ho =3c Foil 1 56.5 2.37
Foil 2 31.8 3.05

Total 24.7
ho=1.5¢c Foil 1 55.8 2.18
Foil 2 31.2 2.85

Total 24.6

As demonstrated in “Fig. 5” and table 2, when the effect
of working environment is considered, the peak of lift
coefficient reduces monotonically. In he=1.5¢ condition,
the peak of lift coefficient is the lower than other conditions.
As reported in [27,28], the contribution of lift force towards
power extraction is positive (i.e. energy transferred from the
flow to the foil) when it has the same sign as the heaving
velocity, and vice versa. As can be seen in Fig. 5(a),
although the curve of lift coefficient for deep water case has
higher peak values, the portion of time that the contribution
of lift force is positive is shorter than other cases. In the
periods of 0 < t/T < 0.4 and 0.5 < t/T < 0.65, the working
environment conditions reduce the absolute value of the lift
coefficient of the upstream foil when both the lift forces and
the heaving velocity have the same sign. Therefore, the
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instantaneous power coefficient of the upstream foils is less
than that of the deep water case during the same portions of

time, which it can be observed in Fig.6 (a). In the period

N

o(Clw
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Fig 5 (a). Lift coefficient for upstream foil
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Fig. 5 (b). Lift coefficient for downstream foil
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Fig. 6 (a) Power coefficient for upstream foil

negative value and the instantaneous power coefficient of
deep water case is lower than other cases.

In Fig. 5(b), lift coefficient and heaving velocity of
downstream foils have the same sign during two portion of
time (0.25 < t/T < 0.35 and 0.5 < t/T <0.85). In the first
period of time, the curve of lift coefficient for the shallow
water conditions is larger than deep water case. However,
the working environment conditions cause that the value of
lift for shallow water downstream foils becomes smaller
than that for deep water case during 0.4 <t/T < 0.65. For the
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Fig. 6 (b) Power coefficient for downstream foil

period of 0.2 < t/T < 0.4 the working environment condition
has a positive effect on the performance of the downstream
foil. From 0.5 < t/T < 1, this condition has a negative effect
on the power extraction capacity of the downstream foil.
These observations coincide with that shown in Fig. 6(b).

3.2. The effect of vortex structure on energy
extraction performance

In this section, the vortex structure impact on energy
harvesting performance of foils is evaluated. By flapping
the upstream foil, two types of vorticities are formed and
shed, which one of them is in a counter-clockwise direction,
while other is in the clockwise direction. Similarly, the
motion of downstream foil generates two reverse rotating
vortices.

Figs. 7 and 8 give the snapshots of near-field vorticity
distributions at t=1/4T and t= 3/4T, respectively. At t=1/4T,
the upstream foil is at the middle point of the upstroke near
the bottom and the heaving velocity of foil reaches its
maximum value. At this time, the leading edge vortex is
growing and is attached to the foil. The working
environment has a significant effect on the vortex structure
and sheading. In shallow water condition, when hy equals
1.5c¢ the vorticity which generated from the upstream foil
has a strong interaction in the sea floor and a vortex
generated from the seabed with the counter-clockwise
direction. The vortex of seabed gets some part of the
dynamic energy of upstream foil which causes to reduce the
lift force generation of the upstream foil at t=1/4T, as
confirmed in Fig. 5(a). In he=3c and he=6¢ conditions, the
effect of the interaction between vorticity generated from
the upstream foil and seabed on energy extraction system is
less than ho=1.5¢c. As the mean distance between the foil and
the seabed increases, the value of lift force generated by the
upstream foil also rises smoothly (Fig. 5(a)).
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At t= 3/4T, the upstream foil is at the down stroke point
in an oscillating cycle and another vorticity is attached to
the upstream foil. At this time, the position of upstream foil
causes the effect of sea floor on the vorticity structure
reduces but the sea surface impact increases, especially for
ho=6¢ condition. However, there is very little difference
between the boundary layer structures of the upstream foil
in the shallow water conditions and deep water case. For
this reason, the lift force generated by the upstream foil has
approximately same value in all conditions (Fig. 5(a)). It
demonstrates that the effect of the seabed on the power
extraction performance of the flapping foil energy

important role in the energy harvesting capacity of this foil
[18]. The downstream foil generates two types of vortices,
in a counter-clockwise direction and clockwise direction,
respectively. The downstream foil is at its down stroke
position at t=1/4T and at the up stroke position at t=3/4T,
which has a 180° phase difference with the upstream foil.
The vortices generated by upstream foil affect the
downstream foil at t=1/4T and t=3/4T, respectively and
raise the local dynamic pressure to improve the energy
harvesting efficiency at these times [17]. However, at
t=3/4T, the downstream foil of the shallow water condition
interacts with weaker vortices of the upstream foil due to

Fig.7. The vorticities contour with different hoat t=1/4T

harvesting system is stronger than the free surface at the
present working condition.

The downstream foil benefits from interacting with the
shed vortices from the upstream foil. The shape a position
of the vortices experienced by the downstream foil play

the seabed effect (Fig. 7). Therefore, comparison with the
deep water case, the performance of the system decreases
monotonically, especially in ho=1.5¢ condition. Similar to
the upstream foil, when the downstream foil is at the middle
point of the down stroke at t=1/4T, the vortex patterns of the
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- Fig. 8. The vorticities contour with different h0 at t=3/4T

downstream foil is like to that the deep water condition so
the performance of the system is approximately similar in
all conditions.

4, Conclusion

The present investigation focused on the effect of the
sea floor on the energy extraction performance of oscillating
foils hydrokinetic turbine. The level of sea water is
considered as ten-time chord length. The mean distance
between the foil pitching axis and the seabed is varied as
ho=6c, 3c and 1.5c. It has been concluded that the energy
extraction efficiency and vortices structures of flapping
foils are affected by the shallow water conditions. The
upstream foil losses more energy than the downstream foil

when the system is assumed near the sea floor. Therefore,
the total efficiency of system has decreased considerably to
compare with deep water condition. The results show the
strong interaction between the boundary layer of the sea
floor and the upstream foil is the reason for the reduce of
performance.

Present simulations are simplified the sea floor as a
non-slip wall. But, in real condition, the seabed is covered
with the underwater plates and sediment. In addition, the
effect of changing the water density due to more or less
concentration of the sand, mud or other dirt in the water
should be considered. These topics will be studied in the
follow up investigations in near future.
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