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Modeling and Analysis of the
Leading-Edge Vortex on Flapping
Foil Turbines in Swing-Arm
Mode
Hydrokinetic flapping foil turbines in swing-arm mode have gained considerable interest
in recent years because of their enhanced capability to extract power, and improved
efficiency compared to foils in simple mode. The performance of foil turbines is closely
linked to the development and separation of the leading-edge vortex (LEV). The paper’s
aim is to develop a purpose-built 2D numerical model to present the capability of
integrating the weighted residual finite element method (FEM) with the interface
capturing technique, level-set method (LSM), in providing a high-quality numerical
simulation of the flapping foil in swing-arm mode, by accurately modeling the formation
and the separation of the LEV on flapping foils. The solvers were validated against well-
known static and dynamic benchmark problems and the effect of the mesh density was
analyzed and discussed. This paper further covers an initial investigation of the
hydrodynamics of flapping foil in swing-arm mode, by studying the structure of the vortex
around a NACA0012 foil. The presented method helps to provide a better understanding
of the relation between the Leading-Edge Vortex creation, growth, and separation over
the flapping foil in swing-arm mode and the extracted power from a hydrokinetic turbine.
[DOI: 10.1115/1.4057035]

Introduction

The demand for clean electricity from alternative power sources
is rising as more consumers value sustainability [1]. Ocean
currents have great potential to generate reliable clean power [2],
and a range of market-ready hydrokinetic turbines have been
developed over the last twenty years [3–7]. Flapping foils allow
for energy extraction in free surface waves, open channels, and
uniform currents [8]. A flapping foil generates power by perform-
ing two main motions; heave and pitch [9]. Oscillating foil
turbines generate a leading-edge vortex (LEV), which leads to
higher lift forces than conventional rotary turbines in which the
flow remains attached to the turbine blades [10]. The formation
and dynamics of the LEV are experimentally studied by bending a
flat plate along its spanwise direction [11,12]. By adopting swing-
arm mode, in which the heave motion is performed by an arm
rotation, the efficiency can further be improved compared to
simple mode, in which the heave motion is performed simply up
and down [13]. A comparison between the swing-arm mode and
the simple mode foil is shown in Fig. 1. Karbasian et al. [14]
showed that the swing-arm mode changes the LEV’s creation,
growth, separation, and delay (in time). Furthermore, more power
can be extracted by selecting the optimal swing factor. Increasing
the swing arm length delays the separation of the LEV, enhancing
the power extraction [15].
Numerical simulations allow for deep investigations of the

formation LEV around a flapping foil, which may require very
advanced motion capture equipment and other complex experi-
mental equipment [16,17]. Numerical methods allow faster
evaluation of new designs. Hence, providing a reliable numerical
simulator of the water flows around the flapping foil is essential.
For this type of problem, a deforming/moving mesh where the

coordinate nodes follow the moving boundaries, deforming the
whole mesh or a selected region in the mesh is not suitable,

especially in large flapping amplitudes. In deforming/moving
meshes, the mesh is reprocessed at each time-step to reflect the
moving boundaries and this consumes computational power [18].
Further, deforming/moving meshes are more likely to lose their
quality due to the element inversion after several time steps. This
requires remeshing that increases computational time [19]. In
addition, deforming/moving meshes handle large amplitudes
motion poorly since this results in mesh inversion [20]. The
flapping foil motion is complicated by the coupling of two
motions: pitch and heave. Although a deformable moving mesh
that employs the arbitrary Lagrangian–Eulerian (ALE) approach
[21] can handle any simple solid body motion, such as heave or
deformation with a relatively small amplitude [22–24], it is not
suitable for complex motions. Using deformable moving meshes
to produce both rotation and heave motions will squeeze the mesh
cells, increasing nonorthogonality with minor rotation motions
and causing a numerical collapse at very large rotation angles and
large translating motions [20]. The flapping foil motion at large
amplitudes requires the combination of different moving mesh
techniques, such as the multiple frames of reference (MFR)
mimics rotating bodies [25–27]) for the pitching motion and ALE
for the heaving motion [28–30], or a complex system of multiple
motion zones using only the MFR technique [31].
Although the overset mesh technique is flexible and widely

spread in different commercial CFD toolboxes, it has several
restrictions. The main disadvantage is that the interpolation
treatment does not enforce mass conservation [32]. According to
STAR CCMþ User Guide [33], the first 3–4 significant digits of the
answer are unaffected by the inaccuracy, which is of the order of
0.1%. These minor conservation errors happen on steady-state
problems, but they are remarkable and non-negligible in the
unsteady flows [34]. In addition, many studies compared the
computational cost for the overset and deforming/moving mesh
techniques, showing higher power consumption with the overset
technique [35–38]. Moreover, using the Overset technique in the
flapping foil problem is challenging and computationally expen-
sive since the interpolation between the front and background grid
requires similar cell sizes in the overlapping regions of both grids
and a smaller time-step to reserve the results’ accuracy [39].
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On the other hand, fixed meshing techniques, such as level set
method (LSM), handles complex body motions [40]. LSM is
suitable to simulate the shear layer instability problems, such as
turbulent/splashing free surface, where they outperform surface
tracking methods [41]. Furthermore, LSM has been proven to
capture the free surface near a flapping flat plate [42], and the flow
around bio-inspired swimmers [43]. The challenge with the LSM
is the calculation of the moving body’s forces as the LSM captures
the boundary nodes that result in a staired body shape. Ali et al.
[44] used the immersed boundary method (IBM) and the LSM
with the finite element method (FEM) to calculate the boundary
forces, showing acceptable agreement with the literature. Cur-
rently, many computational fluid dynamics (CFD) toolboxes
handle the flow around dynamic bodies, by coupling the flow
solver and the meshing techniques for the dynamics. However,
most of them employ volume of fluid (VOF). Fixed meshing
techniques, such as VOF and LSM share the same pure advection
equation without diffusion. However, they differ in the definition
of the indicator function. A specified interface contour and a
smoothly differentiable field are provided by the Level Set, while
VOF defines a mass fraction function in a given cell [45]. LSM is
easier to incorporate, relatively straightforward, and more com-
mon in the CFD research while the VOF is common in the

commercial codes [46]. During the last two decades, LSM has
experienced increased usage in hydrodynamics due to its simplic-
ity in capturing the moving boundaries [47,48], and the accuracy
of obtained results [49–51]. We have successfully implemented
FEM-LSM to simulate the pitching motion and the plunge motion
in both x� and y�directions and used IBM to calculate the
applied forces. [52,53].
In this paper, a purpose-built code, that offers the controllability

and flexibility to integrate the powerful solvers (FEM and LSM),
is presented. FEM is used because of its strength in the application
of boundary conditions, as it applies only physical boundary
conditions directly for the nodal values of the field variables, i.e.,
there is no need for numerical boundary conditions [54,55]. The
solvers are validated with different well-known static and dynamic
benchmark problems. In addition, the paper aims to show the
capability of these solvers to simulate complicated moving
problems, such as the flapping foil motion, by capturing the
associated flow patterns around the flapping foil. Thus, a better
understanding of how LEV formation and separation affect the
performance of swing arm flapping foils and its relation to the
energy harvested can be provided by studying the hydrodynamics
and vortex structure around the flapping hydrokinetic energy
converter.

Fig. 1 A flapping foil system with different motion patterns: (a) swing-arm power extraction
mode and (b) Simple power extraction mode. In each mode, the associated angle of attack a,
and force directions during the flapping cycle are shown.
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Computational Model

Foil in simple mode (Fig. 1(b)) moves only in the y-direction.
However, in swing-arm mode (Fig. 1(a)), the foil rotates around
the base pivoting point, PB, and the radius of rotation is the length
of the arm, R. The swing-arm mode increases the movement in
both x- and y-directions. Up-stroke and down-stroke define the
motion in the y-direction, whereas forward and backward motions
are in the x-direction. The hydrofoil moves on an arc during the
cycle. The origin, O, is chosen to be at the middle of the line
joining the extreme positions. The maximum distance from O
vertically is the heave amplitude, ho, and the maximum horizontal
distance is R� Sho, where S is the swing factor. In addition, the
foil performs a second rotational motion around its pivoting point,
PF, during its cycle. Hence, the hydrodynamic and flywheel inertia
forces enable the foil to rotate the connected swing arm, which
rotates the generator shaft at the base pivoting point, PV, to
generate power.

Governing Equations. The influence of using swing-arm mode
on the LEV, created over an oscillating foil was modeled using
2D Navier–Stokes equations for unsteady incompressible laminar
flow [56]. The dimensionless governing equations for the flow
around an oscillating foil may be expressed as

r � V ¼ 0 (1)

k

p
@V

@t�
þ V � rð ÞV ¼ �rpþ 1

Re
r2V (2)

where V is the dimensionless velocity vector of the flow in 2D
Cartesian coordinates with respect to the freestream velocity, U, t�
is the dimensionless time with respect to the flapping period, T, p
is the dimensionless pressure of the flow with respect to the
dynamic pressure, qU2, (q is the density of flow), and Re ¼ Uc

� is
the freestream Reynolds number (the characteristic length, c, is
the airfoil’s chord and � is the fluid’s kinematic viscosity). A
crucial factor in flapping foil systems, the reduced frequency, k, is
frequently used in power-generating plans to evaluate the
effectiveness of the turbines [14]. k is obtained by normalizing the
unsteady term using the oscillating foil’s frequency, f, and is
defined as:

k ¼ fc

U
(3)

Incompressibility Constraint. The steady-state solution is
obtained using an iterative process over the whole domain to
satisfy the incompressible continuity equation [57]. In this study, a
pressure stabilization technique is used to restore the coupling
between continuity and momentum equations [58,59]. The key
benefit of this formulation is the reduction in computational costs
due to the employment of equal-order finite element shape
functions for all flow variables [58]. This technique modifies the
continuity equation by adding a Laplacian term as follows:

r � V ¼ �r2p (4)

where � is the pressure dissipation parameter; its order of
magnitude is the same as the dimensionless time-step, Dt�.

Kinematics. As shown in Fig. 2, the flapping foil in swing-arm
mode with a harmonic sinusoidal function experiences simultane-
ous pitching motion, hðtÞ, and plunge motion in Cartesian
coordinates, x(t) and y(t), which are respectively defined as:

hðtÞ ¼ ho sinðxtÞ (5a)

xðtÞ ¼ Shoj sinðxtÞj (5b)

yðtÞ ¼ �ho sinðxtþ wÞ (5c)

where ho is the pitch amplitude, w is the phase difference angle
between pitching and plunging motions, ho is the heave amplitude,
and S is the swing factor whose value is in the range of ð0, 1� for
the swing-arm mode. When S is zero, the motion reverts to a
simple flapping foil. The pitching velocity, XðtÞ, and the upstream
velocity components, VxðtÞ and VyðtÞ, of a flapping foil due to the
swing-arm mode are respectively expressed as:

X tð Þ ¼ dh tð Þ
dt

¼ hox cos xtð Þ (6a)

Vx tð Þ ¼ dx tð Þ
dt

¼
Shox cos xtð Þ 0 � t

T
� 1

2

�Shox cos xtð Þ 1

2
<

t

T
� 1

8>><
>>:

9>>=
>>; (6b)

Vy tð Þ ¼ dy tð Þ
dt

¼ �hox cos xtþ wð Þ (6c)

The plunge motion of the hydrofoil introduces an induced angle
of attack. Thus, the effective angle of attack, aeff, and the effective
upstream velocity, Veff, are

aeff tð Þ ¼ h tð Þ þ arctan
Vy

U þ Vx

� �
(7)

VeffðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðU þ VxÞ2 þ ðVyÞ2

q
(8)

The maximum effective angle of attack, amax,eff , which is
approximately the modulus of the angle of attack at quarter-
period, highly affects the generation of peak forces over the
hydrofoil and occurrence of dynamic-stall [60]. The maximum
effective upstream velocity, Vmax,eff , also happens at the same time
as the maximum effective angle of attack, amax,eff , and they are
defined as

amax,eff ¼ aeff
T

4

� �����
���� ¼ ho � arctan

hox
U

� �����
���� (9)

Vmax,eff ¼ Veff

T

4

� �
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Uð Þ2 þ hoxð Þ2

q
(10)

Lighthill [61] eloquently introduced the feathering parameter,
v, that indicates the power extraction or the propulsion, and is
defined as

v ¼ ho

arctan
hox
U

� � (11)

The feathering parameter specifies how closely the foil pitch angle
aligns with the slope of the flapping path [62]. The necessary but
not sufficient condition for power extraction mode is v > 1, i.e.,

aeffðT4Þ > 0. However, the condition for propulsion mode is v < 1,

i.e., aeffðT4Þ < 0 [63].

Extracted Power and Efficiency. For power extraction mode,
v > 1, the instantaneous power and thrust coefficients, CP and CT,
depend on the contributions from both the rotational plunge and
pitching motions and are respectively defined as

CP tð Þ ¼ FyVy þ FxVx þMX
0:5qcU3

(12)
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CT tð Þ ¼ FxVx

0:5qcU2
(13)

where Fx, Fy, and M are the magnitudes of the instantaneous
forces and pitch moment at the foil pivoting point, PF, in the
Cartesian coordinates; as a result, the mean of either power or
thrust coefficients, �CP or �CT , can be calculated over one cycle.

Finally, the efficiency, g, which indicates the capability of the
oscillating foil system to generate power from the flow, is defined
as

g ¼
�Pextracted

Pavailable

¼ c

2ho
�CP (14)

Fig. 2 Kinematics (left) and foil motion (right) of flapping foil in swing-arm mode. The right
figure shows the foil position and orientation during the up-stroke and down-stroke. The arc
path indicates the location of the foil’s pivoting point, PF. The extreme positions show the
foil at maximum heave amplitude.

Fig. 3 Contour levels of foil using LSM; the levels inside the foil are negative, the levels outside the foil are
positive, and the level on the foil has a zero value
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Numerical Solver

Finite Element Formulation. The numerical model is based
on weighted residual FEM. FEM redefines the variables by
separating their spatial and temporal dependence using the shape
functions, Nið:Þ [64]. The weighted residual approach minimizes
the weighted error of the solution for the weak form of the PDE
[65]. Furthermore, the residual approach varies by changing the

value of the weighting parameter [66]. Hamada et al. [67] showed
that the up-winding Galerkin/least-square (GLS), which was
introduced by Hughes et al. [68], is the best weighting approach to
solve second-order differential equations with convection terms,
such as the momentum Navier–Stokes equations. This is because
of its stability and accurate diffusivity compared to the Least-
Square, Standard Galerkin, Collocation, Galerkin/Least-Squares,
Collocation/Galerkin, Collocation/Least-Squares, and Collocation/

Fig. 5 Independent mesh test: the lift, drag, and power coefficients for oscillating NACA0012 foil in swing-arm mode using
different grid sizes at heave amplitude of 1.25, pitch amplitude of 70deg, swing factor of 0.25, nondimensional reduced
frequency of 0.08, and Reynolds number of 13105

Fig. 4 Characteristics of the computational domain (top), showing the mesh, the clustered foil region, and the boundary
condition. The flapping foil (bottom) at certain time steps using LSM, indicating the refinement of the mesh at the foil
region and the quality of the LSM.
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Galerkin/Least-Squares. Furthermore, the GLS technique provides
the upwinding effect required to handle the convective term in the
momentum equation [69,70]. On the other hand, there are not any
convective terms in the modified continuity equation and its type

is elliptic. Therefore, the Standard Galerkin (SG) formulation is
enough to solve the modified continuity equation [71]. A forward
first-order explicit scheme [72] was chosen to conduct the time
marching term. The weight function, wið:Þ, of SG and GLS are

Fig. 6 Streamlines together with the nondimensional total velocity of the flow around a
stationary circular cylinder using FEM at different Reynolds numbers: (a) at Re520,
showing a part of the grid around the cylinder and (b) at Re5300

Table 1 Independent mesh test: absolute percentage error of the mean of power coefficient, negative mean of drag coefficient,
and root-mean-square of lift coefficient during one flapping cycle with respect to a mesh of 42031120 elements for a flapping
NACA0012 foil in swing-arm mode

Error% with respect to the finest mesh Error% with respect to the extrapolated mesh

Number of elements CP �CD RMSðCLÞ CP �CD RMSðCLÞ

120� 320 6.5217 8.4181 7.8392 6.7605 8.4181 7.8392
240� 640 0.6211 4.1344 4.3438 0.8750 4.1344 4.3438
360� 960 –0.6211 0.3605 1.3376 –0.3641 0.3605 1.3376
420� 1120 — — — 0.2555 0.0 0.0
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wið:Þ ¼ Nið:Þ SG

Nið:Þ þ sLðNið:ÞÞ GLS

� �
(15)

where Nið:Þ is the shape functions within the elements. The bi-
linear shape functions in f and g are used in this study which
result a second order accuracy in space as the second derivatives
in x and y are computed to construct these functions [67]. In
addition, LðNið:ÞÞ is the Least-Square operator over the shape
functions which is constructed from the residual of the governing
equation, and s is the local mesh stabilization parameter, which is
defined as

s ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k

pDt�

� �2

þ 2Ve

Le

� �2

þ 4

L2e Re

� �2
s (16)

where Ve and Le are the total velocity and characteristic length of
each element, respectively.
Integration by parts was performed for the Laplacian term to

reduce the order of partial differential equations which enables the
usage of bi-linear shape functions and allows the use of the
Neumann boundary condition for the pressure if needed [64].
Moreover, the mass lumping technique is used for the unsteady
term matrix to reduce computational time [73,74]. The weak
forms of the continuity and momentum equations in indicial
notation are

�1

�

ð ð
Nir � VdA ¼

ð ð
rNi � rpdA�

þ
Ni

@p

@n
dS (17)

k

2p

ð ð
Ni

DV
Dt�

dAþ
ð ð

~Ni Ve � rð ÞVdA ¼ �
ð ð

NirpdA

� 1

Re

ð ð
rNi � rð ÞVdAþ

þ
Ni

@V

@n
dS

� � (18)

Level-Set Method. Level-set method is an interface capturing
method which defines the nodes of the body in the fixed meshes
using an implicit function, / [75]. The function, / is constant
along the contour levels around the foil’s surface, see Eq. (19).
The value of the LSM function classifies the domain into three
regions; inside, on, and outside the foil surface, as seen in Fig. 3.
Thus, the boundaries of the foil will be determined with non-
positive contour levels. Further, LSM prevents element inversion
and maintains the quality of the mesh, unlike the dynamic meshes
which require regeneration with time [76]. The boundary of the
foil is located dynamically by a signed-distance function (SDF) at
each time-step [77], see Fig. 4 right

D/
@t

¼ @/
@t

þ VLS � r/ ¼ 0 (19)

where VLS is the convective velocity vector of the level set
function, /.

Fig. 7 Vorticity contours around the foils at different angles of attacks, AOA50deg, 8 deg, 16deg, and 24deg,
and different Reynolds numbers, Re5100, 250, and 500
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Mesh Design. The mesh (Fig. 4 left) is a structured square
shape, does not include the foil, and has a length of 20c, where c
is the chord length. Mesh independence was checked to avoid
grid-dependent results. Six meshes, with a number of elements of
120� 320, 180� 480, 240� 640, 300� 800, 360� 960, and
420� 1120 were selected to perform the mesh independence, by
simulating the oscillating NACA0012 foil in swing-arm mode
with Re ¼ 1� 105, k¼ 0.08, and S¼ 0.25. The meshes
120� 320, 240� 640, and 420� 1120 were used to calculate the
order of convergence using Richardson extrapolation [78]. Hence,
the refinement ratios between the two successive meshes in the
extrapolation are r21 ¼ h2

h1
¼ 2 and r32 ¼ h3

h2
¼ 1:75, following the

recommendations of Ref. [79] for the lowest limit ratio of
refinement, which is 1.3 (r> 1.3). Figure 5 shows the instantane-
ous lift, drag, and power coefficients for the considered test during
a cycle. In addition, the mean of the power coefficient, the mean
of the negative drag coefficient, and the root-mean-square of the
lift coefficient during a cycle are used in the extrapolation
technique to calculate the extrapolated values, which are 0.3228,
1.415, and 1.092, with an uncertainty, GCI, of 0.3201%, 0%, and
0%, respectively. The percentage error for the meshes with respect
to the finest mesh (420� 1120) and with respect to the

extrapolated values are shown in Table 1. The results of the last
two fine meshes are at satisfactory levels as the extrapolated errors
are within a 1% (or less). Hence, the results of the meshes
360� 960, and 420� 1120 are very similar, which means that the
model becomes mesh independent. In addition, the increase in the
mesh intensity increases the computational power. The finest
mesh (420� 1120) consumed a 3-weeks simulation time in a
MATLAB code with a single processor. Thus, the mesh 360� 960
was chosen because of its acceptable accuracy results and low
computational cost.
The area of the flapping foil region is 2c� 6c and the number

of elements within that region is 240� 900. The distance from the
first node to the foil surface is around 6:67� e�3c. The top and
bottom are located 7c from the flapping foil region, while the inlet
boundary is located 5c from the flapping foil region. All these
three boundaries are specified with a horizontal unity freestream
and a zero pressure gradient. The downstream boundary is 13c
from the foil region, with a condition of zero velocity gradient and
single-point gauge pressure. The oscillating foil points have a no-
slip condition and zero pressure gradient.

Result and Discussion

To show the capability of the purpose-built code (FEM–LSM),
it was first validated using four well-known benchmark problems.
Starting with validating the flow solver (FEM) only, the problem
of a stationary circular cylinder was selected, in which the mesh
was generated around the cylinder. The implementation of LSM
was checked by solving two kinds of problems: one fixed body
problem, such as a stationary foil, and two moving body problems,
such as an oscillating circular cylinder, and a flapping foil with
simple sinusoidal motion. Second, the flapping foil in a swing-arm
mode is simulated, in which the flow patterns and their temporal
development were explained.

Stationary Circular Cylinder. The stationary circular cylinder
problem is well-known and often used for studying the character-
istics of the vortex shedding phenomenon, where the flow
behavior is controlled by the Reynolds number [80]. As the
Reynolds number increases, the flow changes from generating
symmetric wakes to periodic vortex shedding behind the circular
cylinder. Two simulations of flow past a stationary circular
cylinder were performed to validate the FEM solver using a body-
fitted mesh; two reference cases with Reynolds numbers, Re, of
20, and 300 were chosen for the validation. The computational
domain was constructed as a rectangular, whose size is 20 times
and 10 times the cylinder diameter, with quadrilateral elements (a
structured H-Grid). At Re¼ 20, Huang et al. [81] showed that the
vortex length to cylinder length ratio is about 0.991, while the
present solver obtained a vortex length to cylinder length ratio of
0.941. At Re¼ 300, Williamson [82] experimentally obtained a
Stroughal number, St ¼ fd

U, where f is the shedding frequency, d is
the diameter of the circular cylinder, and U is the freestream fluid
velocity, of 0.202. The Stroughal number using the present solver
was 0.17. The colored streamlines with the nondimensional total
velocity for the flow around the stationary cylinder at the two
Reynolds numbers are shown in Fig. 6, showing the validity of the
purpose-built FEM solver to simulate the problems of incompres-
sible flows.

Stationary Foil. The developed model’s applicability to accu-
rately determine the incompressible low-Reynolds number flow
over a stationary NACA foil with different angles of attack is
paramount, and therefore used as a validation case. The
NACA0012 foil’s location was obtained by implementing the
LSM, see Fig. 7 (left), and the vorticity contours of the flow
around the foils are shown in the right of Fig. 7. Figure 8 shows
the validation of the numerical model by comparing the variation
of lift coefficient and drag coefficients at different angles of attack
with the numerical work of Srinath and Mittal [83]. Furthermore,

Fig. 8 Variation of hydrodynamic coefficients of a stationary
NACA0012 foil with the angle of attack in an incompressible
low-Reynolds number flow: (a) drag coefficient and (b) lift
coefficient
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the comparison shows the reliability and accuracy of the
numerical capturing technique, LSM, as the maximum absolute
error percentage of lift and drag coefficients is within an
acceptable margin, 7%.

Oscillating Circular Cylinder. Synchronization or lock-in,
between the vortex shedding and vibration frequencies, is one of
the main features of an oscillating circular cylinder, and the lock-
in range becomes larger as the amplitude of oscillation increases

[84]. Furthermore, this phenomenon appears in flapping foil
turbines within a certain regime of the reduced velocity and the
pivot point location [85]. To compare with Dekhatawala and Shah
[86], the flow around a circulating cylinder was determined at
Re¼ 185 with a frequency ratio of 0.8 and amplitude ratio of 0.5.
The location of the oscillating cylinder was obtained using the
LSM, see Fig. 9 (right). Dekhatawala and Shah [86] obtained a
root-mean-square of the lift coefficient of 0.608 and a mean drag
coefficient of 1.5557, while the results of the present investigation
are 0.6482 and 1.2758, respectively. The reasons for the deviation

Fig. 9 Vorticity contours around an oscillating circular cylinder at a Reynolds number of 185, a frequency
ratio of 0.8, and an amplitude ratio of 0.5 at the upper extreme position (left). Oscillating cylinder points at
different time steps (right) using LSM.

Fig. 10 Flapping foil (middle) and the Vorticity contours of the flow (right and left) at certain time steps using FEM and LSM
at heave amplitude of 0.8, pitch amplitude of 54deg, Stroughal number of 0.25, and Reynolds number of 13104
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in the results could be the difference in the solver type used, the
element type in the mesh, and the mesh quality near the cylinder.
The vorticity contours for this case at the upper extreme position
are shown in Fig. 9 (left).

Flapping Foil in Simple Mode. Simple hydrokinetic turbines
use sinusoidal flapping foils. LSM was used to capture the
locations of the flapping foil, see the middle of Fig. 10, and
the vorticity contours of the flow around the flapping foil during
the up- and down-stroke are shown in the right and left of the
same figure, respectively. Figure 11 shows the power coefficient
for a simple flapping NACA0012 foil at Re ¼ 1� 104, with a
Stroughal number of 0.25, heave amplitude of 0.8, and pitch
amplitude of 54 deg. Lu et al. [87] and Karbasian et al. [14]
obtained an efficiency (Eq. (14)) of 0.147 and 0.17, respectively.
With the present solver, the efficiency was 0.216. The deviation in
results might be due to the difference in the selected numerical
solvers’ type between the present work (FEM solver) and their
work (FVM solvers).

Flapping Foil in Swing-Arm Mode. In this study, a FEM
model for the advancement of hydrokinetic flapping foil turbines
was developed. To accurately predict the performance of flapping
foil in a swing-arm mode, a correct capturing of the structure of
the vortex around the foil is the key. The flow around a
NACA0012 foil during the down-stroke phase of its cycle is
shown through the nondimensional vorticity contours in Fig. 12.
The relation between the vortex formation, the lift, drag forces,
and the extracted power are shown in Fig. 13. Table 2 shows the
used parameters used in this study.
At the start of the down-stroke, the foil has a zero effective

angle of attack, Fig. 12(a), and the power coefficient is at its
lowest value, Fig. 13(a). Here, there is a thin clockwise vortex
strip at the leading-edge (called separated shear layer), which is
created during the end of the up-stroke (the effective angle goes
from positive to zero), and a small trailing-edge vortex (TEV) is
developed, which reduces the lift force [88]. Subsequently, as the
effective angle of attack increases, an adverse pressure gradient
appears. This leads to the creation of the separated shear layer,
Fig. 12(b), and a small increase in the power coefficient, see Fig.
13(b). Figure 12(c) shows that the flow reversal layer grows with
time, creating the Laminar Separation Bubble (LSB), where the
flow separates near the leading-edge and is followed by the flow
reattachment over the foil surface. The LSB is the main reason for

the increase in the lift and drag forces, and as a result, the
extracted power, as shown in Fig. 13(c). The further development
of the LSB in size constructs the LEV, which aligns with the work
of Karbasian et al. [14]. Figure 12(d) shows how the LEV travels
toward the trailing edge during its growth. During this phase, the
flapping foil produces the highest possible lift and extracted
power, Fig. 13(d). A bursting event (the break of LEV into small

Fig. 11 Power coefficient as a function of time for a NACA0012 flapping foil with simple sinusoidal motion
at heave amplitude of 0.8, pitch amplitude of 54deg, Stroughal number of 0.25, and Reynolds number of
13104

Fig. 12 Vorticity contours around a NACA0012 flapping foil in
swing-arm mode during the down-stroke phase at Reynolds
number of 13105, swing factor of 0.25, and nondimensional
reduced frequency parameter of 0.08
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vortices) occurs when the separation phenomenon reaches the
LEV, resulting in a strong coherent leading-edge vortex structure.
This vortex spirals around the shear layer, resulting in a
massive detached LEV (called dynamic stall vortex) [89]. Thus,
the LEV strength decreases, as shown in Fig. 12(e), which
happens near the maximum value of the effective angle of attack.
Figure 13(e) shows a slight decrease in the generated energy. As
the value of the effective angle of attack continues to decrease, the
TEV size quickly widens. This pushes the separated shear layer

away from the foil’s surface, as shown in Figs. 12(f) and 12(g).
Here, the lift, drag, and power coefficients significantly
decrease. When the foil is close to finishing the down-stroke, the
TEV moves away from the foil’s surface and the
separated shear layer gets close to the foil again, as shown in Figs.
12(h) and 12(i). Here, a small bump in the extracted power
occurs before reaching its lowest value again at a zero effective
angle of attack (end of down-stroke), as shown in Figs. 13(h) and
13(i).

Fig. 13 Lift, drag, and power coefficients of a NACA0012 flapping foil in swing-arm mode during the
down-stroke phase at a Reynolds number of 13105, swing factor of 0.25, and nondimensional reduced
frequency parameter of 0.08: (a) lift coefficient, (b) drag coefficient, and (c) power coefficient
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Conclusions

The purpose of this study was to introduce a reliable numerical
purpose-built code for the investigation of the hydrodynamics of
hydrokinetic energy converters. The purpose-built solver is based
on Finite Element code with the Level-Set technique. LSM is used
to specify the foil nodes in the fixed grid, while FEM is applied to
obtain the flow field around the flapping foil at each time-step.
LSM reserves the quality of the grid while avoiding remeshing
that can lead to element inversion. The numerical model was
validated using existing experimental and numerical results.
Finally, a detailed vortex structure study of a flapping foil turbine
in swing-arm mode is performed to show the link between the
leading-edge vortex and extracted power.
The main indication of the power extraction capability for the

flapping foil is the strength of LEV. This is in line with
the findings of Karbasian et al. [14] and Xu et al. [90]. Further, the
gained power starts to fade out when the separation of the LEV
phenomenon appears. In other words, the flapping foil provides
energy as long as the separation of LEV is delayed. Further
numerical investigations, using FEM and LSM, to study the effect
of the shape of the foil or the active-controlled high lift devices,
such as flaps and slats, on power extraction from flapping foil
hydrokinetic turbines in swing-arm mode is recommended.
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Nomenclature

FEM ¼ finite element method
c ¼ chord of flapping foil

CPðtÞ ¼ instantaneous power coefficient
CTðtÞ ¼ instantaneous thrust coefficient

ho ¼ heave amplitude
k ¼ reduced frequency

LSM ¼ level-set method
Ni ¼ shape function within the elements
p ¼ flow field pressure

Re ¼ Reynolds number
S ¼ swing factor

T ¼ flapping period
t� ¼ dimensionless time with respect to the flapping period
U ¼ free-stream velocity
V ¼ flow field velocity vector

VLS ¼ convective velocity vector of LS function
wið:Þ ¼ weight function in FEM

a ¼ free-stream angle of attack
g ¼ generating power efficiency
x ¼ angular frequency of flapping foil
/ ¼ level-Set function
s ¼ local mesh stabilization parameter
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