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Abstract: The Gurney flap (GF) is a simple flat plate frequently mounted at the airfoil rear.
Several investigations have been devoted to studying the effect of a rigid or even movable
GF on the aerodynamic behavior of several devices such as flapping airfoils and vertical
or horizontal axis turbines. The present paper proposes a new concept of a deformable
Gurney flap (DGF) to improve the output power of a flapping airfoil in vertical mode.
The advantage of this model is the full control of the effect on the GF during the flapping
movement. The DGF is expandable and contractible which allows for monitoring and
adjusting the pressure distribution at the appropriate time and position. By using a 2D
transient simulation with a specific dynamic mesh design, an extended numerical analysis
has been provided. It was found that this model is able to increase the output power by
19.5%. Furthermore, the concept of the DGF is applied on flapping turbines in hybrid
modes such as swing arm mode and D-shaped mode. These modes are investigated to
clarify the studied model’s advantage and to demonstrate the possibility of applying this
strategy to control the different flapping movements.

Keywords: energy harvesting; flapping airfoils; deformable Gurney flap; transient simulation

1. Introduction
By taking a look at the behavior of many birds and fish, it becomes clear that they have

a wonderful ability to maneuver and move with complete freedom in the air and water with
low energy consumption, especially for migratory birds and fish. These organisms use the
flapping motion of their wings and tails to control the surrounding flow and improve their
maneuverability. The flapping motion is a complex movement that is constructed from the
combination of two or more movements depending on the followed trajectory [1–4]. In the
fully described flapping motion, pitching motion and heaving along the vertical and/or
horizontal axis are synchronized in a predetermined manner to extract energy or generate
propulsion. A bird’s ability to change direction while maintaining its stability using its
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tail has inspired many researchers to use a Gurney flap (GF) which is a simple flat plate
mounted at the airfoil rear to control the flow. It is used in several application such as race
cars, helicopter tails, and turbine blades [5–7]. This device, despite its simplicity, is capable
of changing the vortices’ shedding modes and therefore their interactions. The impact
of Gurney flaps on airfoil performance was discussed by Liebeck [8]. It was highlighted
that selecting the right Gurney flap height is crucial for optimizing both lift and drag.
While a 1.25% chord flap height can be beneficial for a Newman airfoil, a 2% chord height
can significantly increase drag. This trend was also observed in NACA4412 airfoils [9].
Increasing lift with a Gurney flap comes at the cost of increased drag, though the impact
can vary depending on the desired lift force [5,10,11]. Therefore, choosing the right Gurney
flap height is essential for improving overall airfoil performance. Giguere et al. [11] showed
that flaps between 0.5% and 5% of the airfoil’s chord length can significantly increase lift
with minimal drag increase. The ideal height matches the boundary layer thickness at
the airfoil’s trailing edge. Geronatkos and Lee [12,13] showed that Gurney flaps enhance
dynamic lift on a pitching NACA0012 airfoil. A large number of studies have been devoted
to studying the effect of GFs on vertical axis turbines (VAWTs). For a Darrieus turbine,
Bianchini et al. [14] determined the appropriate length of a GF that allows expanding the
turbine operating range. A 2%c GF fixed on the suction surface ensured an improvement
by 23.1% at a tip speed ratio (TSR) = 3.3. To increase the competitiveness of VAWTs
compared to commercial HAWTs, Syawitri et al. [15] computationally investigated the
effect of GFs on three-blade VAWTs. It was found that the model with a single blade is
not sufficient to decide about the optimum GF configuration, owing to different modes of
interaction and diverse GF geometries and their performance in different flow regimes. The
researchers showed that, at a low TSR, GFs had a clear effect on the output power where an
improvement by about 233.19% was recorded. Further studies [16,17] shared that Gurney
flaps can be a valuable tool for enhancing lift in various applications such as variable speed
rotors and Wells turbines, but selecting the appropriate height was crucial for optimal
performance. To improve the output power of a flapping turbine, Xie et al. [18] used a
fixed GF centered at the back of the airfoil, so that it instantaneously affected the upper and
lower surfaces of the airfoil. The proposed model targeted changing the airfoil operative
camber and the form of the leading-edge vortex. It was found that the GF advantageously
changed the adverse pressure on the upper surface which increased the velocity over the
lower surface and delayed the flow separation. The pitching GF is another recently used
concept [19–21]. This model of GF is distinguished by its ability to change its position
during the flapping motion of the main airfoil. Its design considers that the flapping motion
consists of two phases, upstroke and downstroke, which makes the pressure side change
between the upper and lower surfaces and the GF needs to be located regularly at the
pressure side. So, this model of GF tracks the airfoil pressure side. It was found that, unlike
the fixed type, using this type could extend the length of the GF slightly. Sun et al. [22]
studied the behavior of leading-edge vortex LEV for different phase angles between a
movable GF and the flapping airfoil. For a specific phase angle, the improvement of energy
extraction was assured. Yongcheng Li [23] studied the mechanism used by GFs to affect
the turbine’s ability to generate thrust. It was found that the GF had a pronounced effect
during the entire flapping cycle. It was also found that, in order to improve propulsion,
the GF must be installed at the farthest point from the leading edge. Table 1 provides a
summary of recent computational studies that deal with the concept of fixed, movable, and
flexible GFs.

The present paper introduces a novel concept of longitudinally deformable Gurney
flaps. Unlike the previously discussed fixed and movable flaps, these flaps deform in
coordination with the airfoil’s motion. The advantage of this model is its ability to increase
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the lift force during both the downstroke and the upstroke phases separately, resulting in
more overall lift. The GFs deform successively, such that one of them expands in the first
half of the movement and shrinks significantly in the second half, to the point where their
effect disappears completely. This behavior prevents any inconsistent effect between these
GFs and conventional GFs.

Table 1. Summary of recent computational studies that deal with the concept of GFs for energy
extractions using flapping airfoils.

Author Concept
Type of

Computational
Study

Re θ0 f*= fc
U∞

Efficiency
Improvement

Y.H. Xie [18] Fixed Gurney flap 2D 1 × 104 75◦ 1 22%

M.T. Bouzaher [20] Movable Gurney flap 2D 1100 76.33◦ 0.14 18%

B. Arfaoui [21] Movable Gurney flap
(arm mode type) 2D 1100 76.33◦ 0.14 9.27%

G. Sun [22] Movable Gurney flap 2D 2 × 106 75◦ 0.14 23%

Chenye Tian et al. [24] Movable lateral flaps 2D 5 × 105 75◦ 0.18 21.7%

J. Wu et al. [25] Flexible tail 2D 1100 75◦ 0.2 22.6%

Shihui Wu [26] Attached flaps 2D 1100 76.33◦ 0.14 19.94%

2. Numerical Model and Methods
2.1. Model Description and Motion Modeling

Unlike a simple up-and-down motion, the flapping motion is a mixture between
pitching and plunging motions with a phase difference, as shown in Figure 1.
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Figure 1. (a) Prescribed heaving and pitching motions in simple vertical mode; (b) Description of
forces’ directions.

The equations of pitching and plunging of the main airfoil are:

h(t) = h0cos(2πft +φ)

θ(t) = θ0sin(2πft +φ)
(1)

where h0 is a constant amplitude, f is the flapping frequency, θ0 is the pitching amplitude,
and φ is the phase difference between the pitching and plunging motions. In the present
research a NACA0015 airfoil is used as a standard airfoil profile. This comparison of the
acquired results with previous work by Kinsey et al. [27,28] justifies it and confirms the
present solver accuracy. The deformable GFs are originally very small squares fixed at the
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trailing edge (Figure 2a). The GFs deform successively, such that one of them expands in
the first half of the cycle and returns to the initial shape (a small square) in the second half.
The deformation amplitude is figured as an angle from the pitching center noted as θ1.
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Figure 2. (a) Schematic illustrating the proposed model and (b) DGF deformation during the upstroke.

At t = 0, the GF on the upper surface of the airfoil begins to expand and achieve the
maximum deformation amplitude at t = 0.25 T. Here, T is one flapping cycle time. After
that, the GF regularly returns to the initial shape at t = 0.5 T. During this first half, the
GF on the lower surface remains motionless. In the next half period and with the same
mechanism, the GF of the lower surface deforms instead of the upper surface one. The GF’s
motion is governed by:

θGF−upper(t) =
θ1(1 − sin (2πft) 0 ≤ t ≤ 0.5 T

0 0.5T ≤ t ≤ T

θGF−lower(t) =
0 0 ≤ t ≤ 0.5 T

θ1(sin (2πft)− 1) 0.5 T ≤ t ≤ T

(2)

Table 2 lists the parameters used in the present numerical simulation.

Table 2. Parameters used in the present numerical simulation.

Foil’s chord c 0.1 m

Heave amplitude h0 1 m

Pitch amplitude θ0 76.33 deg

Phase difference angle φ 90 deg

Reynolds number Re = ρU∞c
µ

1100

When the airfoil performs vertical motion, it presents an induced attack angle.
Therefore, the effective incoming velocity, Veff, and the effective angle of attack, αeff,

are [5]:

Veff(t) =
√

U∞
2 + Vy

2 (3)

αeff(t) = θ(t) + arctan
(

Vy

U∞

)
(4)
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The airfoil dynamic stall and the behavior of generated vortices are strongly affected
by the maximum effective angle of attack αmax,eff and the maximum effective upstream
velocity Vmax,eff [29].

The two quantities appear generally at the end of the first quarter and are given as:

αmax,eff =

∣∣∣∣αeff

(
T
4

)∣∣∣∣ = ∣∣∣∣θ0 − arctan
(

h0ω

U∞

)∣∣∣∣ (5)

Vmax,eff = Veff

(
T
4

)
=

√
(U∞)2 + (h0ω)2 (6)

The feathering parameter introduced by [28] helps to identify the power extraction or
the propulsion regime, and it can be defined as:

χ =
θ0

arctan
(

h0ω
U∞

) (7)

Generally, when χ < 1, it means that αeff

(
T
4

)
< 0 and the airfoil is in a propul-

sion regime.
To extract energy, the feathering parameter must be χ > 1 and the effective angle

αeff

(
T
4

)
> 0 [28].

The sum of powers extracted or consumed by each movement is known as the overall
extracted power.

Pitching motion’s power extraction can be expressed as follows:

Pθ(t) = Mo(t)
dθ(t)

dt
(8)

where Mo(t) is the torque about the pitching center o.
The equation that controls the flap deformation is given by Equation (2), where θ1 is

the flap pitching amplitude.
Relative to the pitching center, the power consumed by the deformable flap is given as

CPθflap =
∫ 1

0
CMflap(t)

ωflap(t)c
U∞

d(
t
T
) (9)

The power extracted by vertical motion is specified as

Ph(t) = L(t)·(dh(t))/dt (10)

where L(t) is the lift force.
The average extracted power during one flapping cycle is set non-dimensionally as:

CP = CPy + CPθ =∫ 1
0

{
Cy(t)

Vy(t)
U∞

+ Cm(t)ω(t)c
U∞

(11)

where Vy(t) =
dh(t)

dt and ω(t) = dθ(t)
dt .

The force coefficients Cy(t) and Cm(t) are given as:

Cy(t) =
Fy(t)

0.5ρC2U2
∞

(12)
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CM(t) =
Mo′(t)

0.5ρCAU2
∞

(13)

where ρ is the fluid density, C is the airfoil chord, and A is the referenced cross-sectional
area of the airfoil.

For reversed D and swing arm turbines, the extracted power during one flapping cycle
is established as:

CPt = CPairfoil + CPflap= CPx + CPy + CPθ + CPflap =
∫ 1

0

{
Cy(t)

Vy(t)

U∞
+ Cx(t)

Vx(t)
U∞

+ CM(t)
ω(t)c
U∞

+ CPflap(t)

}
d(

t
T
) (14)

where Vy(t) =
dy(t)

dt Vx(t) =
dx(t)

dt , ω(t) = dθ(t)
dt .

2.2. Dynamic Mesh Techniques and Mobile Grid Design

This research involves two Gurney flaps’ installation on the suction and pressure surfaces
of the airfoil, located near the trailing edge, while maintaining the airfoil’s initial shape, as
depicted in Figure 2a. The DGFs and the main airfoil are regarded as separate entities, each
with its own equations of motion. The aerodynamic forces’ evaluation is conducted for each
component independently. Following this, the total forces acting on the proposed model are
determined using external software. The movement in the Y direction is performed using a
layering technique where zone 1 and zone 2 slide in zones 3 and 4. The zone 2 borders are
two edges of the interior type that permit cutting or merging the adjacent cells. The pitching
is achieved by rotating zone 1 around the pitching center using a sliding technique (Figure 3a).
Zone 1 has a radius of 2.5c. The expandable part of the GF is zone 7 that moves rigidly by
a sinusoidal motion (see Figure 3b). This technique has been adopted to preserve the grid
quality during its deformation. The borders of this zone are also two edges of the interior type.
This type of edge allows cutting or merging the adjacent cells.

The computational grid extends 35c from the pitching center to the inlet boundary and
60c from the pitching center to the outlet. This extension is sufficient to ignore the external
boundaries’ effect on the flow near the airfoil [25]. The cell type in zones 3, 4, and 6 is
quadrilateral and this type of cell is required by the layering technique. All zones that move
rigidly have triangular cells. The laminar flow is approved for all computational tests where
the Reynolds number is defined as Re = ρU∞c

µ = 1100. The coupling of pressure–velocity
is accomplished using the SIMPLE algorithm. A second-order scheme is adopted for
all transport equations. The mesh density is controlled via size functions and the grid
specifics are listed in Table 3. A user-defined function (UDF) that describes the equation of
motion and calculates the time-varying forces is compiled in Ansys Fluent 22. The macro
DEFINE_EXECUTE_AT_END is hooked in Ansys Fluent 22, which ensures that the forces
are saved at each time step in an external file. The last 3 periods of 8 periods are used to
calculate the average quantities. All simulations were executed using an HP Z2 Tower G9
Workstation with a 16-core processor. Table 3 listed the grid details. The edge interval size
for zones 3 and 4 (edge length of 5c is chosen to be the same as the maximum cell size of
zone 2 to ensure an ideal cell updating using the layering technique.

The flow analyzed in this research is inherently three-dimensional; however, the exper-
imental investigations by Wernert et al. [29] and Lee et al. [30] concentrated on achieving a
two-dimensional flow within the mid-span plane. Wernert et al. [29] validated the existence
of two-dimensional flow through flow visualization experiments, while Lee et al. [30] noted
that the two-dimensional non-uniformity of the flow over the airfoil at a Reynolds number
of Re = 1.35 × 105 remained within 4% of the free stream value. As a result, the current
simulations utilize a two-dimensional geometric configuration. Additionally, at a moderate
Reynolds number of Re = 10,000, Kiensy et al. [28] employed a URANS approach based on the
Spalart–Allmaras model to preliminarily evaluate the turbulence effects. Their comparison of
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laminar (Re = 1100) and turbulent (Re = 10,000) models indicated no significant qualitative
differences in the power extraction cycles, apart from slightly heightened extrema associated
with increased force coefficients. Although an alternative Karman vortex street is expected
to develop behind the airfoil, Y.H. Xie et al. [18] investigated the effect of a Gurney flap on
the performance of flapping airfoils at Re = 1 × 104 using a laminar model. Furthermore,
Young et al. [31] and Xiao et al. [32] also support the use of a laminar model at Re = 1× 104.
Considering the existing literature and the fact that all cases are analyzed at a chord Reynolds
number of 1100, the current simulations adopt a two-dimensional geometric configuration
with the assumption of laminar flow.
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Table 3. Grid details.

Size Function for Zone 1 (Radius of 2.5c)

Mesh Running Time
(8 Flapping Cycles)

Cell
Number

Node Number on
the Airfoil Surface

Starting Size on
Airfoil Surface

Growth
Rate

Maximum
Cell Size

Fine 5 h 36 min 290,431 600 3.4 ∗ 10−4 1.05 0.01
Medium 3 h 20 min 170,261 500 4.1 ∗ 10−4 1.05 0.03
Coarse 2 h 50 min 140,131 400 5.14 ∗ 10−4 1.05 0.04

Size Function for Zone 2 (Edge Length of 5c)
Edge Interval Size for Zones 3 and 4

(Edge Length of 5c)Mesh Starting Size
(Sliding Interface)

Growth
Rate

Maximum
Cell Size

Fine 0.01 1.1 0.05 0.05

Medium 0.02 1.1 0.06 0.06

Coarse 0.03 1.1 0.07 0.07

3. Results
3.1. Time Step and Grid Independency

To check the grid independency, both lift coefficient CL(t) and power coefficient Cp
(t) are evaluated compared to [28] at f* = 0.14 and θ0 = 76.33◦ for a Reynolds number
(Re) = 1100. The study by [28] provides a mapping of power extraction efficiency as
a function of f* and θ0. It was found that the highest efficiency can be achieved for
70 < θ0 < 80 and 0.12 < f* < 0.18. The results are also compared with [33] at f* = 0.1, θ0 = 75◦,
and Re = 5 × 105. The airfoil in the work carried out by [28] executed a vertical path
while [33] performed a reversed D-shaped trajectory. Figure 4a shows that the lift curve
by the present solver almost matches the curves provided by [28]. This means that the
influence of the grid number and time step can be practically ignored.
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Figure 4. (a) Effect of grid density on time varying lift CL(t); (b) Time step test.

As shown in Figure 4b, three time steps are tested. It was concluded that a time
step ∆t = 1000/cycle preserves the results’ accuracy. For f* = 0.14, the flapping cycle takes
about 4.46 s. Table 4 compares the details of grid and time-step refinement with some
works available in the literature to give an idea about the selection method. Rational
choice requires taking into account the computing time and the required resources to
perform the computational simulation. A medium grid and a time step of 1000 per cycle
are selected. The running time required to finish eight flapping cycles by different grids is
listed in Table 3.
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Table 4. Details of grid and time-step refinement.

Grid Parameter Medium
(C.M. Hoke et al. [34])

Medium
(Present)

Medium
(Usoh et al. [35]) T. Kinsey et al. [28]

Airfoil surface points 560 500 550 /

Cell number 170,000 170,261 121,000 72,000

Tested steps per cycle 500/ 1000/ 2000 500/ 1000/ 2000 500/ 2000/ 4000 2000/ 6000

Selected steps per cycle 1000 1000 2000 2000

Reynolds number 1100 1100 1100 1100

Figures 5 and 6a show an assessment of the total output power coefficient Cp compared
to [28,33]. The numerical work by [33] applied an overset dynamic mesh technique while
the present work employs a dynamic layering technique. From the figures, the precision of
the grid model and the numerical method selected in this study is confirmed.
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Figure 5. Comparison of power coefficient Cp(t) with [28].
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Figure 6. (a) Comparison of power coefficient Cp(t) with [33] at f* = 0.1 , θ0 = 75◦, and Re=5 × 105;
(b) Comparison of lift coefficients with the experimental work of [36].

The present work is also validated compared to the experimental work of [36] where
the behavior of a flapping hydrofoil is examined. The parameters used in this experimental
work are listed in Table 5. It can be detected from Figure 6b that the lift coefficient of the
present solver mostly accords with the results from [36].
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Table 5. Parameters used in the experimental work of [36].

Hydrofoil’s chord c 0.069 m

Working fluid Water

Heave amplitude h0 0.08487

Pitch amplitude θ0 85.82 deg

Phase difference angle φ 90 deg

No dimensional reduced frequency f* 0.16

Reynolds number Re 13,800

3.2. Mechanism of Flow Control Using Expandable Gurney Flap

In this segment, the behaviors of clean and DGF flapping turbines are shown in terms
of flow structure and time-varying aerodynamic forces to show why the DGF is able to
improve the turbine efficiency. The analysis is conducted for f* = 0.14, θ0 = 76.33◦, and
θ1 = 5◦ and the preliminary analysis is focused only on the downstroke phase because
the turbine has the same behavior during the upstroke. To clarify the relation between
the vortex formation and the aerodynamic forces, aerodynamics forces and the vorticity
contours at different airfoil positions are displayed respectively in Figures 7a–f and 8.

At the beginning of the downstroke, all forces and power coefficients reached their
minimum value as shown in Figure 7a–f. This is because the airfoil exhibits a zero effective
attack angle, as illustrated in Figure 8a. A separated shear layer appears at the leading edge
at this point.
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This phenomenon occurs as the effective angle shifts from positive to zero during the
end of the upstroke. With the increase in the effective attack angle, an adverse pressure
gradient is generated which gives rise to a separated shear layer for both clean and DGF
cases as shown in Figure 8. The flow separation near the leading edge is followed by
a reattachment along the remaining airfoil surface. This behavior forms the laminar
separation bubble (LSB). Figure 7b shows that, for t/T < 0.2, the growth of the LSB sharply
increases drag force for the two investigated flapping modes. From Figures 8 and 9, it can
be seen that the expansion of the DGF during the downstroke generates a turning vortex
downstream of the airfoil, which increases the airfoil operative camber and total circulation.
For the case with the DGF, a detached Karman vortex is found behind the airfoil, which
reduces the adverse pressure gradient near the trailing edge and increases the velocity on
the suction surface. This mechanism of control has an effect in two ways: it makes the
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LEV expand along the suction surface, delaying the flow separation, and supports the
TEV strength and size which amplifies the pressure difference between the suction surface
and the pressure surface, ultimately giving rise to a lift improvement. The peak of Cph(t)
records a clear increase. Inappropriately, the DGF generates an unhelpful peak of drag
force at around t/T = 0.25 as shown in Figure 7 due to the increment in lift-induced drag.
A similar trend is recorded in the upstroke—not displayed here—where the expansion
of the DGF gives rise to a turning vortex downstream of the airfoil, which increases the
airfoil virtual camber and circulation. The detached Karman vortex appears behind the
airfoil and reduces the adverse pressure gradient near the trailing edge. The average output
power increases from 0.86 to 1.028, which represents an improvement by about 19.5%. The
continued drop in the effective attack angle near the end of the downstroke drives the
separated shear layer far from the foil’s surface as shown in Figure 8 and all forces reach
their lowest value again.
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3.3. Effect of Expansion Angle

The examinations of the expansion angle’s effect are carried out for different values
of f* at θ0 = 76.33◦ and Re = 1100. Figure 10 shows the effect of expansion angle on
the average blade power coefficients CP, CPh, and CPθ. As seen from this figure, CPh

increases by increasing the reduce frequency f* and a quasi-regular difference is observed
for various cases studied here. This is attributed to the size of the trailing-edge vortex
that gradually increases by increasing the expansion angle. A decreasing trend in CPθ is
shown for f* > 0.12. It was noticed that the effect of control becomes more pronounced for
f* > 0.12. For f* < 0.12, the effect of the DGF is weakened due to the absence of an interaction
between LEV and the trailing edge. The use of DGFs is appropriate for a relatively high
reduction in frequency at which the turbine remains as the largest power coefficient. The
above observations indicate that the expansion angle effect plays a significant role in
the turbine performance at a high reduction in frequency where the leading-edge vortex
separation and its interaction with the blade trailing edge play a leading role. Increasing
this angle generates a pressure difference, which, in turn, substantially increases lift force
and improves the turbine efficiency.
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3.4. Application of DGF Concept on Flapping Turbine in Reversed D and Arm Modes

In this section, the concept of the DGF is applied on flapping turbines in hybrid modes
such as swing arm mode [21] and D-shaped mode [33]. These modes are investigated to
clarify the advantage of this model and to demonstrate the possibility of applying this
strategy of control for different flapping movements. In fact, the DGF is expandable and
contractible which allows for monitoring and adjusting the pressure distribution at the
appropriate time and position. In swing arm mode, an arm controls the heave motion, in
which the airfoil performs a semicircle trajectory of both the upstroke and downstroke. as
shown in Figure 11. In reversed D-shaped mode, the airfoil follows a curve resembling
an inverted D (Figure 12). So, it is a composite of an elliptical trajectory in the first half
of the motion cycle and a standard vertical trajectory in the second half. Table 6 lists the
parameters used in the simulation of hybrid modes.

From Figures 11 and 12, it can be seen that the expansion of the DGF during the
downstroke generates a turning vortex downstream of the airfoil, which increases the
airfoil operative camber and total circulation. For the case with the DGF, the presence of the
DGF reduces the adverse pressure gradient near the trailing edge and increases the velocity
on the suction surface. This mechanism of control has an effect in two ways: it makes the
LEV expand along the suction surface, delaying the flow separation, and supports the TEV
strength and size which amplifies the pressure difference between the suction surface and
the pressure surface, ultimately giving rise to a lift improvement.
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Table 6. Parameters used in the simulation of hybrid modes.

Foil’s chord c 0.1 m
Heave amplitude h0 1 m
Pitch amplitude θ0 76.33 deg
Surge amplitude a = 0.6 h0 0.6 m

Phase difference angle φ 90 deg
No dimensional reduced frequency f* 0.14

Reynolds number Re 1100

Figures 13 and 14 indicate that the peak of Cp(t) records a clear increase. The DGF
cases generate helpful peaks of output power at around t/T = 0.25 and t/T = 0.75.
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In an arm mode turbine (Figure 13), the average output power increases from 0.449
to 0.61, which represents an improvement by about 35%. In a reversed D turbine, the
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average output power increases from 0.866 to 0.936, which represents an improvement by
about 8%.

4. Conclusions
In this study, a 2D transient numerical method with a combined dynamic mesh

technique was employed to investigate the effects of newly proposed expandable Gurney
flaps on the performance of energy extraction using a flapping airfoil. The GFs deform
successively, such that one of them expands in the first half of the cycle and returns to its
initial shape in the second half. The results support the following conclusions.

• The proposed DGF increases lift and enhances the average output power.
• The investigation of DGF position shows that the DGF must be installed at the farthest

point from the leading edge (L = 0).
• The expandable Gurney flap has an effect in two ways: firstly, it makes the LEV expand

along the suction surface, delaying the flow separation, and, secondly, it supports the
TEV strength and size which amplifies the pressure difference between the suction
surface and the pressure surface, ultimately giving rise to a lift improvement.

• In an arm mode turbine, the average output power increases from 0.449 to 0.61, which
represents an improvement by about 35%. In a reversed D turbine, the average output
power increases from 0.866 to 0.936, which represents an improvement by about 8%.

Finally, the application of deformable Gurney flaps on a flapping turbine represents a
promising novel idea for designing highly efficient energy extraction devices.
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Nomenclature
The following abbreviations are used in this manuscript:

C Chord length (m)
U∞ Incoming flow velocity
CD Airfoil drag coefficient, D

1/2ρU2
∞C

CL Airfoil lift coefficient, L
1/2ρU2

∞C

Cm Airfoil pitching moment coefficient, M
1/2ρU2

∞C2

L(t) Lift force (N)
D(t) Drag force (N)
M(t) Pitching moment on the airfoil (N.m)
h(t) Plunge amplitude of the airfoil pivot point (m)
h0 Non-dimensional plunging amplitude (h/c)
θ(t) Airfoil instantaneous angle (deg)
θ0 Pitching amplitude (deg)
θ1 Flap pitching amplitude relative to trailing-edge tip (deg)
ω Angular velocity of the airfoil (rad/s)
ω f lap Angular velocity of the Gurney flap (rad/s)
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f* Non-dimensional frequency, fc
U∞

f Flapping frequency (1/s)
φ Phase angle between the pitching and plunging motions (deg)
Pθ(t) Power extracted by pitching motion (N/m2)
Ph(t) Power extracted by plunging motion (N/m2)
Pθflap(t) Power extracted by flap pitching motion (N/m2)
Re Reynolds number based on chord, ρU∞c

µ

CP Aerodynamic power coefficient, P
1/2ρU3

∞C

CPh Power coefficient due to plunging, Ph
1/2ρU3

∞C

CPθ Power coefficient due to pitching, Pθ

1/2ρU3
∞C

CPθ f lap Gurney flap power coefficient due to pitching, Pθflap

1/2ρU3
∞C

Vy(t) Airfoil velocity in Y direction (m/s)
α(t) Effective angle of attack (deg)
Veff(t) Effective upstream velocity (m/s)
αmax Maximum effective angle of attack (deg)
DGF Deformable Gurney flap
LEV Leading-edge vortex
TEV Trailing-edge vortex
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