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In order to improve the energy extraction capability of oscillating hydrofoils, a
dual Fowler flap structure is adopted as a device to increase lift. According to the
motion of the oscillating hydrofoil, the double Fowler flaps retract and swing to
increase the chord length and curvature of the entire hydrofoil. We proposed and
established the structure and motion equation of Fowler flaps, and studied the
influence of Fowler flaps on the overall performance of hydrofoils under fixed
Reynolds number conditions. The numerical results indicate that compared to
the NACAO0O018 hydrofoil without flaps, the application of Fowler flaps increase
overall wing camber. By influencing the flow structure and pressure distribution
around the trailing edge of the hydrofoil, Fowler flaps help generate lift, resulting
in higher power coefficient and energy capture efficiency. The structure of the
Fowler flaps keeps the entire hydrofoil in the streamlined state of traditional
hydrofoils, with a smaller range of fluctuations in lift and drag.
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1 Introduction

The increase in energy consumption and the need to limit the greenhouse effect have
driven the development of alternative energy sources. Among the alternative energy
sources of natural resources such as solar energy and ocean waves, tidal energy and
wind energy are a good choice. This energy harvesting is usually obtained through vertical
axis rotor blades or horizontal axis rotor blades (Khan et al., 2009; Kusiak et al., 2013; Lam
et al,, 2015; Balduzzi et al, 2017). Ocean energy is one of the main alternative energy
sources, with the outstanding advantages of huge reserves, clean and pollution-free. The
world is rich in tidal energy resources, and some tidal power generation technologies have
been mature and successfully commercialized (Rourke et al., 2010; Uihlein and Magagna,
20165 Neill et al.,, 2018). As an energy extraction device, oscillating hydrofoil generator has
obvious advantages in shallow water and riverbed. Such as being functional in low speed
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environments (slower wind power or shallow water), structural
robustness, and minimal impact upon local ecosystems (Xu et al.,
2016; Zhang et al., 2017; Liu et al., 2020).

Mc Kinney and De Laurier (Mckinney and Delaurier., 1981)
first introduced a method for harvesting energy from a uniform
flow using an oscillating foil. Kinsey (Kinsey and Dumas, 2008;
Kinsey et al,, 2011; Kinsey and Dumas, 2012) conducted a more
systematic study on the computational simulation of Fluent
software and experiments on prototype devices. They concluded
that for better energy harvesting performance, the energy harvesting
capability of the non-sinusoidal profile of the oscillating foil must be
highly valued. In the numerical study of the flapping wing model by
Young et al (Ashraf et al, 2011), an alternative non-sinusoidal
motion was used for wind and hydro generators; on the other
hand, Xiao et al. (Xiao et al., 2012) used trapezoidal pitch motion
with sinusoidal heave motion combined to achieve a non-
sinusoidal profile.

The author of this paper has done some research work on
conventional oscillating hydrofoils. We applied two-dimensional
numerical method to analyze the response characteristics and
energy extraction performance of the entire flow-induced
flapping-wing energy harvesting system. It is proposed that the
energy extraction performance of the system is closely related to the
volume ratio, and the time-averaged power coefficient and energy
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harvesting efficiency vary with the damping coefficient. The changes
in amplitude and frequency are very similar (Ma et al., 2018; Ma
et al., 2019).

The above research mainly focuses on the rigid hydrofoil
structure. In the fields of aeronautical engineering and ship
rudder, trailing edge flaps are often used to increase the lift of the
overall hydrofoil. The authors of this paper have investigated flaps
in two configurations. Research results suggest that flaps can
improve the energy capture efficiency of oscillating hydrofoils
(Sun et al, 2021a; Sun et al, 2021b).The Fowler flap is also a
commonly used flap structure, which has been widely considered in
the application of increasing lift. Figure la shows the addition of
double Fowler flaps to the trailing edge portion of the oscillating
hydrofoil. Zhang (Zhang et al., 2022) et al. studied the effects of
different bending amplitudes, pitch angles, and conversion
frequencies on the average power of semi-active flexible
hydrofoils, and compared them with traditional rigid hydrofoils.
The results show that the average power coefficient and energy
harvesting efficiency of flexible hydrofoils are higher than those of
rigid hydrofoils, and increasing the bending amplitude also
increases the corresponding conversion frequency and pitch angle
range for the high-efficiency region of hydrofoils.

Fowler flap has a larger lift increment than ordinary single slot
flap, and its structure and motion mechanism are simpler than
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FIGURE 1

(a—c) Comparison between Fowler oscillating hydrofoil and traditional oscillating hydrofoil.
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double slot or multi slot flap, which is more conducive to the
optimization of lift. It has more and more applications in large civil
aircraft.Tian (Tian et al, 2017) studied the aerodynamic
characteristics of variable radian Fowler flap through numerical
simulation, and found that when the lift coefficient is greater than
the critical value, the radian is conducive to improve the lift drag
ratio; This critical value is different under different conditions. The
takeoff and landing configuration is optimized with 30% chord
Fowler flap. DeSalvo (Desalvo et al., 2014; Desalvo et al., 2020) used
active aerodynamic flow control to improve the lift of hydrofoil. The
hydrofoil uses the structure of Fowler flap and simple flap. This is
achieved by driving the spanwise arrangement of fluid oscillating
jets upstream and downstream of the leading edge of the flap. These
jets increase the flow attachment range along the flap surface under
deflection of up to 60°. The driving makes the performance of
Fowler flap significantly improved compared with the optimized
baseline configuration (the lift coefficient is increased by 30%), and
the high lift performance of single element simple flap without cross
flow gap can match or exceed the performance of the optimized
baseline Fowler configuration. Steinbuch (Steinbuch et al., 2008)
introduced the design of double slotted Fowler flaps designed for
high-speed acrobatic aircraft. The design of double slotted Fowler
flaps is part of the effort to reduce the aircraft’s landing speed,
especially when the stall speed is reduced to 90 knots. In the low-
speed wind tunnel test, the maximum lift of the target is tested. The
increment of the designed Fowler flap to the maximum lift
coefficient of the section is about 0.4 larger than the literature
value. The stall speed at landing is equal to 90 knots. A multi-
objective and multipoint optimization problem is presented by
Ernesto Benini dealing with a multi-element hydrofoil used in
high-lift devices. The final Pareto Optimal solutions are presented
and the reasons for improved performance are discussed (Benini
etal, 2011). In Yang’s experiment, particle image velocimetry (PIV)
was employed for flow visualization over the upper surface of the
flap. The PIV results demonstrate that the flow separation on the
flap is suppressed completely by the same DBD actuators used in
the simulation (Yang et al.,, 2016). Van Dam believes that multi-
element high-lift system must be as simple and economical as
possible while meeting the required aerodynamic performance
levels (van Dam, 2002). Bouzaher, MT (Bouzaher et al., 2025)
proposes a new type of expandable frontal flap (EFF) to improve
power extraction efficiency of a flapping foil, and found that this
design is capable of increasing the efficiency by 17% relative to the
conventional reversed D-shaped trajectory and by 20% as compared
to vertical path.

However, the flaps must have a certain form of movement to
ensure the actual operation of the oscillating hydrofoil. This
research proposes a Fowler flap that can swing periodically. The
movement period of the Fowler flap matches the movement period
of the oscillating hydrofoil to ensure that the lift and energy
extraction power of the oscillating hydrofoil can be improved.
This study deeply analyzed the relationship between the energy
extraction efficiency of the oscillating hydrofoil and its geometric
and motion parameters, systematically evaluated the influence of
the doule Fowler flap on the fluid dynamics and flow structure
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around the Fowler flap foil, and quantified the energy extraction
enhancement effect introduced by the Fowler flap.

2 Numerical modeling and validation
2.1 Structural diagram of flaps

In this study, a movable double Fowler flap is proposed, as seen in
Figure la shows the hydrofoil structure without Fuller flaps, while
Figure 1b shows the hydrofoil structure with Fowler flaps, and
Figure 1c shows the state when the Fowler flaps are open. The
double Fowler flaps move separately according to the moving
direction of the main wing structure, and make the flaps and the
main wing form a certain camber. This design ensures that the Fowler
flap is always in the most advantageous configuration to generate
high lift and high energy harvesting efficient obtained for the system.

The oscillating hydrofoil motion model is defined as the
hydrofoil experiencing simultaneously a sinusoidal harmonic
heaving motion y(t) and a pitching motion 6(t) under the
oncoming flows. Figure 1 depicts the geometric and kinematic
parameters of traditional hydrofoil and oscillating hydrofoil with
Fowler flap. In order to adapt to the heave movement of the
oscillating hydrofoil, the Fowler flap in this paper is divided into
two parts, that is, there are two Fowler flaps. The of each Fowler flap
performs Fowler motion during lifting and sinking motion
respectively. Fowler oscillating hydrofoil is divided into three
parts. The first part is defined as the main hydrofoil with
subscript m, and the second and third parts are defined as Fowler
trailing edge flap with subscript F.

As shown in Figure 1, the chord length of a traditional hydrofoil
is ¢, while in a Fowler flap oscillating hydrofoil, when the flaps are
not deployed, the chord length is also c. However, when the flaps are
deployed, the chord length changes. According to the definition of
chord length, it is the chord length of the line connecting the leading
edge point and the trailing edge point of the airfoil, which is the red
line part shown in Figure 1c. In this case, the chord length is cpr.
The change in chord length will also cause changes in other motion
parameters of the hydrofoil. When studying power, it is also
necessary to refer to the chord length for calculation. Therefore,
in the following calculation formulas, the chord length used in the
study of Fowler flaps is cpr.

2.2 The deployment of flaps

Figure 2 shows the unfolding process of the flaps. The flaps
translate backwards from position 1, move to position 2, and then
rotate to form position 3 in Figure 2. In this state, the hydrofoil has a
longer chord length and a larger curvature due to the unfolding of
the flaps. According to airfoil theory, a larger airfoil curvature can
generate greater lift, thereby promoting the increase of
hydrofoil power.

In the unfolded structure of hydrofoils, different geometric
parameters of Fuller flaps will produce different hydrofoil

frontiersin.org


https://doi.org/10.3389/fmars.2025.1651862
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Sun et al.

10.3389/fmars.2025.1651862

= 2

Flap rotation

FIGURE 2
The extension process of Fowler flaps.

structures. As shown in Figure 3, this paper selects a parameter
combination as the research condition: the translational motion
distance of the flaps, F=0.2m, the rotation angle of the flaps, 6;=50°,
and the chord length of the hydrofoil in this state, cpp 1.13m.

2.3 Motion parameters of flaps

The periodic motion of a flapping wing energy harvester can be
simplified as the combined periodic motions of heaving y(t) and
pitching 6(t), as shown in Figure 4. The heave-pitch oscillating wing
motion can be described formally as:

y(t) = =y sin 2nft + @)

0(t) = —6ysin(2mft)

where ¢ is the phase difference between the heaving and
pitching motions (¢ is kept constant at 90° in this study). In
order to unify the calculation, a dimensionless parameter f * is
introduced. The reduced frequency f *is defined as f* = fc/U.., and
the heaving velocity is V), = dy(t)/dt. The minus sign in the formula
means that the starting point of the hydrofoil movement is the
lowest point. The same is true for pitch amplitude. The cf is the
Fowler flap length,

FIGURE 3
Chord length of Fowler flap oscillating hydrofoil.
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FIGURE 4

(a, b) A periodic motion form of oscillating hydrofoil with Fowler flap.

Figure 5 shows the motion mode of Fowler flap. The complete
movement of each cycle can be divided into six phases. Each stage
can be described as follows:

1. (0~(1/2T-1/2Tg)), the main wing moves up and rotates
counterclockwise, the Fowler flap remains stationary
relative to the main wing;

2. ((1/2T-1/4Tg)~(1/2T-1/2TF)), the main wing moves up and
rotates counterclockwise, the Fowler flap 1 swings
counterclockwise relative to the main wing, and moves
vertically upward at the same time, at this time, the 6f of the
Fowler flap 1 becomes smaller, and the slit value S becomes
smaller; the Fowler flap 2 performs a horizontal backward
movement relative to the main wing, at this time, the
Fowler movement amount F of the Fowler flap 2 increases;

3. ((1/2T-1/2Tg)~(1/2T)), the main wing continues to move
up and rotate counterclockwise, and the Fowler flap 1
moves horizontally relative to the main wing. At this
time, the Fowler flap 1 moves forward. The Fowler
motion F decreases. The Fowler flap 2 swings
counterclockwise relative to the main wing, and moves
vertically upward at the same time. At this time, the 6f of
the Fowler flap 2 becomes larger, and the slit value S
becomes larger;

4. (1/2T~(T-3/4Tg)), the main wing moves down and rotates
clockwise, the Fowler flap remains stationary relative to the
main wing;
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FIGURE 5

Kinematic decomposition diagram of Fowler flap oscillating hydrofoil.

5. (T-Tg)~(T-3/4T), the main wing moves down and rotates
clockwise, and the Fowler flap 1 moves horizontally
backward relative to the main wing. When the movement
amount F increases, the Fowler flap 2 swings clockwise
relative to the main wing, and moves vertically
downward at the same time. At this time, the 6f of the
Fowler flap 2 becomes smaller, and the seam value S
becomes smaller;

6. ((T-3/4T)~T), the main wing continues to move down and
rotate clockwise, the Fowler flap 1 swings clockwise relative
to the main wing, and moves vertically downward at the
same time. When Or becomes larger, the slit value S
becomes larger, and the Fowler flap 2 moves horizontally
with respect to the main wing. At this time, the Fowler
movement amount F of the Fowler flap 2 is reduced.

The above movements can be simply summarized as: 1 can be
understood as the Fowler flap 1 swings to the maximum position
and remains stationary with the main wing swing; 2, 3 can be
understood as the Fowler flap 1 starts to retract, the Fowler flap 2
starts Expand. 4 can be understood as the Fowler flap 2 swings to
the maximum position and remains stationary with the movement
of the main wing, 5 and 6 can be understood as the Fowler flap 1
begins to unfold, and the Fowler flap 2 begins to retract. The motion
equation of the Fowler flap is as follows:

Op1(t) = O cos(2mfp; tpy )
Sp1(t) = Spicos(2mfp tpy)

Fri(t) = Fpicos(2nfp tpy)
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eF(t) = QF B RO TURINY | I 10 %T _%TF

O(t) = 6y cos Qrfy(ty — (%T = T%)))
"'%T*%TF <tp < %T*iTF
Se(t) = Spcos 27fp(ty — (3 T - Tp)))
Fp(t) = Fpcos Qafp(tp = (3T = Tp))) oo voe oo o AT 4 Tp < tp < 4T
Op(f) = —Op vr vonvee e e et %T <tp<T-Tg

Os(t) = 6 cos rfp(ty — (5T — Tp))) }
Se(t) = Spcos 27fp(ty — (3 T = Tp)))
Fp(t) = Fr cos Qafp(ty = (T = Tp))) e veevevee oo

In this study, Fowler flap motion cycle TF = 1/8t. The
movement time period of Fowler flap is 3/8 T-4/8t and 7/8 T-8/8t.

2.4 Kinetic calculation equation and
numerical methodology

The effective angle of attack has a positive relation with the
pitching angle. The effective angle of attack is expressed as the

combination of the plunging induced and pitching angles (Kinsey
and Dumas, 2012; Ma et al., 2017), which can be expressed as

Ve (t) = /U2 + V, (£)

O = arctan (V,(t)/U..) + 6(t)

follows:

For most oscillating foils in hydrodynamic applications, the
pitching axis is located at 1/3 chord length from the leading edge
(Young et al,, 2014). The corresponding force coefficients Cy, Cy
and moment coefficient C,; are defined as follows:

Cx(t) = F,(t) /% pUZc
1 2
Cy(t) = E(1)/ 5 pUxc

Cu(t) = M.(0)/ 5 pURS

where F,, F, and M, denote, respectively, the lift force, drag
force, pitching moment on the foil, and p, the fluid density. The
instantaneous power extraction P(f) and the time-averaged power
denotes P can be expressed as follow:

dy(t)

4o
PO = (0 + Py(t) = By () 257 o

P=P +P L d L d L d

where Py (t) is the instantaneous lift power extraction, Py(t) is the
instantaneous moment power extraction, P, is the time-averaged lift
power, Py is the time-averaged moment power. Furthermore the non-
dimensional instantaneous power coefficient C,(t) and the cycle-
averaged power coefficient C, are denoted by

frontiersin.org
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FIGURE 6

Comparison of sweep height. (a) Sweep height of conventional hydrofoil. (b) Sweep height of Fowler flap.

Cp(t) = P(t)/%pUic

C—I/TC(t)dt—ﬁ/l Ul
PET )P = 2P o€

For a 2D hydrofoil, the swept area S of the oscillating foil equals
the overall vertical extent of the foil motion. Therefore, the energy
harvesting efficiency 1 can be defined as:

1 L ¢
=P/-pUS=Cp—
n="p/ > P PH
—B)ipUis =TS
Tlg - 2P 0oV — L p Hg
Figure 6 shows the comparison of sweep height between
conventional hydrofoil and Fowler flap hydrofoil. It can be seen
intuitively from the Figure 6. that the sweeping height of Fowler flap
hydrofoil is higher than that of conventional hydrofoil. H is the
sweep height of the convational oscillating hydrofoil, and Hp. is the
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sweep height of the oscillating hydrofoil with Fowler flaps. The
equation is as follows:

H = max{
Hp = max{

Figure 7 shows a schematic of the numerical model. The model

—2ysin (2nft + @) + 2TE sin[-0 sin (27wft)]
—2ysin (2nft + @) — 2LE sin[—0 sin (27ft)]

-2y sin (2mft + @) + 2TEg sin[-0 sin (27nft)]
—2ysin (2nft + @) — 2(LEy + cg) sin[-0 sin (27ft)]

and method used in this paper are the same as the author’s previous
research literature (Sun et al., 2021a; Sun et al., 2021b), so the results
can be considered to be correct.

3 Results and discussions
All simulations of this study are applied to an NACA0018 foil

under equivalent conditions of Re = 2x10°, y=c = 1m, cx=0.2m, p=
1020kg/m>, U., = 2m/s, 6, = 45°, Oy = 50°.
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FIGURE 7
Grid detail and boundary conditions (NACA0018 foil, total cells:
0.9x10°,700 nodes on the folil).

3.1 Comparison of pressure

In Figure 8, this paper compares the external flow field of
traditional hydrofoil and Fowler flap hydrofoil. At 0.25T, the attack
angle of both hydrofoils is 45°. It can be seen that Fowler flap
structure increases the camber of the overall hydrofoil and extends

1
|
I
0 T

converntional foil

FIGURE 8
Comparison diagram of flow field pressure distribution at 0.25T.
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in the chord length direction. These two factors greatly change the
stress condition of hydrofoil. The pressure on the lower surface of
Fowler flap hydrofoil is higher than that of conventional hydrofoil,
and the negative pressure on the upper surface of Fowler flap
hydrofoil is also lower than that of conventional hydrofoil. The
pressure difference between the two is the lift exerted on the
hydrofoil. The greater the pressure difference, the greater the lift
exerted on the hydrofoil.

Figure 9 shows the pressure point distribution around the
hydrofoil. Similar to Figure 8, the pressure point of Fowler flap
hydrofoil completely wraps the conventional hydrofoil, and the
pressure difference between the two Fowler flaps is greater than that
of the main wing. It can be seen that the effect of Fowler flap is
very obvious.

3.2 Comparison of vortex

The vortex intensity of Fowler flap hydrofoil is higher than that
of conventional hydrofoil. As can be seen from Figures 10, 11, there
is almost no vortex shedding on conventional hydrofoils, but vortex
shedding occurs on Fowler flap hydrofoils. The reason for the
vortex is that the flap structure increases the angle of attack of the
original hydrofoil and the chord length of the overall hydrofoil. It
can be seen that although Fowler flap structure increases the lift of
the overall hydrofoil, it will also produce some bad effects, such as
vortices and increased drag. This effect is not expected to be
achieved by the structure, and can be optimized on the airfoil of
the Fowler flap in the future to achieve the Fowler flap airfoil with
the minimum drag and vortex.
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Distribution diagram of hydrofoil pressure points.

3.3 Comparison of power and
hydrodynamics

As can be seen in Figure 12a, The maximum power coefficient
of the Fowler flap oscillating hydrofoil is 53%, which is 50% higher
than that of traditional hydrofoils. Figure 12a shows that the power
curve of Fowler flap is higher than that of conventional flap.
Figure 12b shows that the structure of the Fowler flap increases
the energy capture efficiency from 14% to 22%. In the movement
period of the flap, the absolute value of the negative work of the
Fowler flap also increases. In the movement process of the Fowler
flap, it pays more negative work than the conventional hydrofoil.
Due to the increase of lift coefficient, the overall power is still

10.3389/fmars.2025.1651862

increased. These changes are reflected in Figure 12¢, which shows
the trend of power variation during this cycle.

Figure 13 shows the variation diagram of hydrodynamic
coefficient of Fowler flap in one cycle. When Fowler flap is
relatively stationary, the lift coefficient is greatly improved. The
drag coefficient curve is consistent with the trend of the lift
coefficient, and the overall trend is stable. The lift and drag of the
overall hydrofoil only fluctuate during the movement of the flaps.
The hydrodynamic curve of the Fowler flap is smooth because the
structure of the Fowler flap tends to streamline the entire hydrofoil,
with some fluctuations in the wing profile at the trailing edge, which
does not have a significant impact on the overall structure of the
flap. Fuller flaps are movable flaps, and it is necessary to ensure the
overall flow linearity of the airfoil as much as possible in the moving
position, which is essential for improving the lift to drag ratio. The
design method of the Fuller flap airfoil in this article can be further
studied in order to obtain better flap airfoils.

4 Conclusions

In the present research, Fowler flap is proposed to improve the
energy collection capacity of oscillating hydrofoil, and make the
Fowler flap cooperate with the hydrofoil movement. Two
dimensional transient numerical simulation of oscillating
hydrofoil with conventional foil and Fowler flap is carried out.
The simulation results were analyzed comparatively with respect to
the energy harvesting efficiency. The results can be summarized
as follows.

1) Applying the advantages of Fowler flaps to the power
generation device of oscillating hydrofoils, a new
oscillating hydrofoil structure is proposed based on this,

20
18
16

12

FIGURE 10
Comparison of vortex distribution of hydrofoil.
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FIGURE 11
Comparison between vorticity diagram and streamline diagram.
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and feasible airfoil structures and motion forms
are designed.

2) Fowler flap structure can increase the camber and chord
length of the integral hydrofoil, and the movement of the
Fowler flap is combined with the motion of the oscillating
hydrofoil to increase the lift coefficient of the hydrofoil,
thus increasing the energy collection efficiency of the
oscillating hydrofoil, the maximum increase is 50%.

3) The structure of Fowler flap makes the overall hydrofoil
smooth. In the structure of this article, the fluctuation of lift
and drag of oscillating hydrofoil is very small. The overall
smoothness is similar to that of conventional hydrofoil, but
the lift and resistance are greatly improved.
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Glossary
CF

Fx

chord length of the oscillating hydrofoil

length of the Fowler flap

length of the Fowler flap hydrofoil

lift force

drag force

pitching moment

non-dimensional drag coefficient in horizontal direction
non-dimensional lift coefficient in vertical direction
pitching moment coefficient

average power coefficient

power coefficient of heave motion (Cpy )

power coefficient of pitching motion (Cpys)
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hydrofoil motion period

pitching amplitude

hydrofoil frequency (=1/T)
non-dimensional frequency (f*=fc/U..)
sweep area of the oscillating hydrofoil
sweep area of the oscillating hydrofoil with Fowler flap
energy harvesting efficiency

hydrofoil pressure

Reynolds number

freestream velocity

the coordinate of hydrofoil in X axis

current time.

frontiersin.org


https://doi.org/10.3389/fmars.2025.1651862
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

	Hydrodynamic and energy extraction properties of oscillating hydrofoil with double Fowler flaps
	1 Introduction
	2 Numerical modeling and validation
	2.1 Structural diagram of flaps
	2.2 The deployment of flaps
	2.3 Motion parameters of flaps
	2.4 Kinetic calculation equation and numerical methodology

	3 Results and discussions
	3.1 Comparison of pressure
	3.2 Comparison of vortex
	3.3 Comparison of power and hydrodynamics

	4 Conclusions
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References
	Glossary




