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Abstract: The semi-active flapping foil driven by the swing arm is a simple structure to realize the
propulsion of the flapping foil. The motion trajectory of this semi-active flapping foil mechanism is a
circular arc, and its hydrodynamic characteristics are not clear. This paper systematically investigates
the working characteristics and hydrodynamic performance of this semi-active flapping foil with a
circular arc track. Compared with the traditional flapping foil structure, the special design parameters
of the semi-active flapping foil driven by the swing arm mainly include the length of the swing arm
and the stiffness of the torsion spring. In this paper, the three-dimensional fluid-structure coupling
method is used by solving the fluid dynamics equation and the structural dynamics equation, and the
working characteristics of the structure with different motion and geometric parameters are analyzed.
From the results, increasing the swing arm length is beneficial to improving the peak efficiency of the
flapping foil, and also to improving the thrust coefficient corresponding to the peak efficiency point.
Under a certain swing arm length, reducing the spring stiffness is also conducive to improving the
peak efficiency of the propulsion system, but it is adverse to the thrust coefficient. Further analysis
shows that the maximum angle of attack is the key factor affecting the efficiency of this flapping foil
propulsion. For the flapping foil described in this paper, its peak efficiency is usually concentrated
near αmax = 0.2 rad. However, for the thrust coefficient of this kind of flapping foil propulsion,
the influencing factors are relatively complex, including swinging arm, the spring stiffness, and the
advance coefficient. The maximum angle of attack remains the key factor affecting the peak thrust in
the range of advance coefficient far from the starting state.

Keywords: flapping foil propulsion; circular arc trajectory; semi-active flapping foil; spring stiffness;
performance analysis

1. Introduction

Fish and aquatic mammals have beautifully evolved to be able to utilize the physical
principles of unsteady hydrodynamics to achieve both high maneuverability and high
propulsive efficiency [1]. Taking inspiration from the natural swimmers, a variety of
structures such as bionic fish or bionic limbs have emerged, and have attracted much
attention due to their high efficiency and high mobility.

Among biomimetic propulsion, there are roughly three structural forms. One is a
common fish structure that achieved propulsion by swinging its tails and bodies, such
as tuna [2,3], solar rain [4], and zebrafish [5]; another is a kind of structure propelled by
twisting the body, such as eel [6,7] and snake [8]; still others are propelled by flapping
wide wings, such as manta rays [9]. Additionally, bionic limb structures are mainly in the
form of bionic turtles [10] and bionic penguins [11]. In general, the realization of these
biomimetic propulsion systems depends on complex mechanisms and special materials, so
the engineering application is difficult and economic.
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Because the tails of some of the fastest swimming animals closely resemble high-
aspect-ratio foils, flapping hydrofoils have been studied extensively using theoretical
and numerical techniques [12]. Typical flapping foil propulsion is a rigid flapping foil
with two degrees of freedom, which is composed of simple harmonic heave motion and
pitch motion [13,14]. This rigid flapping foil with two degrees of freedom has been well
studied and the highest efficiency of about 87% has been reached [14–16]. Whereas, some
studies have also reminded the disadvantages of this kind of fully prescribed flapping foil
propulsion, e.g., the amount of energy lost and mechanical complication since it requires
mechanically coupled and constrained two motions through complex mechanisms [17].
Owing to the low efficiency of a single degree-of-freedom flapping hydrofoil [18,19], a
semi-active flapping hydrofoil with only one actuator is proposed and required by the
researchers [20]. Since the heave motion of oscillating foil propulsion generates most of the
thrust, the actively imposed motion is usually the heave motion, while the pitch motion is
determined by a special structure or material [16,17,21]. While ensuring high propulsion
efficiency, the semi-active propulsion system, therefore, promises a more feasible approach
in engineering projects compared to the fully prescribed-motion foil system. One semi-
active implementation method is to use the torsion spring on the foil to control the pitch
motion. When the flapping foil is pitching under the action of the hydrodynamic moment,
its pitching angle is determined by torsion spring force, hydrodynamic force, and inertial
force, so that it can work at a certain angle of attack [17,21,22]. Such a flow-adjusted
pitching motion is expected to decrease the instantaneous flow separation and simplify the
controlling mechanism. On this basis, this paper proposes a semi-active flapping hydrofoil
system driven by a swing arm [23]. With this structure, the flapping hydrofoil can be
installed at the tail of the vehicles and driven by the reciprocating swinging arm, as shown
in Figure 1. It has the advantages of a simple structure, low water tightness requirements,
and high engineering reliability.
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Figure 1. Simplified schematic of the semi-active flapping hydrofoil driven by the swing arm.

Owing to the introduction of the torsion spring, the spring force, mass force, and
hydrodynamic force constitute a new spring-mass system. Therefore, the dynamic response
of such a semi-active flapping foil system is complicated, and very much dependent on the
various system kinematic and structural parameters [24,25], including the torsional spring
stiffness, the flapping foil inertia, the hydrodynamic-added inertia, etc. At the same time,
different from the traditional semi-active flapping hydrofoil, the motion trajectory of this
semi-active flapping foil driven by the swing arm is a circular arc. According to some studies
on the flapping hydrofoil trajectory [26,27], the motion trajectory could have a significant
impact on the hydrodynamic performance of system. Although the research on semi-active
flapping foil propulsion has gone through a relatively comprehensive discussion during the
past decades, to the authors’ knowledge, there is still a lack of comprehensive parametric
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analysis regarding semi-active flapping hydrofoil systems driven by a swing arm, up until
now. In view of this, based on our work on the parameters of the semi-active flapping
hydrofoil [28], we conduct a three-dimensional (3D) investigation into the influence of
multiple motions and geometry parameters on the propulsive characteristics of semi-active
flapping hydrofoil driven by the swing arm. It aims to provide essential implications and
guidance for this propulsion system in marine applications. The outline of the rest of the
paper is as follows. We begin by describing the geometric structure, motion and kinematic,
and dynamic parameters of a semi-active flapping hydrofoil driven by the swing arm in
Section 2. Then, the fluid–structure coupling numerical method is described and fully
verified in Section 3. In Section 4, a systematic presentation on the simulation results is
included. Our particular interest is centered on the influence of the arm length (L/c) and
torsion spring stiffness (K) on the propulsive performance, including propulsion force,
propulsive efficiency, and related wake structure. A systematic and parametric analysis is
conducted to correlate the influencing factors to the propulsive performance. Additionally,
the sensitivity of the performance on the variation in several governing parameters is also
evaluated in the current study.

2. Description and Definition of Flapping Foil Propulsion
2.1. Geometric Structure and Motion

This semi-active flapping hydrofoil propulsion system includes a rigid foil and an
arm connecting the foil-pitching axis to the base, as shown schematically in Figure 1. The
flapping foil and the arm are elastically connected at the pitching axis by a torsion spring.
A rigid 3D airfoil is used, with the chord length c = 0.1 m and the spanwise H = 0.2 m.
The NACA0012 airfoil is used, and the 3D flapping hydrofoil is designed with equal chord
length. Round corners are designed at both ends of the span direction of the flapping
hydrofoil, with a radius of R = 0.1 c, and connected with an elliptic curve to form the end
shape, as shown in Figure 2.
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The flapping hydrofoil is driven by a swing arm mounted on the hull, and the swing
arm is driven to and fro with a swing angle (β) by the power device in the hull, as shown
in Figure 1. The arm length is varied in this study and denoted as L. The swing angle (β)
adopts the sine curve, which can be expressed as

β(t) = β0 sin(2π f t) (1)

where β0 is the maximum swing angle of the swing arm and f is the swing frequency of
the swing arm. In all the examples in this paper, the swing frequency is set as f = 1.0 Hz.
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The other end of the swing arm is connected the flapping hydrofoil with a torsion
spring. When the system is stationary and does not work, the chord line of the airfoil
coincides with the swing arm. During operation, when affected by the combined action of
inertia moment, spring moment, and hydrodynamic moment in the pitching direction, the
flapping foil works at a pitching angle (θ). It is the included angle between the flapping
foil and the X-axis, as shown in Figure 1. Additionally, the heave motion (driven by the
swing arm) together with the advance velocity creates an oscillating hydrodynamic force
and moment causing the flapping foil to work at an angle of attack α (AoA). The torsion
spring is used to restore the flapping foil toward the equilibrium position. In addition, the
flapping foil does not have any other degrees of freedom. The dynamic equation of the
semi-active flapping foil rotating about the axis can be written as

I
..
θ + K(θ + β) = Mz (2)

where I is the rotational inertia about the axis of the flapping hydrofoil considering the
attached water, Kg·m2; K denotes torsion spring stiffness, Nm/rad; Mz denotes the fluid
moment imposed on foil, N.m; and θ is the pitching angle, radian.

According to relation with the pitching angle (θ) and the foil speed relative to the
hull (Vrel,0), shown in Figure 1, the AoA of flapping foil at different times can be ex-
pressed as Equation (3). The maximum AoA in a period of motion can be expressed as
αmax = max[|α(t)|].

α(t) = atan
Vy0(t)

Vx0(t) + VA
− θ(t) (3)

where Vx0 and Vy0 are velocity components of the pitching center speed of the foil relative
to the hull (Vrel,0), which can be obtained according to the movement of the swinging arm;
VA is the speed of the hull, which is a constant value under a certain working condition.

In the numerical simulation described herein, the pitching center of flapping foil is set
at the leading edge of the airfoil, which was adopted in the research of Thaweewat et al. [17].
The range of VA used in this study is 0.2~4 m/s. The advance coefficient J of the semi-active
flapping foil is about 0.67 to 15, and the corresponding Re is about 2 × 105~9 × 105. The
rotational inertia (I) around the axis is related to the frequency ratio of the pitching motion
of the flapping foil. In our previous studies [28], the effect of the resonance mechanism on
the semi-active flapping foil performance was studied. The analysis of varying frequency
ratio showed that the system resonance makes the foil deviate from the ideal angle of
attack and the propulsion performance of the system declines or even loses propulsion
entirely. When the frequency ratio is small, that is, the foil has a small moment of inertia,
the self-pitching flapping foil can work well. A more suitable frequency ratio could be
selected below 0.5. Considering that the effect on the flapping foil performance is very
small when the frequency ratio is small [28], we set rotational inertia I = 0.001 Kg·m2 in all
the examples described in this paper. Additionally, it has been verified that the performance
of the flapping foil is almost not affected by rotational inertia near this value.

2.2. Nondimensional Propulsive Indicators

In order to systematically analyze the performance of the flapping foil, the hull is set to
move along the X-axis at different constant speeds (VA) without other degrees of freedom,
so as to obtain the thrust and efficiency of the semi-active propulsion system at different
speeds. These dimensionless parameters used in this paper are defined as follows.

For the flapping-frequency dimensionless processing, St number is used, which is
expressed by Equation (4).

St =
f B
VA

(4)
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For tFor the convenience in comparing marine propellers, Floc’h [29] introduced the
advance coefficient (J), as shown in Equation (5), which is adopted in this paper. It is the
reciprocal of St number.

J =
VA
f B

=
1
St

(5)

Referring to the definition of the screw propeller thrust coefficient and the definition
method of Floc’h [29], this paper chose the swept area B·H instead of the foil extension
area c·H as the reference area for the flapping foils. Following the practice in the maritime
industry, the thrust coefficient (KT) is redefined as Equation (6).

KT =
Fx

ρ( f B)2BH
(6)

where f B represents the characteristic velocity, BH represents the swept area, B represents
the arc length between the top and bottom dead points of the swing arm arc motion, and
Fx represents the average thrust in the forward direction, which is expressed as

Fx =
1
T

∫ t0+T

t0

Fxdt (7)

where T represents the period of the flapping hydrofoil, s.
The input power of the flapping foil can be obtained according to the action of the

pitching center on the foil and the movement of the pitching center, which can be ex-
pressed as

Pin =
1
T

∫ t0+T

t0

[
Fx0Vx0 + Fy0Vy0 + Mz0

.
β
]
dt (8)

where Fx0, Fy0, and Mz0 are represented as the X-direction force, Y-direction force, and

torque exerted by the swing arm on the pitching center of flapping foil, respectively, and
.
β

is the swing angular velocity of the swing arm.
The output power of the flapping foil propeller is the product of the advancing velocity

(VA) and the average thrust (Fx). Therefore, the efficiency of the flapping foil is defined as
the ratio of output power (Pout) to input power (Pin), which is expressed as Equation (9)

η =
Pout

Pin
=

FxVA
Pin

(9)

The Definitions for all the parameters involved in this paper are provided in Table 1.

Table 1. Parameters of the semi-active flapping hydrofoil with arc trajectory.

Symbol Units Definition

VA m/s speed of the hull
T s period of the flapping hydrofoil

L/c m arm length
c m chord length of the flapping hydrofoil
H m spanwise of the flapping hydrofoil

R m radius of round corners designed at both ends of the
span direction of the flapping hydrofoil

β radian swing angle of the swing arm
f Hz swing frequency of the swing arm
θ radian pitching angle of the flapping hydrofoil

Vrel,0 m/s pitching center speed of the foil relative to the hull
Vx0,Vy0 m/s velocity components of Vrel,0

Fx0,Fy0 m X-direction force, Y-direction force exerted by the swing
arm on the pitching center of flapping foil, respectively
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Table 1. Cont.

Symbol Units Definition

Mz0 N m torque exerted by the swing arm on the pitching center
of flapping foil

Mz N m fluid moment imposed on foil
K Nm/rad torsion spring stiffness

I Kg m2 rotational inertia about the axis of the flapping hydrofoil
considering the attached water

Fx N average thrust in the forward direction
α (AoA) radian angle of attack of flapping hydrofoil

St St number of flapping hydrofoil
J advance coefficient

KT thrust coefficient
η propulsive efficiency of flapping hydrofoil

3. Computational Method and Validation

A 3D numerical model for simulating the semi-active flapping hydrofoil with arc
trajectory was implemented on the CFD software FINE/Marine (a software package of NU-
MECA, the EURANUS solver was developed by the European Space Agency). This solver
adopts internal implicit iteration within a time-step iteration to ensure strong flow/motion
coupling. The main features of the model—the governing equations, mesh and boundary
conditions, turbulence modeling, and validation—are discussed in this section.

3.1. Governing Equations

The dynamic equation of semi-active flapping hydrofoil propulsion was introduced
above in Equation (2). By using the integral incompressible viscous fluid dynamics equation,
considering the motion of grid cells and without considering the influence of gravity, the
hydrodynamic equation can be written as follows.∮

S

⇀
v · d

⇀
S = 0

∂
∂t

∫
Ω

vidΩ +
∮
S

vi
⇀
v · d

⇀
S = 1

ρ

∮
S

τijdSj −
∮
S

p
ρ dSi

(10)

where Ω is the element volume;
→
v is the flow velocity; vi is velocity component of

→
v ;

τij is the sum of viscous stress and Reynolds stress( The turbulent viscosity coefficient is
determined by Menter’s k-ω shear–stress transport turbulent model [30]); p is the pressure;
Sj is the components of area vector

→
s ; and ρ is the density of water.

3.2. Mesh and Method

The computational domain simulates a water tunnel with 4 m width, 4 m height, and
8 m length test section, as shown in Figure 3. The viscous effect of the water tunnel wall
is ignored, and the four outside boundary conditions are set as slip wall. The right-side
inlet boundary has a given inflow velocity and pressure. The gradient of pressure and
velocity at the left-side outlet boundary is set as zero. The setting methods for the boundary
conditions are shown in Figure 3.

As it is a preliminary discussion, this paper neglects the resistance influence of the
swing arm and focuses on the ideal state of the mechanism. Therefore, the swing arm is
simplified as a rigid connection between the flapping foil shaft and the base shaft on the
hull. The flapping hydrofoil is located at the center of the water tunnel, 2 m away from the
entrance. The swinging arm and the hull are both virtual objects, and no entity appears in
the numerical analysis. Only the flapping foil is placed in the computational domain, and
its movement is controlled by the motion parameters.
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A hexahedron grid with local successive refinement method applied is chosen for the
computational domain to maintain the local region as a refined mesh; the enlarged detail
of the grid near the foil surface is shown in Figure 3. To accurately simulate the pressure
and velocity gradient on the foil surface and the separated vortex in the trail, further mesh
refinement is carried out on the foil surface and its surrounding area. The refined mesh
size is shown in Table 2. The grid size of each region listed in Table 2 is the maximum grid
size of the area, and most actual grid sizes are smaller, which ensure the accuracy of this
simulation. The refined near-wall mesh ensures that the y+ value is about 1.0. The dual
time-stepping method is used for the transient simulation, and the k-ω turbulence model,
which is widely used in aviation, is adopted in the simulation. In order to adapt to the
large-scale compound motion of the foil, the elastic twist grid technology is also adopted in
the calculation. The deformation of the grid during the operation of the flapping foil can be
roughly seen in the enlarged detail of Figure 3. We performed extensive work on the grid
verification for the flapping hydrofoil [16,28,31] in the early stage, so it is not repeated here.

Table 2. Grid size and refinement scheme.

Direction Hydrofoil Surface Region Refinement Area

spanwise/Z H/128
c/64chordwise/X c/128

normal direction/Y c/128

3.3. Validation

To validate the numerical method used in the current work, two validation parts are
carried out in this part, including the time-step verification and the simulation verification of
selected benchmark conditions, as described in Read’s [32] and Schoveiler’s [33] experiments.

The flow field formed by flapping-foil motion is a strong unsteady flow field accom-
panied by flow separation [33]. Considering the influence of time step on the simulation
accuracy of unsteady separated flow, comparative analysis of two time steps ∆t/T = 0.0005
and 0.001 for the same working conditions is initially carried out in this section. The
selected working condition is K = 1.0 N.m/rad and L/c = 5.0. The k-ω turbulence model
is used and the comparison results are shown in Figure 4. In this figure, blue and red
lines represent the simulation results for different time steps. The rectangular and circular
lines represent the KT and η curves, respectively. It can be seen from the figure that no
matter the η or the KT, the two results in different time periods are in good agreement
That is, the efficiency and thrust curves of the flapping foil almost coincide with each other
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under the two time-step settings of ∆t/T = 0.002 and ∆t/T = 0.001. Finally, the time step
∆t/T = 0.002 (∆t/T = T/500) for the following simulation is selected. Moreover, the sensi-
tivity of the mesh analysis on the simulated results is also important, which is considered
and studied throughout our work. Many results show that the grid size and area near the
airfoil has a great effect on the performance of the flapping foil device. The verification of
grid independence and the verification of the time step and turbulence model were both
carried out and described in our previous work [28] and not repeated in this paper.
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Figure 4. Comparison of propulsive performance with different time steps.

Although the flapping foil system studied herein is a 3D problem, because there are
few experimental results on 3D flapping foil, this part only verifies the quasi-2D experiment
results of Anderson [32] and Schoveiler [33], hoping to prove the feasibility of the numerical
method presented in this paper. In their experiments, endplates were used on each strut to
prevent flow around the ends of the foil and maintain approximately 2D flow [32]. In the
future, the accuracy of the 3D method may be further discussed through 3D experiments
or mutual verification with other 3D simulation results.

A rigid 2D NACA 0012 airfoil is used, and the motion is composed of active heave
and pitch motion. The heave amplitude-to-chord ratio (y0/c) is 0.75, and the pitching axis
is one-third chord from the leading edge of the foil. The experimental and the calculated
results for f = 1.2 Hz and amax = 20◦ are compared and shown in Figure 5. The comparison
presents excellent agreement between the two results in terms of the propulsive efficiency
(η) and the thrust coefficient (cT). The definition of thrust coefficient given by Read et al. [32]
and Schouveiler et al. [33] is slightly different from that presented in this paper, and the
specific definition can be referred to the description in the literature.
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Figure 5. Comparisons of the propulsive efficiency η and the thrust coefficient cT with previous
experimental results for amax = 20◦.
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Subsequently, in order to verify the accuracy of the flow-field simulation in this
method, the pure pitching and flapping foil measured by Schnipper et al. [18] was further
simulated by the 2D method. The experiment was carried out with a very thin soap film,
and the chord length of the flapping foil was also very small, only 6 mm. The soap film is a
classical 2D flow because of the Re number. The experimental and calculated results are
compared and shown in Figure 6. The shaded graph in Figure 6 shows the experimental
results in the literature, and the contour graph is the 2D CFD results obtained in this paper.
It can be seen that, on the whole, the simulation results of the wake core position are in
good agreement with the experimental results, except for a few vortices away from the
flapping foil.
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Figure 6. Comparison of the vorticity pattern visualized in the foil wake (StD = 0.08, AD = 1.4).
(Experimental results are from Figure 3c in Schnipper [18]).

4. Results and Analysis

Since this semi-active flapping hydrofoil is a spring–mass system, the torsional spring
stiffness, the foil inertia, and the hydrodynamic-added inertia could affect the propulsive
performance [25]. In this section, our particular interest is centered on the influence of
arm length (L/c) and torsion spring stiffness (K) on the propulsive performance, including
propulsion force, propulsive efficiency, and related wake structure.

4.1. Propulsive Efficiency and the Thrust Coefficient

Firstly, the influence of arm length on the propulsive performance is observed; four
cases are analyzed: L/c = 3.0, 5.0, 7.5, ∞. In order to compare, the swing arc length
B of the swing arm under all working conditions is set to B/c = 3.0. That is, the max-
imum swing angle of swing arms (β0) is different with different lengths. Considering
that with different swing angles of the swing arm (β), the effect of the torsion spring on
the semi-active flapping hydrofoil is different. The effect of variable torsion spring stiff-
ness K is also analyzed at the same time to show the influence of the arm length more
comprehensively. With different swing arm lengths, five cases of torsion spring stiffness
(K = 0.4, 1.0, 2.0, 4.0, 10.0 N.m/rad) are analyzed. The propulsive efficiency of the
flapping foil with different arm lengths and spring stiffness is shown in Figure 7.

Firstly, from the results shown in Figure 7, the length of the swing arm has obvious
influence on the peak efficiency and the efficient working range. With an increase in the
swing arm, the peak efficiency with different spring stiffness is gradually improved, and
the range of the efficient working point is correspondingly widened. In the case of L/c = ∞,
the maximum efficiency reaches 73%, which is slightly less than that of conventional semi-
active flapping foil propulsion [28]. Secondly, the torsion spring stiffness (K) has an obvious
effect on efficiency. With the increase in the spring stiffness, the peak efficiency decreases
gradually, and the peak point moves to the direction of high advance coefficient (J). That is,
with the same swing arm length, reducing the spring stiffness is conducive to improving
the peak efficiency of this kind of flapping foil. This is because when the hydrodynamic
moment received by the foil changes with the advance coefficient, if the spring stiffness is
relatively small, then the pitch angle and AoA can more sensitively adapt to the change in
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torque, so as to achieve better working conditions; If the spring stiffness is relatively large,
then the pitch angle and AoA cannot sensitively adapt to the change in torque. Therefore,
within a section of the advance coefficient, the AoA is large and the efficiency continues to
be low. Generally speaking, the sudden rise in the efficiency curve is due to the transition
of the foil from a flow separation working state to a nonseparation working state [28].
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Figure 7. Propulsion efficiency curves with different arm length and different spring stiffness.

It is worth noting that, with the increase in spring stiffness of the flapping foil, the
propulsion system can maintain a satisfactory efficiency within a much wider range of
advance coefficient. With reference to the work in Thaweewat [17], a dimensionless param-
eter, torsion spring stiffness ratio (K’), is the indicator used to describe the spring stiffness.
It can be defined as

K′ =
K

ρ( f B)2(BH)c
(11)

It can be seen from the formula that although the torsion spring stiffness (K) is fixed
after design, the spring stiffness ratio K’ can be changed. That is, the position of the working
point can be changed by adjusting the swing frequency f to adapt to the working conditions
with different advance coefficients J. In other words, the propulsive performance of semi-
active flapping propulsion is similar to that of a variable-pitch propeller [17]. However,
we should also note that with the increase in spring stiffness, the efficiency peak shifts
downward with the envelope to the right. That is, the semi-active flapping foil is beneficial
for improving the high efficiency working range of the flapping foil propulsion, but has
little effect on improving the peak efficiency.

In addition to efficiency, thrust should also be considered in the design of flapping foil
propulsion. The comparison results of thrust coefficient (KT) under different swing arm
lengths and different spring stiffness are shown in Figure 8.

On the whole, except for that of the minimum swing arm length (L/c = 3.0), other
thrust coefficient (KT) curves all show a peak value at higher advance coefficient (J), and a
valley value and a small section of upwarping curve at lower advance coefficients. That
is, compared with the conventional semi-active foil, the elliptical trajectory system also
has a large thrust coefficient at low advance coefficient. However, under some low spring
stiffness conditions (e.g., K = 0.4, K = 1.0), its peak and valley gradually disappear. This is
consistent with the results we obtained in the study of conventional semi-active flapping
foil propulsion [28]. In the details of this thrust coefficient curve, on the right-side of the
peak value (that is, the high advance coefficients section), the thrust coefficient curve tends
to shift to the upper right with the increase in spring stiffness. That is to say, under the
working condition of high advance coefficients, it is more beneficial to select high spring
stiffness to obtain a large thrust. Whereas, in the low advance coefficients section (on the
left-side of the peak value), with the increase in the spring stiffness, KT tends to increase
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first and then decrease. In the case of L/c = 3.0, there is no trend in reduction because
the greater spring stiffness is not calculated. In addition, at the beginning of the thrust
coefficient curve, that is, in the foil start-up state (J < 2 in this paper), the thrust coefficient
decreases gradually with the advance coefficient regardless of the spring stiffness.
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Figure 8. Thrust coefficient with different arm length (L) and different spring stiffness (K).

The influence of swing arm length on the performance of the flapping foil is evident
and clear. Under the same spring stiffness, the thrust coefficient of a larger arm length is
larger and the peak value is higher. Moreover, with the increase in the swing arm length,
the thrust performance of this semi-active flapping foil propulsion system gradually tends
to the conventional semi-active flapping foil system. Considering the complex mechanism
of thrust generation, which is closely related to the pitch angle, AoA and flow separation of
the flapping foil, the following sections will further discuss AoA characteristic and flow
separation of the system.

4.2. Angle of Attack Analysis

In addition to the advance coefficient, the spring stiffness ratio also affects the AoA of
the flapping foil. Since the AoA varies periodically, maximum AoA (αmax) of each working
condition is analyzed in this part.

The maximum AoA under different working conditions is calculated and compared,
as shown in Figure 9. As a whole, the αmax decreases with the advance coefficient, and
with the increase in spring stiffness, the αmax under the same working condition gradually
increases. This is also easy to understand, because with the increase in the spring stiffness,
the hydrodynamic moment that the spring can resist is increasing, and the AoA increases
with the increase in the hydrodynamic moment. As a result, the AoA of the flapping foil
system is increasing. At the same time, the increase in swing arm length also increases the
αmax under the same working condition. In order to analyze the relationship between αmax
and KT, Figure 9 also depicts the αmax trajectory corresponding to the maximum thrust
coefficient, as shown by the black solid line. It is obtained by comparing with the results of
thrust coefficient in Figure 8. From the trajectory of this black line, it can be found that at a
low advance coefficient (J = 0.67), the αmax corresponding to the maximum thrust coefficient
is the smallest in all the different spring stiffness conditions, about 0.75 rad (the point A
in the black solid line). That is, at a lower advance coefficient, the thrust generated by the
flapping foil with smaller AoA is higher. However, at a higher advance coefficient (J ≈ 6),
the highest thrust coefficient point has the maximum αmax in all different spring stiffness
conditions, about 0.3 rad (the point B in the black solid line). That is, under the condition of
high advance coefficient, the thrust generated by the semi-active flapping foil with larger
AoA is higher. For the intermediate advance coefficient conditions (points between point A
and point B), the αmax corresponding to the maximum thrust transits from a smaller value
to a larger value step by step, which indicates that the αmax corresponding to the maximum
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thrust coefficient is almost centered. That is, when the advance coefficient is at the middle
value, α Too large or too small αmax is not conducive to the generation of thrust. It can be
understood that when the αmax is too large, there is obvious separation phenomenon on
the flapping foil surface, which will not produce effective lift, thus affecting the generation
of thrust. When the αmax is too small, the AoA decreases, the lift coefficient of the airfoil
decreases, leading to reduced thrust. In addition, it can be observed that the jumping of the
black solid line (αmax trajectory corresponding to the maximum thrust coefficient) between
different spring stiffness roughly occurs in the range αmax = 0.3 ∼ 0.4 rad, which indicates
that the maximum thrust tends to occur in the range of this AoA.
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Figure 9. Maximum AoA with different spring stiffness and swing arm length. (black solid line is
αmax trajectory corresponding to the maximum thrust coefficient).

Meanwhile, a similar rule can be found from the comparison of the maximum AoA
curves of flapping foil with different spring stiffness, as shown in Figure 9. Under the
condition of low advance coefficient, the ability of the spring with small stiffness (e.g.,
K = 1.0 N.m/rad) to resist hydrodynamic torque is low, so the flapping foil works at a small
AoA, resulting in higher thrust. At a higher advance coefficient, the relative flow velocity
increases, and the hydrodynamic effect on the foil is enhanced. Therefore, the spring with
higher stiffness (e.g., K = 1.0 N.m/rad) can resist the effect of hydrodynamic torque more
strongly, so that the flapping foil can work at a larger AoA with higher thrust. However,
the working condition at the lowest advance coefficient point (point A) in Figure 9 is a
special case. Specifically, at the condition of the lowest advance coefficient point shown
in the first three figures in Figure 9, the αmax of K = 1.0 N.m/rad is greater than that of
K = 2.0 N.m/rad. In the last figure of Figure 9, the αmax of K = 1.0 N.m/rad changes to
the smallest one. It was found through inspection that this is due to a sudden increase in
the AoA time-history curves at the low speed point under these conditions. Taking the
working condition L/c = 5.0 as an example, Figure 10 shows the time-history curve of
AoA at low advance coefficient point (J = 0.67). It can be seen that, unlike the approximate
sinusoidal AoA time-history curve of the conventional fully active flapping foil, the AoA
time-history curve of this semi-active flapping foil driven by the swing arm is trapezoidal.
This kind of trajectory has little effect on the maximum efficiency value of flapping foil,
while it can maintain high efficiency with a relatively wider working range [16]. With the
increase in spring stiffness, the AoA of the foil increases gradually. Whereas, in the process
of direction changing of AoA, a convex peak appears on the curve of K = 1.0 N.m/rad,
which leads to the change in the maximum AoA, as shown in Figure 9. We speculate that
the reason for the AoA jump-like phenomenon may be that when the advance speed VA is
too small, the relative velocity angle of the foil changes abruptly.
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Figure 10. AoA time-history curve of the flapping foil with different spring stiffness for L/c = 5.0, J = 0.67.

To further understand the relationship between efficiency, thrust coefficient, and
maximum AoA, the comparison results of the performance curves of the flapping foil
with different spring stiffness and different arm lengths are given in Figure 11. From
the efficiency curves, we can find that with the increase in the swing arm, the maximum
efficiency of each working condition increases gradually. The peak value of the highest
efficiency decreases with the increase in the spring stiffness, which is consistent with the rule
obtained in Figure 7, shown above. Most notably, the foil maximum AoA corresponding
to the peak efficiency under different working conditions is very close, which is roughly
concentrated near αmax = 0.2 rad. It indicates that AoA is a key parameter affecting
the efficiency of semi-active flapping foil propulsion, which has also been confirmed by
previous studies of fully active and conventional semi-active flapping foils [14,16,17].
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Figure 11. Propulsive performance with different spring stiffness and swing arm lengths.

On the whole, the thrust coefficient curve in Figure 11 shows that, except for the condition
of low advance coefficient, the peak thrust almost appears in the range αmax = 0.3 ∼ 0.4 rad,
which is consistent with the conclusion obtained from the previous analysis in Figure 9.
Read et al. [32] and Thaweewat [17] made a similar comparison in their work. The AoA
corresponding to the peak efficiency point of the semi-active flapping foil is about 0.2 rad
in their study. It can be seen from Figure 11 that, similar to the AoA characteristics of
the conventional semi-active and the fully constraint foil systems, the peak efficiency of
the semi-active flapping foil with an arc trajectory corresponds to a relative concentrated
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position. Compared with the conventional system, however, the peak efficiency point
moves slightly to the right. That is, the maximum angle of attack corresponding to the
peak efficiency point is about 0.3–0.4 rad, and unlike the spring stiffness’s influence on
the peak efficiency, the spring stiffness has less influence on the peak thrust coefficient.
Specifically, the thrust coefficient curve of different spring stiffness is slightly different.
With the increase in spring stiffness, the thrust coefficient curve gradually shows a trend of
first increasing and then decreasing. However, under the condition of high AoA (i.e., low
advance coefficient), the law of thrust coefficient curve changing with AoA is uncertain,
which needs further study.

The influence of swing arm length on the peak of the thrust coefficient is very clearly
shown in Figure 11. Under the same spring stiffness, with the increase in swing arm length,
the peak value of thrust coefficient increases gradually, but the thrust coefficient decreases
more obviously at high AoA. It can be said that the increase in swing arm length can expand
the influence of spring stiffness on thrust, which is consistent with the results in Figure 7,
shown above. It is also certain that with the increase in the swing arm, the thrust coefficient
curve is increasingly close to the curve of the conventional semi-active flapping foil.

4.3. Analysis of Vortex Structure

This section first compares the flow field of the flapping foil at low advance coefficient
with different spring stiffness, and then analyzes the flow-field characteristics of thrust and
efficiency peak points under the same spring stiffness.

First, taking the L/c = 5.0 working condition as an example, the flow separation
of the flapping foil with different spring stiffness under the working condition of low
advance coefficient is observed, as shown in Figure 12. The time selected in the figure is the
time when the swing angle of the swing arm (β) is zero. The three lines of pictures in the
Figure 12 are the structure of the separated vortex observed from three perspectives. From
top to bottom, they are the aerial view, Y-plane view, and Z-plane view.
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From the results in Figure 12, it is found that with different spring stiffness the flow
on the flapping foil surface are all fully separated, and the flow-field structure of vortex
ring interlocking appears under the working condition of low advance coefficient. Von
Ellenrieder et al. [13] also observed this phenomenon on a flapping foil with an aspect
ratio of 3. With the increase in spring stiffness, the swing wing surface separation becomes
stronger, the separation area is larger, and the vortex system also diverges faster, and decays
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rapidly in the process of developing downstream. This may be the reason for the lower
efficiency of the flapping foil at a low advance coefficient. From the horizontal comparison
of the Z-plane view, the swing angle of the lower spring stiffness foil is larger, so the
corresponding AoA is smaller. This is the reason why the thrust of the flapping foil with
lower spring stiffness is higher at a low advance coefficient.

Then, under the condition of K = 4.0 N.m/rad, the flow fields of the flapping foil
near the starting point, the thrust valley point, the thrust peak point, and the efficiency
peak point were further observed. The corresponding advance coefficients (J) of these four
working conditions are 0.67, 2.67, 4.0, and 5.0, as shown in Figure 13. On the whole, the
correlation of vortex ring structure in the wake of the flapping foil gradually weakens with
the increase in advance coefficient. It can be seen from the figure that there are obvious
vortex rings under the J = 0.67, 2.67 two working conditions, but the spatial correlation
between adjacent vortex rings is weakened under J = 2.67 working condition. In both
J = 4.0, 5.0 cases, the wake is stretched along the flow direction due to the increase in
advance speed, so there is no obvious vortex ring structure. However, in the process of
developing downstream, taking the J = 4.0 working condition as an example, the winding
between the tip vortex and the separation vortex on the flapping foil surface can be seen
clearly. Specifically, from the perspective of lateral comparison, the general development
law of the trailing vortex of the flapping foil is shown as follows: first, the trailing vortex of
the flapping foil shows a typical vortex ring structure. Then, with the increase in advance
speed, the vortex ring is stretched, and spatial separation occurs between adjacent vortex
rings, and the tip vortex and the separated vortex on the airfoil surface can be clearly
distinguished gradually. With the further increase in the advance speed, the tip vortex
and separation vortex almost develop independently at the beginning of their formation,
and then intertwine with each other to form a complex wake field structure. From the
perspective of the spatial position of the twining phenomenon, it roughly occurred at the
moment when the flapping foil moved and reversed in the Y-direction. It is not difficult to
find that the vortex ring is the result of the tip vortex and the separated vortex on the airfoil
surface sticking together, while the vortex ring interlocking is formed by the compression
of the vortex ring in space.
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According to the thrust coefficient curve under the same conditions (L/c = 5.0,
K = 10.0 N.m/rad), shown in Figure 8, J = 2.67 corresponds to the valley point on the
thrust coefficient curve. It can be seen from Figure 13 that under this working condition, the
swing angle of the flapping foil is obviously small, leading to a reduction in the AoA and
the lift coefficient of the airfoil; At the same time, there is a strong separation on the airfoil
surface, which cannot produce effective lift, thus affecting the generation of thrust. That is
to say, the lift generated by the airfoil surface and its contribution to the thrust are both
very small under this working condition, which may be the reason for the thrust valley at
this point.
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5. Conclusions

In this paper, the flow field and motion of a circular-arc-track semi-active flapping foil
driven by a swing arm under different arm lengths and spring stiffness are simulated. Its
hydrodynamic performance, flow-field characteristics and motion characteristics are sys-
tematically analyzed. The flapping foil used in this study is a small aspect ratio NACA0012
airfoil, and a preliminary installation scheme on the vehicle is given, which is more consis-
tent with the shape and engineering practicality requirements of the bionic propeller.

1. The influence of arm length and spring stiffness on the performance of the semi-active
flapping foil is very clear. Increasing the length of the swing arm is beneficial to
improving the peak efficiency of this semi-active flapping foil with circular-arc trajec-
tory. At the same swing arm length, reducing the spring stiffness is also conducive
to improving the peak efficiency of the flapping foil. The analysis of the maximum
angle of attack shows that there is a definite corresponding relationship between the
maximum angle of attack and the peak efficiency. For the flapping foil with the small
aspect ratio NACA0012 airfoil structure, its peak efficiency is usually concentrated
near αmax = 0.2 rad, and it can maintain high efficiency within a certain range of αmax.

2. The influencing factors of the thrust coefficient of the semi-active flapping foil propul-
sion are complex. The length of the swinging arm, the spring stiffness, and the advance
coefficient can all have a significant impact on the thrust coefficient of the flapping
foil. On the whole, compared with the conventional semi-active foil, the elliptical
trajectory system also has a large thrust coefficient at low advance coefficient. The
curve of the thrust coefficient decreases monotonically with the increase in advance
coefficient when the spring stiffness is small. Under the condition of high spring
stiffness, there is a peak value and a valley value of the thrust coefficient. According
to the analysis of the flow field, the reason for the thrust valley may be the combined
effect of the swing angle and the angle of attack. At the valley point of the thrust
coefficient, the angle of attack of the flapping foil is large, so the vortex separation of
foil is significant and the lift value is low. At the same time, the swing angle is small,
so the contribution of lift to the thrust is low, which leads to the appearance of the
thrust valley. In addition, by comparing the thrust coefficient and the maximum angle
of attack αmax, it is found that too large or too small αmax is unfavorable to the thrust
under the working condition of the intermediate advance stage, and the peak thrust
tends to appear in the range αmax = 0.3 ∼ 0.4 rad.

3. The flow-field analysis of the low aspect ratio airfoil shows that the vortex rings are
interlocked in the wake field of the flapping foil at a low advance speed. With the
increase in advance coefficient, the vortex rings are gradually lengthened first, and
then separated from each other. When the advance coefficient is further increased, the
vortex ring is split into a tip vortex and separated vortex on the airfoil surface. From
the reverse analysis, the vortex ring is the result of the tip vortex and the separated
vortex on the airfoil surface sticking together, while the vortex ring interlocking is
formed by the compression of the vortex ring in space.
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