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Abstract: A numerical investigation of the propulsion performance and hydrodynamic characters of
the full-active flapping foil under time-varying freestream is conducted. The finite volume method
is used to calculate the unsteady Reynolds averaged Navier-Stokes by commercial Computational
Fluid Dynamics (CFD) software Fluent. A mesh of two-dimensional (2D) NACAOQ012 foil with
the Reynolds number Re = 42,000 is used in all simulations. We first investigate the propulsion
performance of the flapping foil in the parameter space of reduced frequency and pitching amplitude
at a uniform flow velocity. We define the time-varying freestream as a superposition of steady flow
and sinusoidal pulsating flow. Then, we study the influence of time-varying flow velocity on the
propulsion performance of flapping foil and note that the influence of the time-varying flow is time
dependent. For one period, we find that the oscillating amplitude and the oscillating frequency
coefficient of the time-varying flow have a significant influence on the propulsion performance of the
flapping foil. The influence of the time-varying flow is related to the motion parameters (reduced
frequency and pitching amplitude) of the flapping foil. The larger the motion parameters, the more
significant the impact of propulsion performance of the flapping foil. For multiple periods, we note
that the time-varying freestream has little effect on the propulsion performance of the full-active
flapping foil at different pitching amplitudes and reduced frequency. In summary, we conclude
that the time-varying incoming flow has little effect on the flapping propulsion performance for
multiple periods. We can simplify the time-varying flow to a steady flow field to a certain extent for
numerical simulation.

Keywords: full-active flapping foil; time-varying freestream; propulsion performance;
hydrodynamic character

1. Introduction

Exploring the ocean requires a variety of marine observation equipment. In particular, the marine
mobile vehicle provides new means for the ocean’s development and utilization, which significantly
expands the human ability to explore, understand, and exploit the ocean. Underwater propulsion
technology is one of the critical technologies of the marine mobile vehicle, which directly affects the
maneuverability, operability, and endurance of vehicles. Compared with the traditional propeller,
the propulsion system based on flapping foil has high stability, high efficiency, excellent maneuverability,
and environmental friendliness [1-3]. As a result of so many advantages, it is necessary to understand
the hydrodynamic performance of the propulsion system of flapping foil fully and deeply. Analyzing the
impact of different parameters on the flapping foil’s propulsion performance and trying to improve
its propulsion performance is of great significance for revealing the propulsion mechanism and
popularizing applications.
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The fluid-structure interaction between the flapping foil and flow field is complicated and
unsteady [4,5]. In recent decades, many researchers have explored the propulsion mechanism of
flapping foil and the effects of multiple factors on the propulsion performance through natural
observation, numerical simulation, and experimental study [6-8]. Previous studies have found that
factors such as the motion amplitude and reduced frequency [9], motion trajectory [10], St (Strouhal
number) [11], pivotlocation [12], phase difference between heaving and pitching motions [13], shape and
flexibility of the foil [14,15] can directly affect the hydrodynamic performance of the flapping foil.
The reduced frequency and the amplitude of heaving and pitching motion are the main factors affecting
the flapping flow field structure [9]. Koochesfahani and Manoochehr [16] study the hydrodynamic
performance and wake vortex of the pure pitching flapping foil at a small amplitude through the
tank experiment. The results show that the wake vortex structure can be effectively controlled by
controlling the reduced frequency, pitching amplitude, and motion trajectory, which can significantly
affect the flapping foil’s thrust. Ashraf [17] and Dewey [18] analyze the effect of the reduced frequency
on the propulsion performance of full-active flapping foil. They find that there is a critical value for
the reduced frequency. When the reduced frequency is less than the critical value, the mean thrust
coefficient increases monotonously. However, when the reduced frequency is higher than the critical
value, the propulsion performance of flapping foil decreases significantly. The influencing mechanism
of heaving and pitching motion amplitude is similar to the reduced frequency [7,17]. The thickness,
chord length, curvature, and flexibility also affect the foil’s hydrodynamic performance [11,19,20].
Besides, some researchers study the influence of non-sinusoidal motion trajectories on the propulsion
performance of flapping foil and intend to improve it [21-25].

According to the above research, most researchers assume the freestream as uniform and
steady when studying the hydrodynamic performance of flapping foil. In the marine environment,
especially when approaching the surface and floor of the sea, the flow field is usually non-uniform and
time-varying due to the seabed topography or the wind and waves. The conclusions based on the
above assumption may not reflect the hydrodynamic performance of flapping foil under real conditions.
The numerical simulation results obtained by simplifying the flow to a uniform flow may not be
accurate enough. Therefore, it is of great practical significance to analyze the influence of non-uniform
and time-varying freestream velocity on the propulsion performance of the flapping foil. We noticed
a few studies on the influence of non-uniform and time-varying flow velocity on the propulsion
performance of the flapping foil. In contrast, the influence of non-uniform flow velocity on the
flapping foil’s energy harvesting performance has been investigated systematically [26-28]. Kinsey and
Dumas [29] study the effect of small amplitude disturbances of freestream on the hydrodynamic
performance of flapping foil and point out that the influence on the energy harvesting performance of
the flapping foil is almost negligible. Zhu [26] and Cho [27] analyze the effect of linear shear flow on the
energy harvesting performance of two-dimensional flapping foil. They find that the flow field under
a low shear rate can slightly improve the flapping foil’s performance, while the energy harvesting
efficiency of flapping foil reduces sharply when the shear rate is large enough. Ma [30] examines
the effect of time-varying flow velocity on the energy harvesting performance of two-dimensional
flapping foil. The study also points out that flapping foil’s hydrodynamic performance is greatly
affected by the time-varying flow rate in one cycle. When calculating the mean performance in eight
periods, the time-varying freestream velocity has little effect on the flapping foil’s energy harvesting
performance. In addition, other researchers have found that the free surface and waves also have an
important impact on the hydrodynamic performance of the flapping foil. Silva [31] investigates the
possibility of extracting energy from gravity waves by a two-dimensional flapping foil. He points
out that the marine propulsion of the flapping foil can absorb energy form sea waves and improve
the propulsion performance when the design parameters are correctly maintained. Filippas and
Belibassakis [32] analyze the hydrodynamic performance of the flapping foil under free surface and in
waves by unsteady boundary element method. They note that significant efficiency of the flapping foil
can be obtained under optimal wave conditions. Xu [33] investigates the propulsion of a flapping foil in
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heading wave through the velocity potential theory and indicates that the frequency difference between
the foil and waves has a significant effect on the hydrodynamic performance of the flapping foil.

Referring to the non-uniform flow on the energy harvesting performance of flapping foil, we notice
that both the small amplitude shear flow and the time-varying flow velocity have little effect. Therefore,
we can infer that the influence of the non-uniform flow with a small amplitude on the propulsion
performance of the flapping foil should also be weak. To verify the above inference, we analyze the
effect of time-varying flow velocity on the flapping foil’s propulsion performance through numerical
simulation. In this paper, the kinematic model of full-active flapping foil under time-varying flow
velocity is established. The finite volume method (FVM) is used to calculate the unsteady Reynolds
averaged Navier-Stokes (URANS) by commercial CFD software Fluent version 19.1. We first investigate
the propulsion performance of flapping foil in the parameter space of reduced frequency and pitching
amplitude at a uniform flow velocity. Then, we study the influence of time-varying flow velocity on
the propulsion performance of flapping foil. Moreover, the effect mechanism of time-varying flow
velocity on the hydrodynamic performance of flapping foil is explained by analyzing the evolutions of
vortex topology, flow velocity, and pressure distribution around the foil.

2. Problem Description and Methodology

2.1. Problem Description

Referring to Zhu [26] and Cho [27], we note that the shear flow is mainly affected by the seafloor
topography, while the marine vehicles propelled by flapping foil are mostly used in the vast ocean,
the influence of the terrain on the flow field can be ignored. Therefore, we only discuss the effect
of time-varying flow velocity on the propulsion performance of active flapping wings in this paper.
The sketch of full-active flapping foil under time-varying freestream velocity is illustrated in Figure 1.
The foil has two degrees of freedom, which can only translate in the vertical direction and rotate around
the pivot, other degrees of freedom are strictly prohibited. The heaving and pitching motions of the
flapping foil are fully prescribed and defined as a sinusoidal motion. A two-dimensional NACA0012
foil is used in this paper, c and d are defined as the chord length and the thickness of the foil, the foil’s
pivot is located at one third of chord.
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Figure 1. Sketch of full-active flapping foil under time-varying freestream velocity.
The heaving and pitching motion of the full-active flapping foil are defined as:
y(t) = yosin(27ft) )

O(t) = Ogsin(2nft + P) (2)
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where yg and 0 are defined as the heaving and pitching amplitudes, respectively. f is the motion
frequency, f* is the non-dimensional coefficient of motion frequency, named reduced frequency,
f* = fc/Uw. ®is the phase different between the heaving and pitching motions, & = /2. Referring to
the assumptions of time-varying flow velocity made by Gharali [34] and Chen [35], the time-varying
freestream in this paper is considered as a superposition of steady flow and sinusoidal pulsating flow.
Therefore, the time-varying flow U(t) is defined as:

U(t) = Uoo + v sin(27 fot ) Ueo ©)]

where Uy is the constant term of flow, y sin(27 f,t) U is the pulsating term of flow. y and f, are
defined as the oscillating amplitude and oscillating frequency of the time-varying flow. 7 is defined
as the oscillating frequency coefficient of the time-varying flow, f, = 27f. The instantaneous thrust
coefficient, instantaneous lift coefficient and instantaneous moment coefficient of full-active flapping
foil are expressed as:

Cx(t) = Fx(1)/ 5pUP @
Cr(t) = Fy (1) /3pUie ©)
Cum(t) = M(t)/ %pUZCZ (6)

where Fx, Fy and M are defined as the thrust, lift and moment. p is the fluid density. The instantaneous
input power Pj(t) and propulsion power P(t) are defined as:

Pi(t) = Py(t) + Po(t) = Fy(£)Vy(t) + M(£)Q(t) )

Po(t) = Fx(t)U(t) (8)

where V is the heaving velocity, Q) is the pitching velocity. The mean input power coefficient and
mean propulsion power coefficient are expressed as:

(:_:l T(P(t)/1 U3c)dt 9

PI= 7 \ I 2P c) )
T

Cro=1 [ (Polt)/gotrot 10)

where T is defined as the period of the heaving and pitching motion of the flapping foil, T = 1/f.
The propulsion efficiency of the full-active flapping foil is defined as:

n=Cpo/Cpr (11)
2.2. Numerical Methods and Validation

Based on the sliding mesh technology, the computational domain and boundary conditions for 2D
flapping foil is illustrated in Figure 2. We use PointWise software to mesh the 2D flapping foil. The entire
computation domain is 120c x 120c, the inner grid diameter is 35c. The inlet, outlet, upper wall and low
wall are divided into 25 equal parts, the sliding interface is divided into 120 equal parts, and the foil
wall is divided into 600 equal parts. The height of the first layer near the foil is set to 10e=>, and grows
30 layers at a rate of 1.1, which ensures y < 1. The flow distribution in the viscous sub-layer and
transition layer of the foil surface is solved by using the Navier-Stokes (NS) equation discretely. We use
a sliding interface to divide the simulation domain into the inner grid and outer grid. The rigid
movement of the inner grid can ensure that the inner grid is undeformed and improves the calculation
accuracy near the foil. Referring to Equations (1) and (2), we program the user defined functions
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(UDFs) to control the heaving and pitching motions of the inner grid. With the motion of the inner grid,
the outer grid adjusts adaptively. The inlet condition for time-varying flow velocity is controlled by the
UDFs according to Equation (3). The outlet condition is a pressure outlet, and the upper and lower wall
is symmetry. The Reynolds number is Re = 42,000, the Sparat-Allmaras turbulence model is used, and
the SIMPLE algorithm is selected for pressure-velocity coupling calculation. The discrete methods of
gradient and pressure are least squares cell-based and second-order discrete, respectively. Momentum,
turbulent flow energy and turbulent dissipation rate are all selected in second-order upwind. Time
discretization is set second-order implicit format. The convergence condition of velocity and continuity
is 1e7. The judgment condition for the periodic simulation is that the change rate of the mean value of
the instantaneous thrust coefficient is less than 1%. According to different simulation parameters of
flapping foil, a stable periodic solution of the flapping foil can be obtained after 10 cycles.

Symmetry

Time-varying | :

2 BRI
! Pressure |0
Velocity | Pi RAEX “sliding 7
| Outlet | | 2,
Inlet o

Symmetry
Figure 2. Computational domain and boundary conditions for two-dimensional (2D) flapping foil.

To verify the simulation strategy, the grid, time independence and validation are studied in our
previous research [10]. We simulated four grid and time-steps levels. The comparison of the mean
value of thrust coefficient, lift coefficient and propulsion efficiency corresponding to the different grid
and time-steps levels is shown in Table 1. In order to ensure the accuracy and calculation efficiency;,
we chose the mesh and time step as 80,000 cells and 800 time-steps for all simulation cases. We also
validated the current strategy against the classic literature [36] under the same conditions, as shown
in Figure 3, and found that the result agrees well with the Kinsey and Dumas, which confirm the
simulation strategy of this paper is credible and accurate.

Table 1. Grid and time independence.

Grid Time Step Cpo Cp1 n
800 ts 6.264 21573 29.038%
80,000 cells 1600 ts 6.293 21.752 28.930%
160,000 cells 800 ts 6.327 21.893 28.9%

1600 ts 6.407 22.210 28.846%
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Figure 3. Comparison of results by the present study and Kinsey and Dumas for vy = 1c, 6y = 70°,
f* = 0.14, (a) thrust coefficient and (b) lift coefficient.

3. Results and Discussions

In this paper, we first analyze the propulsion performance of the full-active flapping foil in the
parameter space of reduced frequency and pitching amplitude at a uniform freestream. Then, we study
the effects of the oscillating amplitude, oscillating frequency coefficient, and simulation time of the
time-varying freestream on the propulsion performance of the full-active flapping foil. Finally, based on
the evolution of the instantaneous thrust coefficient, wake vortex, velocity and pressure near the foil,
we reveal the mechanism of the time-varying freestream on the hydrodynamic performance of the
full-active flapping foil. The range of the oscillating amplitude and frequency of the time-varying
freestream is selected based on the literature [30]. The other physical parameters of the flapping foil
refer to the physical parameters of wave glider [10]. The main parameters are shown in Table 2.

Table 2. Main characteristics for computations.

Parameters Range
Chord length, ¢ 0.17m
Hydrofoil shape 2D NACAQ012
Hydrofoil thickness, d 0.02m
Constant flow velocity, U 0.25 m/s
Heaving amplitude, yg 1c
Pitching amplitude, 09 10-80°
Reduced frequency, f* 0.1-0.68
Oscillating amplitude,y 0-0.15
Oscillating frequency coefficient, 0-1
Simulation Period, t 10-20T

3.1. The Propulsion Performance of Flapping Foil at Uniform Freestream

The amplitude and frequency of the heaving and pitching motions are the main factors affecting
the hydrodynamic performance of the full-active flapping foil at uniform freestream [9,29,37]. We first
illustrate the contour of the mean propulsion power coefficient of the flapping foil in the parameter
space of reduced frequency and pitching amplitude, as shown in Figure 4. We note that the reduced
frequency and pitching amplitude have a significant effect on the mean propulsion power coefficient.
Further, we observe that the effect of the pitching amplitude on the propulsion performance is related
to the reduced frequency. When f* > 0.136, the mean propulsion power coefficient of the flapping
foil increases first and then decreases with the variation of the pitching amplitude. The optimal
pitching amplitude appears at the middle of the pitching amplitude range, where the mean propulsion
power coefficient of the flapping foil reaches the maximum value. When f* = 0.34 and f* = 0.68,
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the maximum values of the mean propulsion power coefficients are 0.51 and 2.32, respectively, and the
corresponding optimal pitching amplitudes are both 30°. According to Figure 4, we further notice
that with the reduction in the reduced frequency, the optimal pitching amplitude of the flapping foil
is decreased gradually. When f* = 0.23, the optimal pitching amplitude is 20", and when f* = 0.11,
the optimal pitching amplitude is reduced to 10°. Furthermore, we realize that when f* < 0.11,
the mean propulsion power coefficient of the flapping foil decreases monotonically with the variation
of the pitching amplitude. When f* = 0.068, the mean propulsion power coefficients corresponding to
0p = 10" and 6y = 80" are 0.027 and 0.32, respectively.
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Figure 4. The mean output power coefficient contour on the parametric space of reduced frequency
and pitching amplitude.

The contour of the propulsion efficiency of the full-active flapping foil on the parametric space
of reduced frequency and pitching amplitude is illustrated in Figure 5. The dark blue region of the
Figure 5 indicates that the mean propulsion power coefficient and propulsion efficiency in this range
are less than zero. According to Figure 5, we reveal that with the variation of the pitching amplitude,
the propulsion efficiency decreases monotonically. When f* = 0.68, the propulsion efficiencies of the
flapping foil corresponding to 6p = 10" and 6y = 60” are 48.1% and 14.1%, respectively. When f* = 0.23,
the propulsion efficiencies of the flapping foil corresponding to g = 10" and 0y = 50" are 4.7% and
0.5%, respectively. According to Figure 5, we also note that with the variation of the reduced frequency,
the propulsion efficiency increases monotonically. When 6y = 10°, the propulsion efficiencies of the
flapping foil corresponding to f* = 0.27 and f* = 0.45 are 6.4% and 19.3%, respectively.

Based on the above research, we conclude that when the reduced frequency is small, the smaller
pitching amplitude can improve the propulsion performance of the full-active flapping foil. When the
reduced frequency is large, the proper pitching amplitude can reach the best propulsion performance.
Hover et al. [7] studied the influence mechanism of the leading-edge vortex on the hydrodynamic
performance of the flapping foil. They reveal that the proper pitching amplitude is beneficial to the
generated of the leading-edge vortex and reverse Karman vortex, which can improve the propulsion
performance of the flapping foil. Meanwhile, we also note that when the pitching amplitude is large
enough, the mean propulsion power coefficient is less than zero. Thus, the flapping foil cannot generate
thrust in this condition.
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Figure 5. The propulsion efficiency contour on the parametric space of reduced frequency and
pitching amplitude.

3.2. The Influence of the Time Varying Freestream

In the previous section, we discuss the propulsion performance of the full-active flapping foil at
uniform freestream and analyze the reduced frequency and pitching amplitude on the foil. Based on
the above study, the oscillating amplitude and oscillating frequency coefficient of the time-varying
freestream on the hydrodynamic performance of the flapping foil is investigated in this section. First,
we analyze the effect of the time-varying flow velocity on the flapping foil in one period, which is the
period of the heaving and pitching motion of the flapping foil. Then, we study the influence of the
time-varying freestream on the mean propulsion of the foil at a different period. Finally, we recalculate
the mean propulsion power coefficient of the flapping foil over 10 periods and analyze the influence of
the time-varying flow on the propulsion performance of the flapping foil.

3.2.1. The Effect of the Time-Varying Flow in One Period

According to Figure 4, we choose different parameters of reduced frequency (f* = 0.34/0.68) and
pitching amplitude (69 = 10°/30°/60°) to study the influence of oscillating amplitude y and oscillating
frequency coefficient 7 of the time-varying flow on the propulsion performance of the full-active
flapping foil. The evolution of the mean propulsion power coefficient of the flapping foil with different
oscillating amplitude and oscillating frequency coefficient is shown in Figure 6. We notice that the
oscillating frequency coefficient of the time-varying flow has a significant effect on the mean propulsion
power coefficient. In particular, the effect of the oscillating frequency coefficient on the flapping foil
is related to the pitching amplitude and reduced frequency of the flapping foil. When the motion
parameters are large, the time-varying flow has a more significant effect on the flapping performance of
the flapping foil. When f* = 0.68, the maximum change rate of the mean propulsion power coefficient
caused by the oscillating frequency coefficient T for 8y = 10” and 0y = 60" is 9.8% and 13%, respectively.
When f* = 0.34, the maximum change rate of the mean propulsion power coefficient caused by the
oscillating frequency coefficient 7 for 09 = 10" and 6y = 30’ is 4.3% and 5.3%, respectively. Besides,
we also found that when the vibration coefficient, the impact of the oscillating frequency coefficient on
the propulsion performance of active flapping is significantly reduced. We further notice that when the
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oscillating frequency coefficient T > 0.5, the impact of the time-varying flow on the mean propulsion
performance of the flapping foil is significantly reduced, as shown in Figure 6. Ma [30] and Chen [35]
have obtained similar conclusions when studying the effect of time-varying freestream on the energy
harvesting performance of the full-active flapping foil.
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1.6 _ __ | v =0.10
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"= 0.68,0) = 60°
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Figure 6. The evolution of the mean propulsion power coefficient with different oscillating amplitude
and oscillating frequency coefficient for one period.

Referring to Figure 6, we also notice that the oscillating amplitude of the time-varying flow
also affects the hydrodynamic performance of the full-active flapping foil. With the increase in the
oscillating amplitude, the variation amplitude of the mean propulsion power coefficient of the flapping
foil caused by the oscillating frequency coefficient increases proportionally, but the variation tendency
does not change. When f* = 0.68 and 0y = 10°, the maximum change rate of the mean propulsion
power coefficient caused by the oscillating frequency coefficient 7 for y = 0.05 and y = 0.15 are 1.5%
and 5.3%, respectively. Since the oscillating amplitude does not affect the tendency of the time-varying
flow on the propulsion performance of the full-active flapping foil, in order to simplify the simulation
calculation, the oscillating amplitudes in the subsequent calculations are all fixed values, y = 0.1.

3.2.2. The Effect of the Time-Varying Flow in Different Periods

To observe the effect of the time-varying flow on the propulsion performance of the flapping
foil in different periods, the variation of the mean propulsion power coefficient in different periods
and oscillating frequency coefficient is illustrated in Figure 7. When f* = 0.34, 0y = 10" and y = 0.1,
the numerical simulation obtains a stable periodic solution after 10 cycles. Therefore, we choose the data
within 10-20 cycles for comparison. According to Figure 7, the oscillating frequency coefficient of the
time-varying flow has an apparent regularity for the impact of the mean propulsion power coefficient
of the flapping foil. When t = 0.5 and 7 = 1.0, with the variation of the oscillating frequency coefficient
and simulation period, the mean propulsion power coefficient is almost unchanged. According to
Equation (3), when the reduced frequency is an integer multiple of the oscillating frequency coefficient
of the time-varying flow, the average flow velocity of the time-varying flow in one cycle is equal to the
constant term Uw. Therefore, the time-varying freestream has no significant effect on the hydrodynamic
performance of the full-active flapping foil. When the relationship between the oscillating frequency
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coefficient of the time-varying freestream and the reduced frequency is not an integer multiple, with the
variation of the simulation period, the oscillating frequency coefficient directly affects the mean
propulsion power coefficient of the full-active flapping foil. When t < 0.5, the mean propulsion power
coefficient of the flapping foil fluctuates significantly, and when t > 0.5, the mean propulsion power
coefficient is almost unchanged with the variation of the period, as shown in Figure 7. The influence of
the oscillating frequency coefficient on the flapping foil can also be found in Figure 6. The reason of
the above phenomenon is that the oscillating frequency coefficient of the time-varying flow affects
the average flow velocity in one cycle. Especially when t < 0.5, the change of the average flow
velocity in different periods is more prominent. The average flow velocity leads to differences in the
hydrodynamic performance of the flapping foil in different periods.
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Figure 7. The variation of the mean propulsion power coefficient in different periods and oscillating
frequency coefficients for f* = 0.34, 0y = 10".

The effect of the time-varying flow on the propulsion performance of the flapping foil for f* = 0.34
and 0y = 10” is described above. Then, we analyze the influence of the time-varying flow on the
flapping foil with the variation of the period under different motion parameters (reduced frequency
and pitching amplitude). The evolution of the mean propulsion power coefficient for different reduced
frequency and pitching amplitude at 7 = 0.2 and 7 = 0.8 is shown in Figure 8. We note that with the
increase in the pitching amplitude of the flapping foil, the variation amplitude of the mean propulsion
power coefficient of the flapping foil caused by the oscillating frequency coefficient increases gradually.
When f* = 0.68 and 7 = 0.2, the maximum change rates of the mean propulsion power coefficient
caused by the time-varying freestream for 6y = 10°,20°,30° and 60" are 2.3%, 3.7%, 6.8% and 23.6%,
respectively. When f* = 0.68 and 7 = 0.8, the maximum change rates of the mean propulsion power
coefficient caused by the time-varying freestream for 0y = 107, 20°, 30" and 60" are 2%, 2.1%, 4.1%
and 21.4%, respectively. Furthermore, we reveal that with the variation of the reduced frequency,
the maximum change rates of the mean propulsion power coefficient caused by the time-varying
freestream increase gradually. When 6y = 30" and 7 = 0.2, the maximum change rates of the mean
propulsion power coefficient caused by the time-varying freestream for f* = 0.34, 0.45 and 0.68 are
3.4%, 6.2% and 6.8%, respectively. When 6y = 30" and 7 = 0.8, the maximum change rates of the mean
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propulsion power coefficient caused by the time-varying freestream for f* = 0.34, 0.45 and 0.68 are
2.4%, 3.9% and 4.1%, respectively.
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Figure 8. The evolution of the mean propulsion power coefficient for different reduced frequency and
pitching amplitude, (a) T = 0.2, (b) T = 0.8.

3.2.3. The Effect of the Time-Varying Flow in Multiple Periods

In the previous section, the influence of the time-varying flow on the propulsion performance
of the full-active flapping foil in different periods is investigated. We note that the simulation time
can affect the hydrodynamic performance of the flapping foil under the action of the time-varying
freestream. The oscillating amplitude and frequency determine the average velocity of the time-varying
flow in different periods, which affects the propulsion performance of the foil. Therefore, we infer
that the average velocity of the time-varying flow under different oscillating amplitude and oscillating
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frequency coefficient in multiple periods will tend to the constant velocity. Thus, with the extension
of simulation time, the effect of the time-varying flow on the flapping foil will gradually weaken.
Kinsey [29] and Ma [30] also found a similar phenomenon when studying the effect of time-varying
flow on the energy harvesting performance of the full-active flapping foil. The average value of the
propulsion power coefficient in 10 cycles with the variation of the oscillating frequency coefficient
is shown in Figure 9. Referring to Figure 8, we know that a larger pitching amplitude and reduced
frequency can increase the maximum change rate of the mean propulsion power coefficient of the
flapping foil affected by the time-varying flow. Referring to Figure 9, when f* = 0.68 and 0y = 60,
the maximum change rate of the flapping foil is only 4.8%. Therefore, we conclude that the time-varying
freestream has little effect on the propulsion performance of the full-active flapping foil at different
pitching amplitude and reduced frequency. When we calculate the hydrodynamic performance of
the flapping foil by using numerical simulation, we can simplify the time-varying freestream to the
steady flow.

3 T T T T
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Figure 9. The evolution of the mean propulsion power coefficient with the variation of the oscillating
frequency coefficient.

3.3. The Mechanism of the Time Varying Freestream

In the previous section, we analyze the influence of the time-varying flow on the flapping foil.
Then, we study the effects of the time-varying flow on the evolution of instantaneous thrust coefficients,
vortex topology, velocity field, and the pressure distribution near the foil, and further explain the
effect mechanism of the time-varying flow. Referring to Figure 8, we notice that when f* = 0.68 and
0o = 60, the oscillating frequency coefficient of the time-varying flow has a significant effect on the
mean propulsion performance of the flapping. Therefore, we analyze the evolution of the instantaneous
thrust coefficient under these motion parameters. The evolution of the instantaneous thrust coefficient
and freestream velocity over three periods is shown in Figure 10. We notice that the instantaneous thrust
coefficient has two peaks and troughs within one period. The peaks and troughs are the maximum
instantaneous resistance and thrust of the flapping foil. Comparing the evolution of instantaneous
thrust coefficient and time-varying flow velocity at different oscillating frequencies of the time-varying
flow, we find that there is a correlation between the instantaneous velocity and the variation of
the instantaneous thrust coefficient of the flapping foil. When t = 15.15T, the instantaneous thrust
coefficients for T = 0, 0.2 and 0.8 are 1.9, 2.15 and 2.25, respectively. The corresponding instantaneous
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velocity are 2.5 m/s, 2.65 m/s and 2.87 m/s, respectively. When t = 17.65T, the instantaneous thrust
coefficients for t = 0, 0.2 and 0.8 are 1.9, 2.3 and 2.4, respectively. The corresponding instantaneous
velocities are 2.5 m/s, 2.65 m/s and 2.87 m/s, respectively. In the vicinity of the peak, the instantaneous
resistance of the flapping foil gradually increases with the increase in the instantaneous velocity.
When 7 = 0.2, the instantaneous thrust coefficients for t = 15.35T, 16.35T and 17.35T are —5.41, —5.85
and —5.75, respectively. The corresponding instantaneous velocities are 2.79 m/s, 2.41 m/s and 2.39 m/s,
respectively. We can also note that the instantaneous thrust of the flapping foil gradually increases
with the increase in the instantaneous velocity in the vicinity of the trough.

EE|5 15.5 16.5 17 17.5 18
t/T

Figure 10. The evolution of the instantaneous thrust coefficient and freestream velocity over three
periods for f* = 0.68, 0y = 60°.

In order to further explain the mechanism of the influence of time-varying flow on the flapping
foil, the three snapshots of the vorticity contours and the corresponding velocity contours for different
oscillating frequency coefficient (1 = 0, 0.2 and 0.8) are shown in Figure 11. According to Figure 10,
we choose the moment when the instantaneous thrust coefficient reaches the peak. We notice that the
vortexes near the foil for the three oscillating frequency coefficient is basically the same, which shows
that the time-varying flow does not significantly change the vortex topology of the flapping foil.
However, we find differences between the velocity distribution near the foil for different oscillating
frequencies. Referring to Figure 10, we note that with the variation of the oscillating frequency
coefficient, the instantaneous velocities increases. Comparing Figure 11la—c, we find that as the
instantaneous velocity increases, the velocity close to the lower surface of the foil gradually increases.
According to the Bernoulli equation, the pressure gradient drops as the velocity increases. Therefore,
comparing T = 0.8 with 7 = 0 and 7 = 0.2, a more significant negative pressure region on the lower
surface of the foil is generated, which leads to an increase in the resistance and reduces the propulsion
performance of the flapping foil. Referring to Figure 11, the pressure distribution of the flapping foil at
7 =0, 0.2 and 0.8 is shown in Figure 12. We note that the pressure distributions on the upper surface
of the foil for different oscillating frequencies are almost the same. However, there is a clear difference
in the pressure distributions on the lower surface of the foil for different oscillating frequencies.
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The instantaneous velocity of the lower surface of the foil for 7 = 0.8 is more significant than 7 = 0 and
T = 0.2, as shown in Figure 11. The strength of the corresponding negative pressure region on the
lower surface of the foil for 7 = 0.8 is greater than © = 0 and 7 = 0.2, which increases the resistance of
the flapping foil, as shown in Figure 10.
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Figure 11. The snapshots of the vorticity contours and velocity contours for f* = 0.68, 6y = 60,
t =15.15T,(a) t =0,(b) 1 = 0.2, (c) T = 0.8.
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Figure 12. The pressure distribution of the flapping foil at different oscillating frequency coefficient for
=068, 00=60,t=15.15T
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According to Equation (3), we note that the oscillating frequency coefficient of the time-varying
flow determines the fluctuation of the instantaneous velocity. When © = 0.2, the instantaneous velocity
fort = 15.35T, 16.35T and 17.35T are 2.79 m/s, 2.41 m/s and 2.39 m/s, respectively, as shown in Figure 10.
The three snapshots of the vorticity contours and the corresponding velocity contours for 7 = 0.2
at different simulation times are shown in Figure 13. The corresponding pressure distribution of
the flapping foil is shown in Figure 14. Due to the little fluctuation range of the time-varying flow,
the vortex topology of the flapping foil at a different time is slightly different. However, the velocity
distribution near the foil can also be observed. The velocity of the leading edge of the flapping foil
att = 16.35T is slightly greater than t = 15.35T and 17.35T, as shown in Figure 13. According to the
Bernoulli equation, the intensity of the negative pressure region generated by the leading edge of the
lower surface of the flapping foil at t = 16.35T is greater than t = 15.35T and 17.35T, as shown in
Figure 14. The strong negative pressure region at the leading edge of the flapping foil increases the
thrust. Referring to Figure 10, we note that the maximum value of the instantaneous thrust coefficient
at t = 16.35T. We can conclude that the time-varying flow affects the pressure distribution of the
flapping foil. However, its impact on the propulsion performance of the flapping foil is also related to
the relative position between the negative pressure area and the foil.

1210 8 6 4 2 0 2 4 6 8 1012010203040506070.809 1 1.11.2

@) t =1535T
(b) t = 16.35T
(c) t = 17.35T

Figure 13. The snapshots of the vorticity contours and pressure contours for f* = 0.68, g = 60,
7=02,(a)t =15.35T, (b) t = 16.35T, (c) t = 17.35T.
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Figure 14. The pressure distribution of the flapping foil at different moments for f* = 0.68, g = 60°,
7=0.8.

4. Conclusions

In this paper, the propulsion performance and hydrodynamic characteristics of the full-active
flapping foil in the time-varying freestream are systematically investigated via two-dimensional
URANS and the finite volume method. We define the time-varying freestream as a superposition of
steady flow and sinusoidal pulsating flow. Through numerical simulation results, we summarize
several conclusions as follows: We first analyze the propulsion performance of the flapping foil at
uniform freestream, and note that when the reduced frequency is small, the smaller pitching amplitude
can obtain the higher propulsion performance of the full-active flapping foil. When the reduced
frequency is large, the mean propulsion power coefficient increases first and then decreases with the
variation of the pitching amplitude. We also reveal that with the increase in the pitching amplitude,
the propulsion efficiency of the foil decreases monotonically. Then, we examine the influence of the
time-varying freestream on the propulsion performance of the flapping foil for various oscillating
amplitude and oscillating frequency coefficient, and find that the influence of the time-varying flow is
time dependent. For one period, we notice that the oscillating amplitude does not affect the tendency
of the time-varying flow on the propulsion performance of the flapping foil. With the increase in the
oscillating amplitude, the variation amplitude of the mean propulsion power coefficient caused by the
time-varying flow increases proportionally. We reveal that the effect of the time-varying flow on the
flapping foil depends on the range of the oscillating frequency coefficient. When 7 < 0.5, the mean
propulsion power coefficient of the flapping foil fluctuates significantly, and when 7 > 0.5, the mean
propulsion power coefficient is almost unchanged with the variation of the period. In particular,
when the oscillation frequency of the time-varying flow is an integer multiple of the reduced frequency,
the time-varying flow has almost no effect on the flapping foil. Otherwise, we also note that the
effect of the time-varying flow is related to the motion parameters of the flapping foil. The larger
the motion parameters, the more significant the impact of propulsion performance of the flapping
foil. For multiple periods, we note that the time-varying freestream has little effect on the propulsion
performance of the full-active flapping foil at different pitching amplitude and reduced frequency.

In conclusion, we reveal that the time-varying incoming flow has little effect on the flapping
propulsion performance for multiple periods. Therefore, we can simplify the time-varying flow to a
steady flow field to a certain extent for numerical simulation. Meanwhile, we also realize that only the
small oscillating amplitude of the time-varying flow is considered in this paper. The impact of large
oscillating amplitude has not been discussed. Otherwise, the hydrological conditions in the marine
environment are more complicated; their impact on the propulsion performance of the full-active
flapping foil cannot be predicted accurately.
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