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ABSTRACT

By studying the characteristics of the flow field around a swimming fish, useful insights can be obtained into the
superior swimming capabilities developed by nature over millions of years, in comparison to what can be achieved
using the standard engineering principles traditionally employed in naval and ocean engineering. In the present
study, the flow field related to a single joint fish model is simulated in the framework of a commercial computa-
tional fluid dynamics software (ANSYS Fluent 18.0). The principle of the anti-Karman vortex street is analyzed
and the relationship between the direction of the tail vortex and the direction of the fin swing is determined
according to the vortex structures and the pressure distribution. A parametric investigation is finally conducted
to analyze in particular how the Strouhal number (St) can affect the fish propulsive performance and efficiency.
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1 Introduction

Fishes has developed excellent swimming skills to adapt environment through millions of years of
evolution [1], therefore fish swimming can be a source of inspiration for the development of underwater
vehicles [2,3]. Although the underwater submarine has good maneuverability [4], its propulsion efficiency
can be further improved by bionic modeling. Bionic engineers have been working on the morphological
characteristics and hydrodynamic performance of fish swimming for decades. In general, fish swimming
is a process in which objects and fluids interact with each other. Most fishes swim with Body and/or
Caudal Fin (BCF) pattern [5]. In this pattern, the tail of the fish swings and undulates regularly to create
a series of vortex to gain thrust forward, while the body of the fish wobbles slightly to maintain stability [6,7].

The propulsion efficiency and performance of fish body is analyzed with certain kinematic parameters.
Previous studies have indicated that the structure and stiffness of caudal fin play important roles [8—11].
Sfakiotakis et al. [7] concluded that the caudal fin provides 90 percent of the propulsion. Walker et al.
[12] found out a better body fineness ratio can significantly reduce drag and improve swimming
performance. Moreover, by studying the flow field pattern around fish body and fish tail, Zhao et al. [13]
found that the separated caudal tail can greatly improve the propulsion performance. Li et al. [14]
developed tree-like/structure model and serial-like/structured model to mimic fish undulation. By using
several rigid elements to represent the flexible fish body, simple fish model can be built to explore the
principle of fish swimming, and meanwhile the computation time is saved vastly.
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Propulsive mechanism of single joint fish have been studied in the past by experiments and numerical
simulation as well as flow around airfoils and cylinders [15,16], while there are still lots of morphological,
behavioral and environmental complexities which may hinder researcher to reach the inherent mathematical
principle [17-20]. In the present study, computational fluid dynamics (CFD) simulations are carried out to
explore the fluid dynamic characteristics of a simplified fish model. To simplify the aforementioned
serial-like/structured model, a single joint fish model which consists of fish body and caudal fin is built.
In the past, relevant studies have been done in-depth on single-joint and double-joint robotic fish, and
experiments have also verified the feasibility of this kind of model [21,22]. With different values of
Strouhal number (S7) and Reynolds number (Re), the model’s propulsive performance will be affected.
St number is determined by inflow velocity, heave amplitude and frequency of caudal fin swing and
Re number is decided by inflow velocity, body length and fluid viscosity. We aim to analyze the principle
of anti-Karman vortex and study how St and Re numbers affect the thrust force and propulsive efficiency
by CFD simulation.

In this paper, fish model is presented and simplified and its kinematics is also described, followed by the
description of the numerical method and the parameter setting in Section 2. To save computation time and
increase computation accuracy, the grid independence is presented to choose the best model with suitable
grid. The pressure contours and vortex structures are given to explore the principle of anti-Karman vortex
street in Section 3. Base on this, different conditions of fish swimming are simulated to analyze the effect
of Strouhal number (S?) on fish’s propulsive efficiency. Finally, the conclusions are summarized.

2 Methods and Model

2.1 Geometric Model

The geometric model in current study is two-dimensional. As shown in Fig. 1, this model is consisted of
a fish body and a fish tail, and both of them can be either rigid or deformable. These elements are connected
with one virtual hinge. At the hinge, there is only one degree of freedom of rotating motion about z axis.
Prescribed rotation velocity can be provided at hinge so that the fish tail will rotate by the hinge.

Fish body
A

« Fish tail
Virtual hinge

Figure 1: Two-segment fish model in current simulation

To reduce the amount of computation cost, we have simplified this simulation model, the caudal fin (fish
tail) is considered as rigid rather than flexible and additional fins are neglected. In addition, three-dimensional
(3-D) flow effects of the surrounding water are not considered.

2.2 Mathematical Model and Numerical Method
ANSYS Fluent 18.0 is used to carried out the simulation. The fluid motion is governed by
incompressible continuity and moment equations as:

V-u=0 (1)



FDMP, 2021, vol.17, no.3 599

ou 1
M u-Vu=-vp+Eviy 2)
ot P p

where u is fluid velocity vector, p is fluid pressure, u is fluid viscosity and p is fluid density. Two-dimensional
(2-D) transient incompressible laminar flow is conducted.

The dynamic mesh feature is used with smoothing, layering and remeshing methods. The swing of
caudal fin is realized by user-defined function (UDF). The fluid domain is set as 0.8 m x 1.5 m. The
length of fish body and caudal fin are 0.06 m and 0.03 m, respectively, the whole fish is 0.093 m
(including the gap between body and caudal fin). The geometry and mesh arrangement are shown in
Fig. 2. The inlet boundary condition is set as velocity-inlet to control different velocities of inflow. The
outlet boundary is set as outflow, and others are set as static wall surface.

Figure 2: Body fitted mesh around current two-segment fish model

The fluid motion is solved with COUPLED algorithm as pressure-velocity coupling scheme to calculate
non-stationary problems [14]. The first-order implicit transient formulation is adopted for the transient terms.
For the spatial discretization option, the Least Squares Cell Based approach is employed for the gradient. To
improve calculate accuracy, a second-order scheme is used for pressure interpolation and a second-order
upwind scheme is selected for diffusive term discretization. In calculation setting, to avoid generating
negative grid during the model movement, the time step is set as 0.001 s [13]. The max iteration number
is 4000, and the convergence is assumed with all residual errors are less than 107,

It is known that the caudal fin provides the major thrust force, and the flapping motion of caudal fin play
a crucial role in propulsion performance. The kinematic motion of caudal fin is defined in UDF code.
Generally, the motion of caudal fin can be described as a sinusoidal function:

o(t) = wocos(wit + ¢) 3)

0(t) = Z—(l)sin(a)lt + ) “4)
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In the above Egs. (3) and (4), o(¢) and 60(¢) are the angular velocity and rotating angle of the midline of

. o . . . . .
caudal fin, respectively; ~2 is the maximum rotating angle, where w defines the maximum angular velocity
(]

of the midline of caudal fin and w, is the angular frequency; ¢ is a phase angle.

2.3 Definition of Parameters
The length of the entire fish is L, and the fish body length and caudal fin length are ¢; and ¢, respectively.
The inflow velocity is Uj.

When the fish-like model is swinging, there are two vital nondimensional parameters under
consideration, i.e., the Strouhal number (S¢) and Reynolds number (Re), which are defined as follows:

St = % (5)
Re = PLY (6)
U

where f is the swimming frequency (in Hertz), /4 is heave amplitude and equal to the sinusoidal value of the
maximum swing angle of the caudal fin in y-direction. p is fluid density, and u is dynamic viscosity. Here, St
number presents the relation between the caudal fin motion and free stream velocity [23] and Re number
defines the ratio of inertial force to viscous force in fluid motion.
The propulsive efficiency can be expressed as the following equation [24]:
C
n=== (7)
Ci

To study the efficiency (1) of the caudal fin we need to know the mean thrust coefficient (C;), mean lift
force coefficient (C;), mean input power coefficient (Cj,), and they are defined as follows:

ctzl . /X (8)
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where F is periodic average value of the force component X (¢) of entire fish body in x-direction, F), is
periodic average value of force component Y(¢) of entire fish body in y-direction, T is flapping period,
and P is periodic value of input power. We can compute the efficiency by these equations above.

2.4 Validation

A validation case was carried out on a 2-D foil model as shown in Fig. 3, which has been reported in our
previous work [25]. The 2-D foil model undergoes a prescribed heave motion while freely movement in x-
direction [26]. The foil motion is also realized with dynamic mesh feature and inhouse developed UDF code.
The induced velocity (non-dimensionlized as Re,) with heave frequency (non-dimensionlized as Rej) is
compared to Alben & Shelly’s results [26], and it shows good results especially in low Rej. region.
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Figure 3: Comparation with previous work [26]

3 Results

3.1 Mesh Independence Study

The quality of mesh has great effects on the time consuming and accuracy of the simulation. In this
model, the parameters are: f = 0.5 Hz, U = 0.008 m/s, h = 0.0315 m (corresponding maximum swing
angle is 30°). Different density of mesh has been built for the mesh independence study. Tab. 1 shows the
number of element node on fish body and caudal fin, in which Mesh 1 and Mesh 2 are the finest meshes.

Table 1: Information of different mesh types of fish model

Mesh type  Nodes on fish body  Nodes on caudal fin  Total grid number

1 400 200 70210
2 300 200 67060
3 300 150 64898
4 200 100 59612

10 oscillating cycles are simulated and each cycle has 2000 time-steps to make sure it is short enough to
meet the calculation accuracy required by dynamic mesh. Figs. 4 and 5 show the time histories of the C; and
C, of this model in one single period. By comparing these results, we can conclude that the calculation results
of different meshes have a good match. Among these calculation results, mesh 2 fits well with mesh 1 (with
most elements).

3.2 Principle of Anti-Karmdn Vortex Street

In the subsection, we will first explain the principle of fish swimming with respect to anti-Karman vortex
street. A working condition based on Egs. (3) and (4) is chosen to study this principle, Tab. 2 shows the
selection of parameters.

Figs. 6 and 7 respectively show the pressure contour and vortical contour around swimming fish model.
The flow structures are detailed as follows:

Att=20 s, this model is swinging forward, and the caudal fin is at its starting position. In this movement,
the caudal fin rotates around the virtual hinge to push the fish body forward in the negative direction of the
x-axis. Due to the fish tail swing, there is a high-pressure zone on the upside of the caudal fin, and a low-
pressure zone on the underside due to existing lower pressure. At this time instance, there are two tail
vortexes behind the caudal fin.
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Figure 4: Comparation of thrust coefficient (C,) for different meshes
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Figure 5: Comparation of lift coefficient (C;) for different meshes

Table 2: Parameter selection of current simulation

JS(Hz) U(m/s) h(m)
0.5 0.05 0.0315

During t = 20.2 s—20.4 s, the caudal fin is swinging up. The fluid pressure on the underside of the
caudal fin continued to decrease, and began to move backward. The upper high-pressure region is largest
at t = 20.2 s, then it will begin to shrink.

After that, the caudal fin moves to the maximum swing position. The low-pressure region on the upside
of the caudal fin turns to be the largest, and the high-pressure region has been weakened. Then the caudal fin
starts to swing back, the low-pressure region on bottom of the caudal fin becomes weak, and formed a high-
pressure region beside the low-pressure region.
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Figure 6: Pressure contours around the two-segment fish model at different time instances
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Figure 7: Vorticity contours around the two-segment fish model at different time instances
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During t =20.6 s—20.8 s, the low-pressure region of the caudal fin continues to be weakened. The upside of
caudal fin began to form a low-pressure region. Then it continues to expand and to move to the end of caudal fin.

Att=21s, the caudal fin is back to the initial position. The low-pressure region moves downward from
caudal fin and formed a tail vortex.

Moreover, during t = 20 s—20.4 s, the caudal fin is swinging counterclockwise. The underside of the
caudal fin formed a low-pressure region and expanded continuously. As the caudal fin keeps swinging to
the maximum swing angle, the high-pressure region on the upside of caudal fin continues to weaken at
the maximum swing angle. During t = 20.6 s—21 s, the caudal fin is swinging clockwise. Its upside forms
a low-pressure region and it is kept expanding. At the same time, the underside forms a high-pressure
region. When it near to initial position, the new vortex sheds off. It can be seen from Fig. 7, during the
fish swing, it generates two vortexes in a cycle. When caudal fin swings counterclockwise, it will form a
tail vortex rotating clockwise. When it swings clockwise, there will be a tail vortex rotating
counterclockwise. This is the principle of anti-Karman vortex street, and fishes can swim forward because
the generation of tail vortex produce the forward thrust.

3.3 Effects of Strouhal Number and Reynolds Number

The principle of fish swimming has been explored, then we are going to find out how different
parameters affect the thrust of fish swimming and the efficiency. In this subsection, effects of St and Re
numbers are investigated.

Choosing different inlet velocity of flow, we can obtain several conditions (cases) with different Re
numbers. Firstly, in this part we mainly explored how do Re number and St number (determined by
different inflow velocity) effect fish swimming based on current two-segment fish models. Tab. 3 shows
the parameter selections of this study in which five different conditions are considered. Relevant results
are shown in Figs. 8—11.

Table 3: Parameter selections for five conditions with different Re numbers

Condition U(m/s) h(m) f(Hz) Re St

1 0.008 0.0315 0.5 250 3.9375
2 0.012 0.0315 0.5 375 2.625

3 0.016 0.0315 0.5 500 1.96875
4 0.02 0.0315 0.5 625 1.575

We can find from the results that the thrust coefficient C, increases when the velocity of flow decreases.
When the Re is in the range of 375-625 or St is in the range of 1.575-2.625, it has weak influence on
instantaneous C;. However, the C; changes drastically with lower Reynolds number. Therefore, the fish is
affected by greater lift force at a relatively low Re (less than 375) or high St (larger than 2.625). With the
relatively lager Re or less St, the fish body swims more stably. The efficiency of fish swimming increases
and the trend turns weaker as the Re increases and it will approach to the maximum value of 8% when
Re reaches 625. As the inflow velocity decreases, St gradually increase. The efficiency decreases linearly
with increase of St.

Secondly, in this part we mainly explored that how St number affects fish swimming performance by
changing the frequency or heave amplitude of caudal fin swinging. Parameters for cases with different St
number based on variation of flapping frequency are given in Tab. 4, and relevant results are shown in
Figs. 12-14.
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Figure 8: Thrust coefficients in a single period of the fish model for conditions with different Re number
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Figure 9: Lift coefficients in a single period of the fish model for conditions with different Re number
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Figure 10: Propulsive efficiencies of the fish model for conditions with different Re number
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Table 4: Parameter selections for six conditions with different St numbers by changing flapping frequency

Condition U(m/s) h(m) f(Hz) St
1 0.008 0.0215 0.3 0.806
2 0.008 0.0215 04 1.075
3 0.008 0.0215 0.5 1.344
4 0.008 0.0215 0.6 1.613
5 0.008 0.0215 0.7 1.881
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Figure 12: Thrust coefficients in a
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Figure 13: Lift coefficients in a single period of the fish model for conditions with different St number based

on different flapping frequencies

8.0
7.5
7.0
6.5
6.0
5.5
5.0
4.5
N (%) 4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5

0.0

0.6

0.8 1.0 1.2 1.4 1.6 1.8 20 2.2
St

Figure 14: Propulsive efficiencies of the fish model for conditions with different Sz number based on

different flapping frequencies

Moreover, cases with a larger heave amplitude are also studied, and the parameters for these cases are
given in Tab. 5, and relevant results are shown in Figs. 15-17.

To obtain different St number by only changing the frequency of caudal fin swinging, we got the
instantaneous C; and C; results. According to the results presented above, we can draw a conclusion that
when heave amplitude is constant, C; and C; of fish mode will be larger with a higher frequency. This
model has relatively higher efficiency when S# number ranges from 1.0 to 2.0. When the caudal fin has
large heave amplitude (0.0405 m), the efficiency of fish swimming decreases more sharply than small
heave amplitude (0.0215 m) cases. It indicates that if the fish want to have high efficiency, it needs to
swing its caudal with low frequency and swing angle.
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Table 5: Parameter selections for seven conditions with different St by changing flapping frequency, the

heave amplitude is set as 0.0405 m

Condition U(m/s) h(m) f(Hz) St
1 0.008 0.0405 0.2 1.013
2 0.008 0.0405 0.3 1.518
3 0.008 0.0405 0.4 2.025
4 0.008 0.0405 0.5 2.531
5 0.008 0.0405 0.6 3.038
6 0.008 0.0405 0.7 3.544
7 0.008 0.0405 0.8 4.05
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Figure 15: Thrust coefficients in a single period of the fish model for conditions with different St number

based on different flapping frequencies
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Figure 16: Lift coefficients in a single period of the fish model for conditions with different St number based

on different flapping frequencies
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Figure 17: Propulsive efficiencies of the fish model for conditions with different Sz number based on
different flapping frequencies

In the following, we consider cases with different St number by changing the heave amplitude and two
categories are employed with different flapping frequencies, i.e., f = 0.4 Hz and f = 0.8 Hz. Relevant
parameters are given in Tabs. 6 and 7 respectively with corresponding results shown in Figs. 18-20 and
Figs. 21-23.

Table 6: Parameter selections for six conditions with different St by changing heave amplitudes, the flapping
frequency is set as 0.4 Hz

Condition U(m/s) h(m) f(Hz) St

1 0.008 0.0163 0.4 0.815
2 0.008 0.0215 0.4 1.075
3 0.008 0.0266 0.4 1.33
4 0.008 0.0315 0.4 1.575
5 0.008 0.0361 0.4 1.805
6 0.008 0.0405 0.4 2.025

Table 7: Parameter selections for seven conditions with different St by changing heave amplitudes, the
flapping frequency is set as 0.8 Hz

Condition U(m/s) h(m) f(Hz) St

1 0.008 0.0109 0.8 1.09
2 0.008 0.0163 0.8 1.63
3 0.008 0.0215 0.8 2.15
4 0.008 0.0266 0.8 2.66
5 0.008 0.0315 0.8 3.15
6 0.008 0.0361 0.8 3.61
7 0.008 0.0405 0.8 4.05
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Figure 18: Thrust coefficients in a single period of the fish model for conditions with different St number
based on different heave amplitudes
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Figure 19: Lift coefficients in a single period of the fish model for conditions with different S number based
on different heave amplitudes

Above results are obtained by changing the heave amplitude of the caudal fin. We can find that if the
heave amplitude increases, the C; and C; of fish model also increase. Therefore, in order to have a higher
swimming efficiency, in these conditions, the St number with the range from 1.7 to 2.3 is preferable.
Increasing heave amplitude has limited influence on fish swimming with low swinging frequency
(0.4 Hz). However, if caudal fin has higher frequency (0.8 Hz), the efficiency will drop when heave
amplitude is larger than 0.0215 m. By analyze how heave amplitude affect the swim efficiency, we can
derive a similar conclusion like the tendency of swing frequency effect, that is, lower heave amplitude
and swing frequency can improve fish propulsion efficiency.
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Figure 20: Propulsive efficiencies of the fish model for conditions with different St number based on
different heave amplitudes
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Figure 21: Thrust coefficients in a single period of the fish model for conditions with different St number
based on different heave amplitudes
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Figure 22: Lift coefficients in a single period of the fish model for conditions with different St number based
on different heave amplitudes

\.
n (%) 41 /

Figure 23: Propulsive efficiencies of the fish model for conditions with different S number based on
different heave amplitudes

4 Conclusion

In the present study, a single joint fish model was employed to explore the fish swimming performance.
Using a simple fish model for numerical simulation, the mechanism of fish body swimming is explored. By
analyzing the pressure contour and vorticity contour of the flow of fish swimming, it is concluded that caudal
fin swing generates anti-Karman vortex to push fish body to swim forward. In order to study how the fish
swimming is affected by the Re and the St numbers, a series of working conditions (cases) are
investigated and analyzed. We can draw a conclusion that fishes can obtain higher efficiency when they
swim with lower heave amplitude and frequency. The C; and C; increase with the increasing of Re and
the St numbers, and the optimal St number for propulsive efficiency is obtained under a certain range of
fish tail swing frequency. By using a fairly basic and simplified model to analyze swimming mechanism
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of fish and its influencing factors, in may provide some reference for the efficiency optimization of single
joint underwater robotic fish or other vehicles.

In this paper, with a two-dimensional biomimetic model to represent the cross-section of a fish, the flow
field characteristics and the influence of non-dimensional parameters are studied. However, this paper is
limited to computing resources, it has not been explored further with a three-dimensional model. In the
future, the deficiencies in this area are expected to be solved and the fish propulsion mechanism will be
improved in other aspects.
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