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Abstract

In vortex streets, the kinematics performance of self-propelled full freedom
filament is closely related to the length and the position of filaments in the
flow field. In this paper, the changes of passive propulsion velocity and pres-
sure of full-degree-of-freedom filaments after cylindrical wake were analyzed
by 15 sets of experiments when the length and position of filaments were
changed. The results show that the propulsive velocity of the filament, it ap-
proximately increases first and then decreases with the filament length in-
creasing, and the further away from the center of the cylinder, the smaller the
propulsive velocity of the filament. In addition, the longer the filament length
and the further it is from the center of the cylinder, the lower the pressure
around the filament. Experiments show that filaments without energy input
can obtain energy from the surrounding flow field to maintain self-propelled
motion. Studying the influence of length and position on the kinematics of
filaments is helpful to provide a reference for revealing the hydrodynamic
mechanism on passive propulsion process and developing low resistance
energy harvesting device in swimming fish movement.
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1. Introduction

Passive propulsion of swimming fish is a classic fluid mechanics topic, which has
promoted the interest of many researchers because of its complex energy con-
version and fluid mechanics mechanism for a long time. Researchers found that

the passive fish movement in the flow field is affected by many factors, such as
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the flow field structure, position of fish in the flow field, etc., that is, under cer-
tain circumstances, fish can reduce the energy consumption to maintain move-
ment, even perform propulsive motions while being completely passive.

In recent years, many researchers have concentrated on passive propulsion
movement of swimming fish [1] [2] [3]. Rosis [4] found the individual hydro-
dynamic action in fish school is nonlinear, and its propulsion velocity is related
to its location. Becker [5] used the passive propulsive flapping wing model to
study the hydrodynamic mechanism, the results showed that there are promot-
ing and inhibiting effects between two strings of passive propulsive flapping
wings, which led to the existence of two coupling modes of fast and slow propul-
sive velocity, so that both flapping wings could save energy, they also found that
the hydrodynamic effect between individuals plays an important role in the
spontaneous maintenance of regular formation of fish. Wang Liang [6] used the
passive propulsion hydrofoil model to study the propulsion characteristics of
inverted triangle fish school and found that there is a “narrow channel effect”
energy saving mechanism, that is, the rear fish would use the trailing vortex of
the front two fish to increase velocity and save energy, but the front two fish
would increase energy consumption. Hemelrijk [7] studied the propulsive cha-
racteristics of fish in different formations, individual fish could achieve higher
propulsive efficiency in school than alone except for dense and parallel forma-
tions, this is the reason because the downstream fish obtained energy from the
upstream tail vortex. Zhu [8] used two tandem flexible filaments to simulate
passive propulsion of fish swimming, showed the downstream filament always
maintained the same forward velocity and fixed distance with the upstream fi-
lament after a period of movement, and always passed through the vortex core of
the upstream filament wakes, and its energy consumption is less than that of the
upstream filament or a single filament, this phenomenon is that the downstream
filament head absorbed energy from the tail vortex generated by the upstream
filament. Previous studies have shown that swimming fish can obtain energy
from surrounding fluids.

The preliminary passively propelled flexible filaments simulation model [9]
generally adopted the degrees of freedom that horizontal [10] or vertical is fixed
of filaments to simulate the fish movement [11], and the filament movement is
restricted in a certain direction, but real fish movement cannot be well simulated
in the research process, the influence of size and position changes cannot be fully
explored. In this paper, we will apply a full degree of freedom passive propulsion
flexible filament model, extend the problem of constraining a certain direction.
The purpose of this paper is to investigate the influence of the length and posi-
tion of the full freedom flexible filaments on the performance of passive propul-
sion by the immersed boundary method [12], and to summarize the law of the
flow field pressure and propulsion velocity changed with the length and position.
The research results are intended to provide theoretical reference for revealing

the activity rules of fish, developing low resistance energy harvesting device in
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swimming fish movement and exploring the hydrodynamics mechanism in the

swimming process.

2. Physical Model and Numerically Method
2.1. Physical Model

In this paper, the numerical simulation is carried out by the immersed boundary
method. The experimental device is shown in Figure 1. The left side is a rigid
cylinder and the right side is a flexible filament, both of which are placed in a
two-dimensional uniform incompressible flow from left to right. The cylinder is
fixed and diameter is / (/= 1), free filament is located directly behind the cylind-
er and can move freely in the x and y directions, U. represents incoming flow
velocity; D represents the horizontal distance between the head of the filament
and the center of the cylinder; L is filament length. In the experiment, the influ-
ence of the change of length position on the kinematics performance of the fila-
ment is analyzed by changing the variables D and L. The calculation regions in
this article are: —5/< x < 20/and —8/< y < 8/ The middle encryption area is -/ <
x< 6/and —-2/< y< 2/ and the grid spacing is AA//= 0.02.

2.2. Numerically Method

The governing equation is:

%:v.(uu)z—vp+Riev2u+f (1)

V=0 )

S ()= [ F (X (5).0)8 (= X (5))ds 3
U(X(s),t)=_[Qu(x,t)5(x—X(s))dx (4)

In the above formula, u(x,t) is the fluid velocity, p(x,z) is the fluid pres-
sure, Re is the dimensionless Reynolds number, Re=pdU,_/u, Fis the intro-
duced external force, representing the force on the fluid caused by the immersed
object boundary, X is the coordinate of the filament, the force between the im-
mersed boundary and the flow field is calculated by the immersion boundary

method, and the update of the filament position is as follows:

oX

—=U(X(s).1) (5)
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Figure 1. Schematic contour of calculation model.
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where, X(s) is the position coordinate of the filament, and s represents the La-
grangian coordinate of the filament, whose boundary conditions are defined as
follows: Free boundary condition of the filament head (s = 0):
X(s=0,6=0)=(x,,0), 62X/6s2 = (O,O)T , free boundary condition of the tail
of the filament (s= L): T=0, GZX/GSZ = (0,0)T .

The interaction between the immersion boundary and the fluid consists of

two components:

F(s,t):E(s,t)+F2 (S,t) (6)

F (s,t) is the interaction force between the fluid and the immersed boun-
dary, where F(s,z) is the interaction force between the fluid and the solid cy-
linder, and F,(s,7) is the interaction force between the fluid and the flexible
filament. The equation F,(s,) for the interaction between the fluid and the
flexible filament is calculated as follows:

_oré o,

F‘Z(s,t):ﬂ(s,t)+]7[,(s,t)— = T (7)
T:KY(%—lj (8)
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F.(s,t) is the tensile force and compression force of the filament; F (s,7)
is the bending force; 7 is the tension of the filament, which is obtained from
Hooke’s law. For details, see Formula (8). 7 is defined on the filaments each
point unit tangent vector, as shown in formula (9). £, is the bending energy of
the filament, see Equation (10). K; is the tensile coefficient of the filament (K, =1
x 10%). K is the bending stiffness of the filament.

In Lin’s study [13], by simulating the oscillation of a cylinder in a uniform
flow and the motion of filaments in a cylindrical turbulent flow, the solution

program used in this paper is verified to be correct.

3. Calculation Results and Analysis

Both the cylinder and the filament are placed in a two-dimensional uniform in-
compressible flow from left to right, and the experiments are completed under
the condition of the Reynolds number of the flow Re = 150. The changes in the
motion state of the filament are observed by changing the length of the filament

L and the distance D between the filament and the center of the cylinder.

3.1. Kinematic Analysis of Filament Propulsion

Under the above conditions, the distance D from the tip of the filament to the
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center of the cylinder and the length Z of the filament are changed. A total of 15
sets of experiments are conducted (see Table 1).

In Table 1, “+” indicates that the filament can complete the passive propul-
sive motion under this condition, and “x” means that it cannot. The results
show that the conditions required for the filaments to complete the passive pro-
pulsion motion in the cylindrical wake are strict, and only 7 out of 15 experi-
ments can be completed.

The filaments that can complete self-propelled motion all have a common
feature: the filaments have a forward speed in the flow field. This can be well il-
lustrated in the vorticity contour of the velocity streamline. (Figure 2) The se-
lected working condition is D = 1.0; L = 0.5/0.75/1.0/1.25. Analyze the velocity
flow line between the two vortex bands, and the arrow indicates the velocity di-
rection. There is a forward velocity distributed around the filaments, so the fila-
ments can move forward.

The experimental results of seven groups of self-propelled motion show that
the velocity of filament propulsion is different in every working condition in the
process of passive propulsion. In Table 2, the three values corresponding to each
working condition are respectively the average velocity of 0 - 0.5 s, 0.5 - 1.0 s and
1.0 - 1.5 s after the release of the filament. Under the same working condition,
the propulsion velocity of the filament gradually increases with time. The pro-
pulsion velocity in each working condition from 0 to 0.5 s is the minimum value
under the working condition. The velocity increases at 0.5 - 1.0 s and further in-
creasesat 1.0 - 1.5 s.

Table 3 shows the average propulsive velocity of the filaments within 1.5 s

Table 1. Experimental results of filaments.

Re=150 L=0.5 L=0.75 L=1.0 L=125 L=15
D=1.0 ol ol l v x
D=15 x V y x x
D=20 X X y X X

o 02 04 06 08 X‘ 12 14 16 18

Figure 2. Flow field velocity contour.
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Table 2. Velocity table of passive propulsive filament segment.

Re=150 L=0.5 L=0.75 L=1.0 L=125
D=1.0 0.048/0.118/0.300 0.076/0.166/0.260 0.064/0.116/0.220 0.068/0.086/0.192
D=1.5 --- 0.050/0.062/0.064 0.070/0.086/0.166 ---
D=2.0 --- - 0.106/0.116/0.106 ---

Table 3. Average propulsive velocity of passive propelled filaments.

Re=150 L=05 L=0.75 L=1.0 L=125 L=15
D=1.0 0.155 0.167 0.133 0.115
D=15 0.058 0.107
D=20 0.109

after the filaments release to full freedom. when D = 1.0, the filament’s passive
propulsion velocity increases first and then decrease with the increase of length.
Under this condition, the filament’s passive propulsion velocity reaches its
maximum when L = 0.75. When D = 1.5, the maximum advance velocity of the
filament appears at L = 1.0. When L = 0.75, the propulsive velocity of the fila-
ment decreases by 65.26% with the increase of the distance between the end of
the filament and the center of the cylinder. When L = 1.0, the propulsive velocity
of the filament decreases with the increase of the distance between the head end
and the center of the cylinder, but the velocity change is not as obvious as that of
the shorter filament.

The results show the propulsion velocity increases gradually after the release
of the filament in the process of passive propulsion. The change of length and
position will affect the propulsive velocity of the filament. When the positions of
different lengths of filaments change, the average propulsive velocity changes

with the same rule but different amplitude.

3.2. Analysis of the Force of Filament

The reason for this difference is that the force of filaments under different
working conditions is different. Figure 3(a) shows the change of drag of the fi-
lament with time within 1.5 s under D= 1.0; L = 0.5/0.75/1.0/1.25. The forces of
the four lengths of filaments fluctuate approximately symmetrically around 0,
and the amplitude of the fluctuations increases gradually with the increase of
time. However, there are still differences: From 0 to 0.5 s, the force of filament L
= 0.75 is maximum, followed by L = 1.0/1.25, and L = 0.5 is minimum. From 0.5
- 1.0 s, the force of filament L = 0.75 is maximum, followed by L = 0.5/L = 1.0,
and L = 1.25 is minimum. At 1.0 - 1.5 s, the force of filament Z = 0.5 is maxi-
mum, followed by L = 0.75/1.0, and L = 1.25 is minimum. The drag results are
consistent with the average velocities of different lengths of filaments in different
time periods, as shown in Table 3. D = 1.5; L = 0.75/1.0 also conform to the

above rules.
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Figure 3. Drag of filaments under different working conditions.

Figure 3(b) shows the change of drag of the filament with time within 1.5 s
under the working condition of Z = 1.0; D = 1.0/1.5/2.0. With the increase of the
distance between the head of the filament and the center of the cylinder, the drag
of the filament decreases gradually, and so does the velocity of the filament. That
is, the filament is further away from the cylinder, the slower the propulsion ve-
locity, as shown in Table 3. The conditions Z = 0.75 and D = 1.0/1.5 also con-
form to the above rules.

The distribution of pressure field around the filaments is varied with the
change of length and position, which determines the force acts on the filaments,
and the force further affects the propulsion velocity. The difference of the force of
the filament under every working condition is caused by the different distribution
of the pressure field around the filament. Figure 4 working conditions the same as
Figure 2, analysis of flow field around filaments: the pressure at the end of the fi-
lament is greater than the pressure at the head. The existing pressure gradient
causes the filament to receive forward force, so there is forward velocity around
the filament. In addition, the farther away from the cylinder, it will get the lower
the pressure gradient, and will get the smaller force acts on the filaments, then
the propulsion velocity is slow. The length influence on the pressure of the sur-
rounding flow field is the same as that of distance, that is, the flow field pressure

around the filaments farther away from the center of the cylinder is smaller. It is
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Figure 4. Pressure contour map of flow field around filaments.

precisely because of the different distribution of pressure field around the fila-
ments that the forces of the filaments are different, so the advancing speed of the

filaments under every working condition is different.

3.3. Filament Propulsive at Balance Position

In addition, in the process of exploring the effect of position change on the pro-
pulsion of the filament, it is found that there is an equilibrium position of the fi-
lament in the flow field. As the further increase of the distance between the tip of
the filament and the center of the cylinder, When L = 1.0, D = 2.5, the filament
cannot complete self-propelled motion.

Further calculation of Z = 1.0, D = 2.0~2.5 shows that: there is an equilibrium
position at D = 2.475 where the filaments neither advance nor fall with the flow.
The propulsive velocity of the filaments in equilibrium mode is 0, and its pro-
pulsive posture is different from the above 7 groups of filaments, as shown in
Figure 5.

As shown in Figure 6, analysis of balance position of filaments in passive pro-
pulsion can find that the flow field around the filament at the equilibrium position
is symmetrical distribution along the center of the filament, the pressure field
around the filament is simple distribution, there is no pressure gradient at both
ends of the filament head and tail, the force on the filament is 0, and the propul-
sive velocity of the filament is 0. The experimental results also provide the expe-

rimental basis for swimming fish can stay be-hind the blunt cylinder.

4. Conclusions

In this paper, the immersion boundary method and the full freedom elastic fila-
ment model are used to simulate the passive propulsion of a single fish after the
cylindrical wake.

1) The change of length and position will affect the velocity of filament
self-propelled motion. The length and position will change the pressure differ-
ence around the filament, and the change of the filament force will lead to the

change of the self-propelled velocity. In addition, the further away the filament is
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Figure 6. Contour, drag and flow field of the filament at the equilibrium position.

from the cylinder, the smaller the force, the slower the propulsion velocity, until
the equilibrium position is reached, the propulsion velocity is 0.

2) There is a balance position between the passive advance of filaments and the
flow down motion of filaments, under this condition, the force of the filament is 0,
and the propulsive velocity is 0. The filaments neither advance nor follow the flow.

Through the above experiments, it is verified that the filaments can obtain
energy from the surrounding flow field to maintain self-propelled motion, and it
also provides a theoretical basis for the motion of swimming fish behind the
blunt body, and the law of the pressure field and propulsion velocity with the
length and position is obtained. It provides a reference for further revealing the
fish swimming mechanics, and helps to develop a low resistance energy harvest-
ing device of fish-like swimming.
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