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Abstract: To predict the flow evolution of fish swimming problems, a flow solver based on the immersed boundary

lattice Boltzmann method 1s developed. A flexible iterative algorithm based on the framework of implicit boundary

force correction is used to save the computational cost and memory, and the momentum forcing is described by a

simple direct force formula without complicated integral calculation when the velocity correction at the boundary node

is determined. With the presented flow solver, the hydrodynamic interaction between the fish-induced dynamic stall

vortices and the incoming vortices in unsteady flow is analyzed. Numerical simulation results unveil the mechanism of

fish exploiting vortices to enhance their own hydrodynamic performances. The superior swimming performances

originate from the relative movement between the “merged vortex” and the locomotion of the fishtail, which is

controlled by the phase difference. Formation conditions of the “merged vortex” become the key factor for fish to

exploit vortices to improve their swimming performance. We further discuss the effect of the principal components of

locomotion. From the results, we conclude that lateral translation plays a crucial role in propulsion while body

undulation in tandem with rotation and head motion reduce the locomotor cost.
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0 Introduction

The natural characteristics of fish swimming
such as high maneuverability, long endurance abili-
ty, and strong adaptability to the environment are
beyond the reach of traditional underwater vehicles.
These differences may be due to the excellent per-
formances from the evolution of fish, including com-
plex movement patterns, special epidermal charac-
teristics, and perception of vortices in the natural en-
vironment. The hydrodynamic mechanism of fish
swimming has attracted widespread attentions from
researchers and engineers who try to apply these
mechanisms in the design of underwater vehicles'"™.

Exploring the mechanism of fish exploiting vortices
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in the natural environment to improve their hydrody-
namic performance has become a central issue for
improving and enhancing the propulsion and endur-
ance capabilities of aquatic bionic vehicles ™"

The early research approaches on this subject
are mainly theoretical analyses, including the resis-
tive force theory'”, the reactive force theory'®, the
waving plate theory'”, and the potential flow theo-
ry'"". They are based on simple geometry and single
motion patterns, and ignore the effect of fluid vis-
cosity. From the 21st century, numerous models
based on viscous incompressible fluids have been es-

tablished to understand the mechanism of the inter-

action between the unsteady flows and various
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aquatic swimmers in the natural environment. Two
main simplified models of fish-like motion are rigid
flapping and flexible undulatory models. The flap-

11]

ping model" was originally used to describe the
aerial flights of birds and insects then extended to de-
scribe the aquatic swimming of fishes. It is a combi-
nation of pitching and heaving. Gopalkrishnan et al.""*
investigated the hydrodynamic performance of foil
with the flapping model behind the D-shaped cylin-
der. The results showed that the incoming vortices
of the Karman vortex street were repositioned, and
their strength changed by the flapping foil. Akhtar et
al.'"" established a simplified multi-fin model using
two rigid finite-thickness flat plates with the flapping
motion pattern, and investigated the effect of the
vortex generated by the dorsal fin vibration on the
thrust and efficiency of the downstream caudal fin.
Karbasian et al.'"*' numerically simulated foil swim-
ming using an improved flapping model, and the re-
lationship between the kinematics of foil and flow
structure around the foil was analyzed. The above-
mentioned studies used the flapping model to de-
scribe fish-like swimming, whereas the effect of
flexible bodies was not considered.

Most of the streamlined fish adopt an undulato-
ry mode to generate propulsion. Barrett et al.'”
studied the force and power during the motion of the
robotic fish in the undulatory mode of propulsion.
Experimental data showed that at the same propul-
sive velocity, robotic fish with undulatory mode of
propulsion can reduce the power consumption com-
pared with rigid robotic fish. Beal et al."®" studied
the motion patterns of lifeless fish in a vortex wake.
The results showed that the energy passively ex-
tracted by the inanimate fish from the vortex would
provide greater propulsion for its own motion,
which caused it to move upstream. It was concluded
that fish selectively extracted energy from the in-
coming vortices by actively altering their own loco-
motion. Considering the factors affecting the opti-
mal hydrodynamic performance, the numerical re-
sults proposed by Shao et al.''”! and Xiao et al.'”
confirmed that within certain parameter ranges, the
incoming vortices increased the thrust generated by

fish with a single undulatory mode of propulsion.

However, these simplified models only considered
the undulation, but neglected the flapping model.
For the locomotion of swimmers, it is recog-
nized that there is no optimal motion pattern, but
the combination of different motion patterns may im-
prove the performance of swimmers. Bergmann et
al."™ proposed a model that considered coupled ki~
nematics. Flapping and undulation motions were put
into the locomotion of foil at the same time, and the
effect of velocity coupling on its performance was
numerically analyzed. In each time step, the locomo-
tion of the foil consisted of active undulation and pas-
sive flapping, and the rigid flapping was determined
by the Newton laws of mechanics using the hydrody-
namic forces and moment acting on the fish surface.
Using the coupled kinematic model, Zhu et al.'"”
numerically studied the adaptive behaviors of a fully
self-propelled smart swimmer in complex vortex en-
vironments. Akanyeti et al.'”' expanded a series of
experimental research results of Liao et al.””** and
proposed a kinematic analytical model to describe
the Karman gait. This analytical model showed that
the real locomotion of trout in the wake of D-shape
cylinder was the superposition of pitching, heaving,
undulation, and heading motion. Stewart et al.”*"
studied the kinematics of the Karman gait in the vor-
tex wake behind the tandem cylinder, and found
that the wavelength of the vortex wake and the body
wavelength of the Karman gait fish satisfied a linear

correlation. Recently, Li et al.*

simplified the
Kdarman gait model via the combination of heaving
and undulatory motions, and the effects of flow con-
trol parameters on the hydrodynamic performance of
the fish were investigated numerically.

The existing numerical models do not consider
the complete locomotion of live fish in the vortex en-
vironment. The main contribution of the presented
study is that the complete Karman gait motion pat-
tern is used to investigate the hydrodynamic mecha-
nisms, which involves the pitching, heaving, undu-
latory, and heading motions. Additionally, the hy-
drodynamic interaction between the dynamic stall
vortex induced by fish and the incoming flow vortex
plays a key role in the hydrodynamic performance of

the fish. Although numerous experimental and nu-
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merical studies have been undertaken, the focus is
to understand the kind of flow control parameters
that improve the hydrodynamic performance of fish.
However, the relationship of the flow structure in-
duced by the locomotion of fish and the incoming
vortices is not well understood. The factors of flow
pattern around the foil that influence the extraction
of energy by fish from the incoming vortex have not
been systematically investigated.

Using the Karman gait kinematic analytical
model to force the foil locomotion and place it be-
hind the cylinder, the simulation of the fish swim-
ming in the vortex street wake is performed based
on the immersed boundary lattice Boltzmann meth-
ods (IB-LBM)"*'. Benefiting from the common fea-
tures of the Cartesian grid, the lattice Boltzmann
method was combined firstly with the immersed
boundary **" in 2004'*. Subsequently, several im-
proved IB-LBM have been developed™™'. At pres-
ent, IB-LLBM has been proven to be an effective nu-
merical simulation method for simulating the flow
around complex deformable bodies **/. In this
work, a flexible iterative algorithm is employed to
improve the implicit velocity correction IB scheme,
so that the deformable moving boundary can be pro-
cessed based on the desirable computational cost
and memory.

The rest of this paper is organized as follows.
Section 1 describes the physical model. Section 2
elaborates the computational model and perfor-
mance parameters. Section 3 includes the numerical
results and discussion. The last section of this paper

1s the conclusion.

1 Physical Model

The flow that goes past a fish adopting the
Karman gait periodically generates a pair of alternat-
ing counter-rotating vortices from the sides of the
fish head and the caudal fin. These kinematic vorti-
ces interact with the incoming vortices to create a
mysterious nonlinear coupled dynamic system. As
the subject of this paper, the interaction between
the incoming vortex and the vortex shedding from

the swimming fish is investigated using a simpler

model. The flow configuration is shown in Fig.1l.
The NACAO0012 airfoil with the chord length L is
placed directly behind the cylinder with the diameter
D, where L=2D. The distance between the center
of the cylinder and the tip of the fish is equal to 2L.
Numerical results show that the cylinder-foil dis-
tance 2L can ensure that the vortex flow generated
by the upstream cylinder remains periodicity and
cannot be disturbed by the fluctuation of the down-

stream foil.
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Fig.1 Flow configuration composed of a stationary cylinder

and a streamlined fish

The computational domain size is 10D X 25D.
The Poiseuille velocity distribution is used as the in-
let boundary condition, and the free outflow condi-
tion is set as the outlet boundary condition. The up-
per and lower boundaries adopt stationary wall con-
ditions. The cylinder and the fish body employ the
IB model to force the non-slip condition. The Reyn-
olds number is calculated based on the diameter of
the cylinder D, the inflow velocity U, and the fluid
viscosity v, where Re of all simulations discussed
here are 100.

We use the Karman gait analytical model pre-

21 1o force the foil locomo-

sented by Akanyeti et al.'
tion. The parameters and traveling wave equation
expressions of the analytical model are listed in Ta-
ble 1. In Table 1, ¢, is the phase angle of heaving
motion, f'is the frequency of fish vibration, and A is
the fish body wavelength, where A =1.254,.,,. and
=/ is satisfied (A, and fi are the cylinder wake
variables). A series of instantaneous postures of fish
within a kinematic cycle is shown in Fig.2. These
postures agree well with the experimental results of
Ref.[21].
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Table 1 Description of the Karman gait analytical model

Motion Traveling wave equation Extent
Translation 0.15L,sin(2nﬁ+ ¢0) x€[0, L]
Rotation (x—0.3L >sin[o.135 263 sin (2t + ¢, + n)} z€[0, L]
. x x ? | 2n(x T
Undulation |:O.01L<I— 0.4)+ 0.51L<T— 0.4) :|sm{/1(1— 0.4)— 2nft + ¢0—2} x€[0.4L, L]
Heading (x— 0.2L)sin[ 0.069 813 sin (2nft + ¢,) ] 2€[0, 0.2L]

. dd@

Fig.2 Fish instantaneous posture during a kinematic cycle

2 Computational Model

2.1 Numerical method

The split-forcing scheme Lattice Boltzmann
equation (LBE)'™' with the Bhatnagar-Gross-
Krook (BGK) collision operator is expressed as
flx+ e At i+ A)=fx,0)—

%[f,z(.r,z)—ﬁ“‘(x,l)JA[—F F.(x,t)At (1)
where f, is the density distribution function (DDF)
along the a-direction at lattice node x and time 7.
The discrete velocity set ¢, couples time and space
in the LB model. It guarantees that after Az, the par-
ticle at the lattice node & precisely reaches the adja-
cent lattice node x+ ¢, Az. It has been proven that for
the internal node of computational domain, the split-
forcing LBE 1s second-order accurate in space and
time **"!. The collision operator represents the ad-
vection of f,, it is linear and related to the equilibri-
um DDF f. Limiting the Hermite expansion of £,
to the second-order, the hydrodynamics macroscop-
ic laws can be guaranteed ™. The expression of £,
can be written as

_|_ - 2
C: 2¢t 2¢5

cou  (cou) wu
2

[ =w.p| 1+ (2)

where w, 1s the weighted coefficient associated with
¢,. In this paper, the D2Q9 model is employed, and
the details can be found in Ref.[39]. ¢, is sound

1 )
speed, cfZEAJZ/AZZ. Azr and At are the lattice

space size and the time step size, respectively. In

the isothermal LB model, ¢’ is the proportional coef-

ficient between pressure p and density o, p=c’p.
In the IB-LLBM environment, the discrete force dis-
tribution function F, essentially describes the contri-
bution from the boundary, which is a function of the
momentum forcing f. Like expansion of £, the
Hermite expansion of F, is restricted to the second-
order. Its expression is given that

Fa=(1 1)wa c,—u n CoUC, y (3)
2 ¢t N

T Cs

Depending on the multi-scale Chapman-Ensk-
og expansion, the split-forcing LBE is able to recov-
er the Navier-Stokes equations involving the mo-
mentum forcing for solving the flow problems of in-
compressible viscous fluid past the immersed bodies.

The macroscopic density and momentum of flu-

id can be calculated in a down-top manner

,0:2]2 (4)

1
= > c.fo T = fAL 5
ou Zc 1. > J7AN (5)
The kinematic viscosity of fluid, v, is denoted
by the relation time z as

vcf(z’AZ[) (6)

In the IB-LBM scheme, fluid particles are de-
scribed by the uniform Eulerian lattice nodes &, and
the immersed boundary is represented by a series of
Lagrangian points X (s, 7). X is the location of im-
mersed boundary. x and s are the Eulerian and La-
grangian coordinates. Transformation between the
Lagrangian variables and Eulerian variables can be
controlled by the Dirac delta function. A hat-func-

Iis used to discrete the Dirac delta function

tion'*’
and construct the interpolation function D. It is ex-

pressed as
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D(I,/*X(s)>:
1 ,— X (s ,— V(s
¢(x} (s))¢ ¥, (s) )
AxAy Ax Ay
Inspired by Wu and Shu et al."**/, the velocity

correction oU (X, £) can be used to enhance the no-
slip condition and distributed into the surrounding
Eulerian fluid nodes to construct flx,#) and update u
(x,2) by Eq.(5).

According to Eq. (1), the numerical computa-
tion process of implicit velocity correction can be di-
vided into four steps: The collision, the first-forc-
ing, the streaming, and the second-forcing. Pushing
a new time step, the first three steps are to pre-cal-
culate the density and velocity of fluid particles.
Then, the fourth step is to calculate the velocity cor-
rection of fluid particles with the no-slip boundary as
the constraint condition. In this work, the second-
forcing step is constructed in an iterative manner
based on the multi-direct force scheme'®’. The im-
proved IB-LBM algorithm is reflected in the use of
a simple and flexible sub-iteration instead of solving
the linear equation, thereby reducing the computa-

34]

tional cost™'. The sub-iteration procedure is ex-

pressed as

p(X(s),z‘)Zzlo(x[],t)D<x,-,—X(s))AxAy (8)

SU (X (5),t)=U"X(s),t)—
S u(xyt)D(x;— X (5)) ArAy (9)

F“')(X(s),l):ip(X(S),l‘)ﬁU(”)(X(s),t) (10)

F(xpt)=>F"(X(s5),0)D(x;— X (5)) AzAL

(11)

Al
= ) s (12)
ole)? )

where A/ is the length of the boundary element. The

u"t “( Zy t) = u(”)< X, Z) -+

iteration initial condition «'” =u"=>c, f./p is used
in the above iteration procedure; and the superscript
n indicates the number of IB iteration steps. To
avoid additional computational cost, the iteration pa-
rameter € is used to flexibly control the number of
sub-iterations. When ||U™ ||.. << € is satisfied, the
sub-iterations process is over. Analogously, Dash et

al.'""" has also established the flexible forcing non-

slip constraint by involving a new iteration parame-
ter.
The velocity correction du at the FEulerian
nodes can be calculated by
Su=u"""—u (13)
The direct-forcing formula at Eulerian nodes
can be expressed as
f=206u/A\t (14)
The hydrodynamic force H acting on the
boundary element can be evaluated by Eq.(15)
without complicated tensor calculations

H(X(s.1).t)=—F(X(s,0).t) AxAL (15)
2.2 Performance parameters

The propulsion performance is quantified by
the mean thrust coefficient C,. To ensure that C,>
0 when the flow provides a propulsion contribution

to the fish within a certain time range [0, 7], Cy is

defined as
1 t
—7J (ZH_,.(X(s,z‘),z’) ds'
Cr=—ry (16)
E,OuiD

We also quantify the energy consumption level
of the fish using the mean power coefficient Cp. Sim-

ilarly, C, is calculated by

1 t
j( —H(X(s,2),t")u (X(s,2),¢)|dt
~ Yo
P i -
2,Oug;

(17)
where —H is the local force exerted by the fish on
the fluid; @ the velocity of the fish and it can be set

using the Karman gait analytical model.
3 Results and Discussion

3.1 Numerical validation

To verify the present calculational model, we
perform the simulation of the uniform flow past a
stationary circular cylinder without foil behind the
cylinder. As a benchmark case, this flow has been
other numerical

investigated based on

Schemes[.'%& 34, 42]

. The comparison between the calcu-
lation results of the present method and the numeri-

cal results from the existing literature can serve as



No. 1 TONG Ying, et al. Computational Study on Interaction Between Swimming Fish and Drifting--- 113

the verification of this method. The computational
domains of 40D X 40D is used, and the center of the
cylinder is positioned at (20D, 20D). The uniform
mesh is applied into the entire computational do-
main benefiting from excellent parallelism properties
of IB-LLBM. The lattice density of D=50Ax and the

. . . 2
Lagrangian point density of AZZEA.Z‘ are used.

The itial density p, and velocity u, are set to be 1.0
and (0.1, 0), respectively. The Re is calculated
based on the inlet velocity U, D, and v, Re—=
UD/v.

The drag coefficient Cy, and the lateral force co-
efficient C, can be calculated using C,=F,/
(0.50,UD) and C,=F,/(0.50,U’D) , where F}
and Fy are the x-direction and y-direction compo-
nents of the total force acting on the surface of the
cylinder. The dimensionless length L, of recirculat-
ing wake is calculated by using L,=L/D. The
Strouhal Number S, are calculated using S.=/,.D/
u.. , where f, is the frequency of vortex shedding.
As shown in Table 2, the agreement with the avail-
able results demonstrates the ability of the present
model to predict the steady and unsteady flow evolu-

tion.

Table 2 Comparison of the available results and the
present results for flow over a stationary cylin-
der at Re=20, 40, 100

Re=20 Re=40 Re=100
Method - - - . S,
G L. G L, Cy G,
Ref.[32] 2.119 0.937 1.586 2.320 1.362 +0.341 0.162
Ref.[34] 2.091 0.930 1.565 2.310 1.364 +0.344 0.163
Ref.[42] 2.084 0.960 1.560 2.360 1.368 40.346 0.162
The
presented

2.112 0.975 1.580 2.375 1.385 =£0.353 0.160

In order to further verify the validation of the
present IB-LBM used to deal with the problem of
the flow around the moving boundary, the simula-
tion of a NACAOQO15 airfoil that heaves and pitches

43440 {5 carried out.

6(1)=
Oosin (2nft) and H(t)= Hysin(2xft+ =/2 ), are
forced by the IB model at Re=1 100 and H,=L,,
where H, is the heaving amplitude; ¢, the pitching

simultaneously in a uniform flow

The pitching and heaving motion,

amplitude; and L; the chord length of the airfoil.
The simulations with the same numerical parame-
ters used by Kinsey et al."**' and Wu et al."**' are per-
formed, and two set of parameters are set as: §,—
76.33°, f"=0.14 and 0,=60", f'=0.18. The mean
drag coefficient C,, the peak of the lift coefficient
Cy., and the power extraction efficiency 7 are listed
in Table 3. The consistency between the current
simulation results and the results of the existing liter-
ature' " verifies that the present IB-LBM used in
this work is suitable for the flow around a moving

boundary.

Table 3 Parameters of the flows over an oscillating NA -

CAO0015 airfoil at Re=1 100, H,=L,, and x,=L/3

0,=76.33°,/'=0.14  0,=60°,f"=0.18

Method — -

Cy C, 7 Cp C, Ui
Ref.[43] 2.014 1.910 0.337 0.690 1.256 0.114
Ref.[44] 2.107 1.969 0.347 0.711 1.248 0.122

The presented 2.113 1.989 0.351 0.718 1.239 0.119

3.2 Fish swimming in the cylinder wake

In this work, based on the model shown in
Fig.1, we study the hydrodynamic mechanism of
fish exploiting vortex from the perspective of flow
patterns. These experimental studies show that the
hydrodynamic optimized properties of fish are relat-
ed to the relative movement of the Karman gait and
the incoming vortices, and the relative movement is
described using the phase difference ¢.

In order to control the relative motion between
the vortical flow produced by the upstream station-
ary cylinder and the downstream Kdarman gait foil,
we define the foil-vortex phase difference ¢. First,
the simulation of flow pass through a single station-
ary cylinder is performed to generate the stable vor-
tex sheet wake at Re=100. When the vortical flow
reaches a stable state, we use the obtained wake
variables (the wake wavelength and the vortex shed
frequency) to set the kinematic parameters of the
Karman gait model. Then, a stationary foil is
placed behind the cylinder with the downstream dis-
tance 2L. After the vortical flow reaches stable
again, we take the state of the flow field where the
minus vortex center (w.L/U<C0) arrives at the foil

center as the initial state of the unsteady flow simula-
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tion. Last, the foil begins to perform the Karman
gait motion with the initial phase ¢,, and we define
the foil-vortex phase difference ¢ of the simulation
equal to ¢,.

To investigate the effect of ¢ on the periodic
features of the hydrodynamic forces experienced by
the swimming foil in the cylinder wake, a series of
the simulations are performed under different ¢ con-
ditions. Fig.3 shows the mean thrust coefficient as a
function of the time series. In Fig.3, for most of the
ten different ¢, the C (T ) curve is approximately a
straight line, which implies that the flow evolution
is periodic, because the surrounding fluid provides
approximately equal propulsion to the fish in each ki~
nematic cycle. T represents the vortex shedding peri-
od. On the contrary, the fluctuating and stronger re-
sistances are captured at ¢ of 36° and 180°, which
demonstrates that the fish cannot capture energy
from the aperiodic flow inducted by the Karman gait
at such phase difference. We further conducted a se-
ries of simulations with subdivided ¢ around 36° and
180°. The results show that when ¢ is in the range
of 27° to 45°, or 171° to 189°, the flow could pro-
vide aperiodic resistance for the fish. As a counter-
example, these phase differences should be prevent-

ed in term of optimizing the propulsion system.

0.5
—o—(°
—— 36°
i —— 72°
0.0 ——108°
—— 144°
= ——180°
IE); -0.5F —— 216°
—o—252°
—— 288°
-1.0F —o—324°
15 2 4 6 8 10

t/T
Fig.3 Cycle-by-cycle C1(T) curves for ¢ of 0°, 36°, 72°,
108°, 144°, 180°, 216°, 252°, 288° and 324°

For the flow with the periodic feature, the pro-
pulsion performance and the locomotion cost are
quantified using the mean thrust coefficient and the
mean power coefficient for five oscillation cycles.
Fig.4 shows C; (5T )and C, (5T ) as a function of ¢

from 0° to 360°, excluding the interval from 27° to

45° and from 171° to 189°. In Fig.4(a) , the dashed
line represents the dividing line between thrust and
resistance. We observe that the maximum thrust is
obtained at ¢ of 0° and 198°, whereas the strongest
resistance is encountered at ¢ of 54° and 252°. On
the other hand, the minimum power cost is needed
at ¢ of 18" and 216° while at ¢ of 108” and 288" the
maximal power cost is required to hold the Karman
gait. From the perspective of propulsion system de-
sign, it is desirable to achieve greater propulsion
based on less energy consumption, which shows
that the relative movement mode with larger energy
consumption must be prevented. At ¢ of 0°, the hy-
drodynamic performance of the fish is desirable. We
assume that the Karman gait with ¢ of 0° is the real
locomotion mode taken by fish in the wake of
Karman vortex streets. The discussion on the hydro-
dynamic mechanisms of fish exploiting vortices will

be carried out under ¢ of 0° condition.

120 180 240 300 360

9/ ()
(a) C(5T) versus ¢
4.0
34rF
o 28+
)
S g2t
1.6 F
L0060 120 180 240 300 360
/()
(b) C,(5T) versus ¢

Fig.4 The mean thrust and power coefficient for ¢ of 07,
36°, 727, 108°, 144°, 180°, 216", 252", 288" and
324°

As the reference case, we conduct a simulation
with the fixed fish holding station behind the cylin-
der at Re=100. Temporal thrust and lateral force
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coefficient for the two cases are illustrated in Fig.5.
For the fixed fish, the fish will encounter resistance
almost in a whole cycle time. This result explains
why the fixed fish hardly obtains propulsion from
the flow. For the swimming fish, the amplitude of
thrust curve is amplified, and the fish captures
thrust from the flow for most of the cycle time,
which results in the maximum mean thrust coeffi-
cient. In Fig.5(b), for the two cases, the nature of
temporal lateral force coefficient curves is almost
the same, except for their phase. This could cause
that the Karman gait has the same mean lateral
force to the fixed fish. These results imply that the
Karman gait aids the fish to obtain the optimal pro-
pulsion performance, but its effect on the lateral

force is weak.

- - Fixed fish — Karman Gait

t/T

(a) Time history of C for the fixed fish and the fish
adopting the Karman Gait with ¢ of 0°

10r - - Fixed fish — Karman Gait

t/T

(b) Time history of C, for the fixed fish and the fish
adopting the Karman Gait with ¢ of 0°

Fig.5 Time histories of C; and Cy for the fixed fish and the
fish adopting the Karman gait with ¢ of 0°

The time-series of the Karman gait and instan-
taneous vortex distribution around the fish are plot-
ted in Fig.6. We define the incoming vortex acting
on the fish as “vortex 1”. The downward locomo-
tion of the fish head causes significant splitting of a
kinematic vortex, which locates on the upper side of
the body. The generation of vortex is ending when
the lowest position of lateral translation is reached,

and the upward motion of the fish head begins. The

[ |
w, L/U. =303
/Vortex 1 arrive
P &S

Merge vortex

Vortex 2 born

Qy &

Merge vortex

develop separate
Merge Merge vortex
vortices 1,2 develop

QN yFt, ® OoN

Merge vortex

(g,

Vortex 1 arrive

transport
Merge vortex Merge vortex
separate transport
V(e
SN &4 TN,
Vortex 2 born Merge
vortices 1, 2

Fig.6 Instantaneous vortex distribution around the fish in

one kinematic cycle for ¢ of 0°

upward motion of the fish head creates an inverted
kinematic vortex on the underside of the body. The
two counterrotating kinematic vortices are called
“vortex 2”. The same formation is done by the cau-
dal fin, and a pair of counter-rotating kinematic vor-
tices are produced (called “vortex 3”). It can be ob-
served that the relative movement of the fish loco-
motion and the incoming vortices is consistent with
the experimental results of Liao"*".

To understand the reason why the optimized
propulsion performance is obtained, we perform
Fourier spectral analysis to study the intrinsic nature
of unsteady hydrodynamic force. As shown in
Fig.7, the distributions of fundamental harmonics
both for Cp and C, are like the two cases. The fre-
quency of the kinematic vortices induced by the
Karman gait is equal to the {requency of the incom-
ing vortices. The major difference is the amplitude
of the fundamental harmonics. Moreover, the contri-
bution of the subharmonics is cut in the spectrum of
Cp. For the fixed fish, the amplitude of the funda-
mental harmonics is related to the intensity carried
by the incoming vortices. Therefore, for the swim-
ming fish, the larger amplitude demonstrates that
the intensity of incoming vortices has increased.
This may also explain why the frequency of the
Karman gait is adjusted to be equal to the frequency
of the Karman vortex street. Considering the charac-

teristics of Fig.6 and Fig.7, we believe that under
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Fig.7 Fourier spectra of Cp, and C, of the fixed fish and the
fish adopting the Karmdn gait with ¢ of 0°

the conditions of the same rotation direction and fre-
quency, “vortex 2”7 enhances the energy carried by
“vortex 1”7, and “merged vortex” is derived from
the enhanced “vortex 17.

We further plot the Karman gait and instanta-
neous vortex distribution around the fish at ¢ of 54°
and 180° in Fig.8 and Fig.9, respectively, to illus-
trate the origin of resistance. In Fig.8, the main dis-
crepancy 1s that the fishtail moves away from the
“merged vortex” when the “merged vortex” slides
near the fishtail. This process shows that a pair of
stronger “vortex 3” can be generated. This means
that the tendency of the fishtail to move toward the
“merged vortex” plays a key role in the process of

fish exploiting vortices, but this role is negative.

Fig.9 Instantaneous vortex distribution around the fish in

one kinematic cycle for ¢ of 108°

In addition, in Fig.9, we see that the vibration
of the fish head produces “vortex 2”7, and its direc-
tion of rotation is opposite to “vortex 1”. From the
mean thrust coefficient mentioned above (in
Fig.3), we infer that “vortex 2” with opposite direc-
tion of rotation to that of “vortex 1”7 will disturb the
periodic properties of flow evolution, thus the fish
cannot extract energy from the drifting vortex.

Last, the contribution of the four components
of Karman gait on fish swimming performance is as-
sessed. The locomotion is demonstrated by utilizing
the four traveling wave equations in the wake of the
cylinder at Re=100. The fixed fish and the Karman
gait with @ of 0" are considered as the two compari-
sons. We also calculate C+(5T) and C,(5T) for

each motion in Table 4. From the results (see
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Fig.10) , we conclude that propulsion mainly origi-
nates from lateral translation. However, it requires
a greater energy consumption to hold the locomo-
tion. Rotation, undulation, and head motions coop-
erate with each other to reduce energy consumption
of lateral translation motion. Therefore, hydrody-
namic performance in fish swimming combines high
propulsion and the desired locomotion cost. Four

components work together to help fish achieve the

-~-Fixed fish —-Karman Gait —Translation

t/T

(a) Time history of C, for the fixed fish, the Karman
gaiting fish with ¢ of 0°, and the translating fish

2
---Fixed fish —-Karman Gait —Translation

1

t/T
(c) Time history of C, for the fixed fish, the Kdrméan
gaiting fish with ¢ of 0°, and the undulatory fish

Table4 C,(57)and C,(57) for different states

State C(5T) Cp(5T)
Stationary —0.191 —
Karman gait 0.232 1.954
Translation 0.259 2.491
Rotation —0.112 0.117
Undulation —0.323 1.135
Head —0.206 —0.021

desired hydrodynamic performance.

---Fixed fish —-Karman Gait —Translation

t/T

(b) Time history of C; for the fixed fish, the Karman
gaiting fish with ¢ of 0°, and the rotating fish

---Fixed fish —-Karman Gait —Translation

t/T

(d) Time history of C; for the fixed fish, the Karman
gaiting fish with ¢ of 0°, and the heading fish

Fig.10 Time histories of C; for translation, rotation, undulation and head motion and the fixed fish and the Karman gait as

two comparisons

4 Conclusions

Based on IB-LBM, a flow solver that flexibly
copes with complex deformable moving boundaries
and controls the computational cost is developed to
solve the problems of fish swimming in the vortex
environment. Controlling the Karman vortex street
and the fish locomotion to model the nonlinear dy-
namic system, the hydrodynamic mechanism of the
fish exploiting vortices to improve their swimming
performance is discussed in terms of propulsion and
energy consumption. Numerical results illustrate the
reason for the experimental conclusion that the fish
adjusts the frequency of vibration to the frequency of
the incoming vortex is that the moving vortex with
the same frequency and rotation direction induced

by the fish head will enhance the intensity of the in-

coming vortex. The movement tendency of the fish
tail towards the “merged vortex” determines the
fish to extract energy from the vortex. Four compo-
nents of the Karman gait locomotion work together
to help fish obtain the optimized propulsion based on
a desired energy consumption.

The proposed flow solution only involves the
effect of the deformable boundary on the flow evolu-
tion, that is, the moving boundary is actively con-
trolled by the kinematics analytical model. For fluid-
structure interaction dynamics, the effect of hydro-
dynamic force on the fish locomotion should be con-
sidered. In future work, we will develop a flow solu-
tion model that considers the influence of hydrody-
namic force on the kinematic model of fish, and an-
ticipate to provide insights for engineering applica-

tions.
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