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Abstract: Flapping plates of typical fishlike tail shapes are simulated to investigate their locomotion performance using the 
multi-block Lattice Boltzmann Method (LBM) and Immersed Boundary (IB) method. Numerical results show that fishlike forked 
configurations have better locomotion performance compared with unforked plates. Based on our results, the caudal fin in carangi-
form mode has greater thrust, and the lunate tail fin in thunniform mode has higher efficiency. These findings are qualitatively con- 
sistent with biological observations of fish swimming. Analysis of wake topology shows that the wake of the forked plate consists of 
a chain of alternating reverse horseshoe-like vortical structures. These structures induce a backward jet and generate a positive thrust. 
Moreover, this backward jet has a more favorable direction compared with that behind an unforked plate.  

Key words: carangiform and thunniform modes, forked-tail fin, three-dimensional (3-D) flapping plate, multi-block Lattice 
Boltzmann Method (LBM), Immersed Boundary (IB) method  

Introduction�

Fish usually propel themselves by means of a 
transverse wave that moves backwards along the body 
from the head to the tail. For carangiform and thunni- 
form modes, the amplitude of the wave becomes sig- 
nificant only in the posterior part of the fish because 
the remainder of the body is relatively rigid. Hence 
the thrust generation is confined almost exclusively to 
the caudal fin, which can be considered to “flap” in an 
almost undisturbed free stream. This flapping model 
was studied extensively to help understand the optimal 
propulsive performance of fish swimming. Review of 
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such investigations can be found in Refs.[1,2]. 
Many studies assumed that the Aspect Ratio (AR) 

of the foil was large and therefore restricted their atte- 
ntion to two-dimensional (2-D) problems. Previous 
work[3] found that the governing non-dimensional 
parameter for thrust production and wake pattern can 
be written as the combination of the flapping freque- 
ncy f  and the peak-to-peak amplitude pA , i.e., the 

Strouhal number = /pSt fA U� , where U�  is the 
free stream velocity. Thrust increases monotonically 
with St , while the efficiency reaches its maximum in 
an intermediate range of St . Under the condition of 
efficient propulsion, the flapping 2-D foil generates 
two vortices per cycle and results in the formation of a 
reverse Kármán vortex street.  

Different from the 2-D case, behind a foil of fini- 
te aspect ratio in three-dimensional (3-D), the vortex 
lines shed from the central part of the foil must bend 
downstream, and then turn inwards and finally close 
up when they reach the vorticity of opposite sign shed 
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by the foil half period earlier. So the 3-D topology of 
the wake consists of a series of vortex rings. This type 
of ring-like vortical structures behind a flapping foil 
of finite span has been confirmed. Von Ellenrieder et 
al.[4] visualized the wake of a pitching and heaving 
wing of AR = 3 at = 164Re  and observed that in 
the range of 0.2 0.4St� � , the wake consisted of two 
merged closed vortex loops shed in each half-cycle, 
forming a zigzag chain, sometimes with additional 
appendages. Another series of experiments[5,6] also 
observed the ring-like structures in the wake of a pit- 
ching panel of AR = 0.54  at relatively high Strouhal 
numbers. They found that the vortices shed from the 
three free edges of the panel form a “horseshoe 
vortex”, and this vortical structure is important for the 
formation of the vortex ring. Simulations on this 
model also reveal the existence of vortex rings in the 
wake; details of the generation and evolution of these 
vortical structures were discussed[7-9].

Previous studies on this model mainly concerned 
the effects of the kinematical parameters, such as the 
pitching/heaving amplitude, frequency and the phase 
difference between the pitching and heaving motions. 
The shapes of the flapping fins were usually simpli- 
fied as rectangular plates or ellipsoidal foils, which in 
general can be collectively named as the “unforked 
foil”. However, caudal fin morphology shows a consi- 
derable diversity of the fin in the fish world. The 
“forked tail fins” are among the most common forms. 
Studies on the phylogeny of ray-finned fishes revealed 
the evolution tendency from the primitive heterocercal 
configuration to the homocercal forked-tail configura- 
tion, which suggests the probable advantages of the 
forked tail configurations compared with the unforked 
tails[10].

Some studies were carried out to deal with the 
fish locomotion. Borazjani and Sotiropoulos[11,12] in- 
vestigated the carangiform swimming to analyze the 
effects of St  and Re  on the swimming performa- 
nce and the vortical structures in the wake. Based on 
the PIV data, Wang et al.[13] proposed a model of 
zigzag chain of merging vortex rings behind a fla- 
pping foil with carp caudal planform. However, the 
details of the wake and the effect of the caudal fin 
were relatively less discussed. To the best of our 
knowledge, there exist no studies to deal with the 
effect of the forked configuration on locomotion per- 
formance. The full picture of the vortical structures 
behind the fish tail fins has not yet been drawn.  

In the present study, the propulsion performance 
and the wake structure of an unforked plate and two 
forked plates undergoing a pitching and heaving mo- 
tion are simulated with the 3-D multi-block Lattice 
Boltzmann Method (LBM) and Immersed-Boundary 
(IB) method. Our attention is mainly focused on the 
advantages of the forked tails and the relevant vortical 

structures. 
The remainder of the paper is organized as follo- 

ws. In the next section, the physical models, numerical 
method, and validation of the code are described. 
Detailed results are discussed in Section 2 and conclu- 
ding remarks are made in Section 3.  

1. Problem statement and numerical method 

1.1 Problem statement 
In this study, we simulate the plates with flapping 

motion in an incompressible viscous flow with con- 
stant velocity U� . The incompressible Navier-Stokes 
equations are used and given as  

21+ ( ) = +p
t

�
�

� � 	 � �
�
u u u u         (1a)

= 0�u                                  (1b)

The flapping motion is described by a combination of 
heaving and pitching motions. The heaving motion is 
in the vertical direction ( y ) and the pitching motion is 
around the leading edge of plate,  

( ) = sin (2 )yy t A f t
                        (2a)

0( ) = cos(2 )t f t� � 
                        (2b)

The governing non-dimensional parameters in- 
clude the normalized heaving amplitude yA , the pit- 

ching amplitude 0� , the Reynolds number =Re
/U c v� , and the Strouhal number = 2 /ySt A f U� ,

where c  is the chord length. It is clear that there 
exists a very high dimensional parameter space of this 
problem. However, the laboratory measurements of 
the fish locomotion[14,15] found that under the optimal 
thrust production, the ratio of the heave amplitude 
over the chord length is of the order of 1, the pitching 
amplitude is between 20o to 30o and the Strouhal 
number is in the range of 0.25 0.4St� � . Motivated 
by these data and to limit the scope of this study, we 
choose the parameters as follows: = 0.5yA , 0 =� 30o,

= 500Re , and =St 0.2, 0.3, 0.4, 0.6 and 0.8. Similar 
values were adopted in a number of past studies[3,7-9].

Here, the thrust coefficient is defined as  

2
=

1
2

T
T

FC
U A� �

                            (3)
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where TF  is the thrust force on the flapping plate, 
and A  is the area of plate. Then the propulsive 
efficiency is calculated by  

=
d d+
d d

TF U
L y M

t t

�
�

�                           (4)

where L  and M  represent the lift force and mo- 
ment, respectively, and overbar means the time-avera- 
ged quantities.  

Fig.1 Sketch of the rectangular plate and two fishlike forked 
plates 

We mainly study two shapes of the caudal fins 
which are the typical configurations in carangiform 
mode and thunniform mode. Rigid plates are simula- 
ted and this assumption is reasonable because the fish 
caudal fin is relatively stiff in these two modes. As is 
shown in Fig.1, a rectangular plate I of AR = 0.5  is 
also simulated for comparison. Plate II presents the 
configuration in the carangiform mode and Plate III 
shows a typical shape of the lunate tail, which is the 
common form of thunniform swimmers, such as tuna, 
mackerel, sailfish, swordfish and sharks. To reduce 
the variables in the problem, the areas of the two 
forked plates are set to be the same as the area of Plate 
I. The specific parameters of the forked tail shapes are 
obtained via simplification of the data from the obser- 
vation of fish swimming: 1 = 0.5S , 2 = 1.5S , =b
0.333  and 1 = 0.167S , 2 = 2S  and = 0.333b , res- 
pectively. The AR for forked tail fin is defined as  

2
2AR = S

A
                               (5)

Here, AR = 4.5 and 8 for Plates II and III, respe- 
ctively. 

1.2 Numerical method and validation 
The LBM provides an alternative approach for 

solving the incompressible viscous flows. Based on 
mesoscopic kinetic models, the algorithms of the 
LBM avoid solving the Poisson equation and are sim- 

pler compared with the conventional numerical sche- 
mes. In our simulation, a multi-block LBM techni- 
que[3] is employed to solve the problem. The IB 
method[16,17], which treats the solid boundary by 
adding a boundary force to the momentum equations, 
has been widely applied for problems involving 
moving bodies. The IB-LBM have been successfully 
applied for simulations of flapping foils[18]. The 
hybrid IB-LBM method is briefly described as follo- 
ws.

The discrete Lattice Boltzmann Equation (LBE) 
under a single-relaxation-time approximation with 
body force is written as  

 �+ , + ( , ) =i i if t t t f t� � 	x e x

1 ( , ) ( , ) + ( , )eq
i i if t f t tG t

�
� �	 	 �� �x x x (6)

where �  is the relaxation time, t�  the time incre- 
ment, ( , )if tx  the distribution function for particles 
with velocity ie  at position x and time t  and 

( , )iG tx  is the external forcing term in the LBE. The 
D3Q19 model is used, and the equilibrium distribution 
function eq

if  is defined as  

 �2 2

2 4 2= 1+ +
2 2

eq ii
i i

s s s

f
c c c

� �
� �

	� �
� �� �

e ue u u  ( = 0,1, ,18)i �

(7)

where i�  is the weighting factor, sc  is the sound 
speed, and �  and u  are respectively the fluid den- 
sity and velocity, which can be obtained by the distri- 
bution function and the body force g

= if� �                             (8a) 

1= +
2i if t� ��u e g                    (8b)

The forcing term iG  in the LBE can be expressed as  

2 2

1= 1 +
2

i i
i i i

s s

G
c c

�
�

� �	� �	 � �� �� � � �

e u e u e g       (9)

The IB approach gives the body force g  by dis- 
tributing the surface force bg  on the Lagrangian grid 
of the solid body bx  to the Eulerian grid x in the 
flow field  

( , ) = ( , ) ( )db b b
B

t t s� 	 g x g x x x              (10) 
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Here we use the discrete Dirac delta function ( )r�
introduced by Peskin[16]

1( ) = 1+ cos
4 2

rr
x

� � 
 �� �
� �� ��� �� �

 ( 2 )r x! �       (11a)

( ) = 0r�  ( 2 )r x" �                  (11b)

where �x  is the lattice space. bg  can be constru- 
cted by the feedback law[17,18]

 �  �
0

= d +
t

b f b f bt# $%	 	 g u u u u              (12) 

fu  is the velocity of the fluid at the Lagrangian grid 
on boundary surface, which can be interpolated from 
the Eulerian grid in the flow field using the discrete 
Dirac delta function ( )r� . bu  is the prescribed velo- 
city of the moving boundary of the plate. #  and $
are the feedback forcing coefficients and are usually 
set as large negative constants[17,18]. Their specific 
values are restricted by the time step used in the com- 
putation. Simulation results are insensitive to #  and 
$  when they are large enough. After the converge- 
nce validation of the calculations, we use = 2# 	 &

410  and 3= 1 10$ 	 &  in the present work as was 
employed in the previous studies with the same IB 
method[17,18].

Fig.2 Grid employed in current simulations 

Our simulations are performed in a rectangular 
box of size [ 9,9] [ 8,8] [ 8,8]	 & 	 & 	  in the streamwise 
( x ), vertical ( y ) and spanwise ( z ) directions. The re- 
solution of the corresponding Cartesian grid is 300× 
320×320. The multi-block division of the grid is 
shown in Fig.2. The resolution of the background grid 
is = / 20x c� , it is doubled in the wake area. The re- 
solution is also doubled in all the region covering the 
plate motion, with the finest lattice spacing being 

= / 80x c� . The time step in the simulation is /t�
= 3 200T , where T  is the flapping cycle. The boun- 

dary condition is set to be a uniform flow on all of the 
boundaries except the outlet boundary where a conve- 
ctive boundary condition ( / + / = 0u t U u x�� � � � ) is 
specified.

Fig.3 Comparison of time history of force coefficients  

To validate the code, some typical cases are 
tested in 2-D including flow around a stationary cyli- 
nder and around an oscillating cylinder as well as in 3- 
D including flow around a stationary sphere, around 
stationary flat plate wings, and around flapping foils. 
All the simulations have good agreements with the 
existing results in literature. Here we only address the 
comparisons between our 3-D simulation of the flow 
around the flapping foils and the results of Dong et 
al.[8]. Figure 3 gives the comparisons of the time his- 
tory of TC  and LC  for three foils of different finite 
aspect ratios at = 200Re  and = 0.6St  in one flap- 
ping cycle. Figure 4 shows the 3-D vortical structu- 
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res and the spanwise vorticity on the spanwise sym- 
metrical plane for the foil of AR = 1.27  at the mid- 
phase of the heaving motion. It is seen that the wake 
topology and the vorticity distribution in our simula- 
tion also agree well with the pervious results (see 
Fig.12 in the paper of Dong et al.[8]).  

Fig.4 Wake topology for flapping foil at = 200Re  and 
= 0.6St

2. Results and discussion 
We investigate the locomotion performance of 

the two forked plates and the unforked plate using 
parameters in the optimal parameter range for fish 
swimming. Connections between our simulation resu- 
lts and the biological observations of fish swimming 
are analyzed. In Section 2.1, the thrust and the propu- 
lsion efficiency are discussed. In Section 2.2, we focus 
on the wake topology of the forked plates and its 
difference from that behind the unforked plate. 

2.1 Hydrodynamic forces 
Figure 5(a) shows the variation of the mean 

thrust coefficient versus the Strouhal number for the 
three plates. It is seen that the Strouhal number is the 
most important parameter for the thrust. The thrust on 
the forked plates is slightly larger than the one on the 
unforked plate.  

Comparison between the two forked plates shows 
that Plate II has a lager thrust than Plate III. For exa- 
mple, at = 0.4St , the mean thrust is about 0.41 on 
Plate II and 0.36 on Plate III. For the forked plates, the 
thrust on the plate of small aspect ratio ( AR = 4.5 ) is 
larger than on the plate of large aspect ratio ( AR = 8 ). 

This result is different from that given in the previous 
work on the flapping plate with ellipsoidal or rectan- 
gular sectional planes[8,9]. Moreover, the present resu- 
lts are qualitatively consistent with the observations of 
fish swimming, fish with the caudal tails in the shape 
of Plate II, such as carp, trout and pike, usually have 
large thrust to gain rapid acceleration and fast swim. 

Fig.5 Locomotion performances for three plates 

The variation of the efficiency with St is given in 
Fig.5(b). The efficiencies reaches the maximum at in- 
termediate values of St . Both forked plates have sli- 
ghtly higher efficiency than the unforked plate and the 
Plate III is the most efficient one. This finding also 
agrees with the observation that the thunniform mode, 
which usually accompanies the lunar tail, is the most 
efficient locomotion mode adopted in the aquatic en- 
vironment. 

At relatively low Reynolds number ( = 500Re ),
the flapping plate has to overcome large shear drag to 
gain a positive thrust. The Strouhal numbers with the 
optimal efficiency are around 0.6, which is greater 
than the St  range widely adopted by aquatic ani- 
mals[15], the magnitude of the peak efficiency is 
around 0.2. These results agree well with previous stu- 
dies[8,9] in the similar Re  range. Moreover, it is rea- 
sonable to speculate that at high Reynolds number
Re , the forked tail fins, especially the lunate tail fin, 
may have a remarkable advantage for higher efficie- 
ncy.  
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Fig.6 Vortical structures for plate I at / = 0.5t T

2.2 Vortical structures
As a typical case, we examine the vortical stru- 

ctures at = 0.6St , where the propulsion efficiencies 
lie in the maximum region. Figures 6(a) and 6(b) 
show the perspective and side views of the wake 
behind the Plate I at the phase / = 0.5t T . Vortical 
structures are depicted by the Q  criterion  

 �2 21=
2

Q 	� S                      (13)

where �  and S  denote the rotation and strain ten- 
sors, respectively, and .  is the Euclidean matrix 
norm. Here we use the isosurface of = 2Q  to exhibit 
the vortical structures. Figure 6(c) shows the spanwise 
vorticity z�  contours from 	6 to 6 on the spanwise 
symmetrical plane. The same value of Q  and the 
same range of z�  are applied for Plates II and III.  

For the rectangular plate, it is seen from Fig.6(b) 
that the wake is mainly composed of two sets of obli- 
que vortex ring structures with the vortex directions 
and the induced jets indicated by arrows. These jets 

have a large inclination angle with respect to the 
streamwise direction, and only a small part of the im- 
pulse generated by each vortex ring is utilized for pro- 
pulsion. Moreover, there is an additional spanwise 
vortical tube in each vortex ring structure, which is 
consistent with the similar structure reported by von 
Ellenrieder et al.[6]

Fig.7 Vortical structures for the Plate II at / = 0.5t T

Figures 7(a)-7(c) show the wake topology of the 
Plate II. It is seen that both the spanwise vorticity dis- 
tribution and the 3-D wake topology have obvious 
differences from those in Fig.6. For the forked plate, 
the wake is composed of a chain of alternating pairs of 
vortical tubes. In each pair, two vortical tubes connect 
with each other on the upstream side and extend to- 
wards the adjacent pair on the other side to form a 
horseshoe-like structure. Two legs of the horseshoe 
are generated from the two tips of the forked plate, 
these horseshoe-like structures have different orienta- 
tions from the wake of a pitching rectangular panel of 
low aspect ratio[5,6], and are called the “reversal horse- 
shoe vortex” for distinction. There are also some other 
small-scale structures in the wake. With the structures 
being convected downstream, the small-scale structu- 
res and the head part of the horseshoe vortex become 
weaker and eventually disappear, leaving two separate 
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tubes in the wake. Compared with the vortex rings, 
each pair of tubes induces a jet which is more inclined 
to the x-direction and these vortical structures are con- 
sidered to be more efficient for fish locomotion.  

Fig.8 Vortical structures for the Plate III at / = 0.5t T

As is shown in Figs.8(a)-8(c), the wake of the 
Plate III is still mainly composed of pairs of vortical 
tubes, the distance between two tubes in a pair is 
larger because of the larger AR and more small-scale 
vortical structures in the wake. This type of wake 
behind the flapping fish-like plate can be observed in 
all the thrust-generating cases. Furthermore, the simu- 
lations of Borazjani et al.[11,12] on the carangiform 
locomotion at = 4 000Re  and = 0.7St  also 
showed that the double-row pattern is no longer made 
up of two rows of simple vortex loops but consists of 
complex and highly 3-D coherent structures connected 
together through complex columnar structures. The 
vortical structures in their simulations also showed the 
formation of the “reversal horseshoe vortex”, especia- 
lly before they merge together with the adjacent stru- 
ctures. Thus we may draw the conclusion that near the 
optimal propulsion performance, a chain of alternating 
reversal horseshoe vortices is the main feature of the  

wake topology of the forked tail fins.  

Fig.9 Comparison of the time-averaged jet in the wake 

Figures 9(a)-9(c) show the mean streamwise 
velocity distribution in the spanwise symmetrical 
plane to compare the time-averaged jets for the three 
plates. It is seen that behind the unforked plate, the jet 
bifurcates into two branches corresponding to the two 
sets of vortex rings in the wake. Each branch of the 
jets has a relatively larger inclination angle with res- 
pect to the streamwise direction, which is about 28o in 
this case. Moreover, the jet behind the fishlike forked 
plate is concentrated within a relatively smaller expan- 
sion angle and has a more favorable direction. For the 
forked Plates II and III, the angles are 13o and 11o,
respectively. 
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3. Conclusions  
The hydrodynamics and the wake topology of the 

forked plates undergoing pitching and heaving motion 
have been studied. The three-dimensional Navier- 
Stokes equations are solved using the multi-block IB- 
LBM. Based on our computational results, we have 
gained some physical insight into the propulsion per- 
formance of the fishlike tail fins.  

The propulsion performances of two typical 
shapes of the caudal fins are compared with the recta- 
ngular plate. Our analysis shows that both the mean 
thrust and the propulsion efficiency can be increased 
by the forked configuration, although these advanta- 
ges are not very noticeable at low Reynolds numbers. 
Specifically, the configuration in the carangiform 
mode provides a larger thrust, especially at large 
Strouhal numbers; the lunate tail in the thunniform 
mode is more favorable for high efficiency. 

The wake topology of the forked plates is diffe- 
rent from that of the unforked plate. Instead of two 
sets of oblique vortex rings behind the rectangular 
plate, a chain of alternating reverse horseshoe vortices 
constitutes the main part of the wake. These pairs of 
vortical tubes induce a more favorable jet for propu- 
lsion, which can explain the advantages of the forked 
tail fins. 

Our simulation results of the two fishlike forked 
plates are in qualitative agreements with the biological 
observations of fish swimming. It is reasonable to 
expect that the shape of the forked plate may have an 
important effect on the locomotion performance. Our 
results also show that the wake topology of the fish- 
like foil is obviously different from the extensively 
studied wake of the unforked foil, indicating that more 
reliable biological factors should be considered to 
better understand biological locomotion. 
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