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Abstract

We devel oped a Computational Fluid Dynamics (CFD) based tool coupled with a Multi-Body Dynamics
(MBD) technique to investigate a self-propelled pufferfish motion within a still water environment. The
3D pufferfish model consists of body, caudal, dorsal and anal fins. The locomation of fish is entirely
determined by the computation and fully induced by the oscillation motion of fish fins. The influence of
the phase angle difference on the fish swimming behaviour is examined by varying the angle difference
between the caudal, dorsal, and anal fins. The swimming displacement, hydrodynamic force and the
wake pattern are analysed.

1. Introduction

Along with the exploitation of sea resources, Awmous Underwater Vehicles (AUV) have become
an important tool as they are suitable for longateregular or risky tasks, such as the exploration
deep sea oil, the inspection of fatigue problemsffshore platforms and so on. Living in the ocean
for thousands of years, fish has the best propulai@ manoeuvring ability to adapt to the aquatic
environment. Studies into the locomotion of fishilmming and manoeuvring have provided vital
insights for the AUV design. Comparing with thediteonal AUVS, the fish-like robots have their
advantages of effective propulsion, stable andllexXeatures.

According to the study di¥akiotakis et al. (1999), there are two types of propulsion mechanisms, i.e
the Body and/or Caudal Fin (BCF) and the Median@nBaired Fins (MPF). Generally, previous
studies about the locomotion of fish swimming can divided into two groups based on the
aforementioned two mechanisms: (a) investigatiotherfish body motion by prescribing the motions
of fish while omitting the influence of fins excejbie caudal fin; (b) researches on the effect faom
isolated fins, such as pectoral, dorsal and anaj 6n propulsion efficiency. Within the former gpo
typical studies of numerical simulations about alfifprm and carangiform swimming have been
carried out byKern and Koumoutsakos (2009), Borazani and Sotiropoulos (2008, 2009, 2010). Most
researches within the latter group used experimentasurements. Foil-like fins, standing for
pectoral fins, were investigated Hyauder and Madden (2007) to analyse the kinematics and
hydrodynamics of the fins. Other work was alsoee®d in the paper darbera et al. (2011) and
Beal et al. (2007). Recently, studies with a combined motion of pedtdins and fish body are
considered by researchers, suctkasnd Wan (2012). Nevertheless, the influence of dorsal and anal
fins on swimming behaviour is usually ignored besgaaf the complexity of the problem.

One typical example of fish species adopting thd-M®Rimming is pufferfish. Biologically, it appears
an extraordinary performance on manoeuvrabilitialgh it swims slowlyltai and Tamar (2003)
found that the shape of the pufferfish body canowhefpassively to accommodate the higher



swimming speed. Meanwhile, the flapping motion ofs&l and anal fins was in phase with each
other and had a phase difference of 180°with tieéopa fin.

In the present work, numerical simulations areiedrout to investigate the pufferfish model, whigh
based on a live fish experimental testing conduate8JTU as shown in Fig. 1. The dorsal, anal and
caudal fins are taken into account while all thmes fare considered to be rigid. Phase angle differen
is tested to examine its influence on the swimnpagormance. To achieve this goal, the modelling
system is constructed by a series of interconndmbelies. An in-house code based on the theory of
Multi-Body Dynamics combined with a Computation&liet Dynamics tool is used.

Fig. 1: A photo of pufferfish experiment done at8J
2. Problem description
2.1. Multi-Body fish model and kinematic equations

The 3D pufferfish model, shown in Fig. 2, is exteatfrom a live fish experimental data, which was
tested in Shanghai Jiao Tong University (SJTU)n&ht he fish model consists of four parts: the main
fish body, dorsal, caudal and anal fins. The tetagth is about 0.12 m. The shape of each crogssec
of body is approximately elliptical. The largestjoraand minor-axis of fish body are about 0.04 and
0.03 m, respectively.
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Fig. 2: 3D pufferfish model Fig. 3: Numbering for each part of the fish model

Four parts are numbered frol,, to N,; as shown in Fig. 3. Each fin is connected to therbody
with a virtual hinge joint. The fins in the preserk are considered rigid. The density of wholdyis
the same as the environment (water). To carryheubtimerical modelling, the surface of the fish etlod
is meshed with unstructured grid while tetrahededls are used for the rest of fluid field, and tbizl
number of grid cells is about one million. In orderensure the accuracy of numerical simulatioa, th



computational domain should be large enough, wiheréength (X direction) of the domain is 12 times
of the body length (BL), while its width (Y direoti) and height (Z direction) are 10BL.

Unlike most existing researches, where the fislmswing speed and path are prescribed, here, only the
rotational motions of the fins are given as a fiorcof:

Yy = Asin(wt + @)
whereA is the amplitudey is the frequency which is identical for all thetroas, andy is the phase
angle. The amplitude and frequency of each fin ab@ined from the experimental testing and
summarised in Table 1. In the present study, tlaulation of caudal peduncle is omitted implyingttha
there is no deformation along the main body offitte

Table I: Motion parameters for the fish model
Dorsal fin (d)| Caudal fin (c)| Anal fin (a)
Amplitude (rad) 0.94 0.45 0.94
Frequency (rad/s 21.4

Phase angle (rad
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2.2. Numerical smulation

The commercial software ANSYS Fluent 15.0 is usadsblving the fluid field based on a finite
volume method. The governing equations are theetdmnensional incompressible continuity and
momentum equations:

du 1 U,

§+(u-V)u= —EVp+EV u

V-u=0

Afirst order implicit time matching scheme is udedthe transient term. Second-order upwind scheme
is employed for diffusion term discretization. FR@®-Velocity coupling can be achieved by the
Fractional Step scheme. The in-house code of Ndoltiy dynamics algorithm is written in the User
Defined Function (UDF) and compiled into Fluent.dirder to maintain the mesh quality during the
simulation, smoothing and re-meshing mesh functemesemployed with Diffusion and Local Cell
settings in ANSYS Fluent.

2.3. Solution algorithm

We follow the following four stages in one time laing step during the simulation. At the beginning,
the velocity of the fish and fins are estimatedhwour in-house code using Multi-Body Dynamics
Theory. The main bodyN) is set as the reference body, and its initiadrmfation such as the location

and velocity are given. Fins are connected to tharody via virtual hinges. Apart from the global
coordinating system, each bobly, has its own local reference frafig The velocity of body is a

(6 x1) matrix:

7, :(VjT’QjT)T



and can be transformed to the local reference frainigodyi by following the adjoint map operator

which can be expressed as:
j j i|5T
e ( A j
where 'R and in are the orientation matrix and the position vedbrF; with respect toF .

Based on the reference body and the relative oeklstihe position and velocity of other bodies lsan
calculated. The information of velocity is themiséerred to CFD software. Using Dynamic Mesh tool,
the body position is updated. At the third step, fthid field around fish is solved by CFD, so tha
force and moment of the fish body and fins areiabth Finally, this information is passed backhe t
UDF and the in-house code will calculate updatddoites.

3. Results and discussions

According to the experiment, the phase angles letwaborsal and anal fins are almost identical.
Therefore, only phase angle difference betweenataamtd dorsal fins is tested in the present work
with their specific values oflzT,l—ZT,:%—Z,ﬂ. The fish body displacement in the X direction,
hydrodynamic force imposed on the fish and theveaiefluid field will be presented in the following
parts.

3.1. Displacement
Fig. 4 (a) shows the fish body displacement inXhdirection during the first 8 periods for the four

cases associated with different phase angle diftereThe displacement is shown as negative as the
fish model swims towards the negative directiothefX axis.
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Fig. 4 Comparison of the fish body displacemernheX direction



There is no significant discrepancy amo%,]—; and 37” As can be seen from Fig. 4 (b), where an

zoom-in plot is presented, the displacement forctee with a phase angle difference 7f between
caudal and dorsal fins is slight smaller from thigeos, meaning the pufferfish model swims the most
slowly when the caudal fin is out of phase with dleer two fins.

3.2. Hydrodynamic forces

The resultant hydrodynamic forces along X directigihin 6" to 8" period are compared in Fig. 5 for
various cases. For all cases, two peaks are olaserame oscillating period. The resultant forcedo
phase angle difference af2 is dramatically different from the other threases. Although the
motions of the fins are prescribed by notable plaagges difference, no obvious phase lag is noted
for the resultant force.

Fig. 6 shows the force on the fish body and firsmfre" to 8" period. Both dorsal and anal fins
produce thrust and the force on the dorsal firligh#y larger than the anal fin. This is because t
area of former is a little larger than that of thé&er. Biologically, the caudal fin plays the most
important role during the self-propulsion swimmimgpcess, thus the force generated by the caudal
fin contributes most to the resultant force asdati#d by Fig.6.

8 0.004 ~
Phase Angle Difference w4 - Bodly

— Phase Angle Difference w2 Dorsal Fin
Z 6 Phase Angle Difference 314 B Anal Fin
é B Phase Angle Difference n = Caudal Fin
g = 0.002 -
= 4 -
QI i
£
a z
c @ 0
.; o i (
0 O
-
= |
% / 0.002 |
Fr i |
L f

-6 i L L L L 1 L L L L J -0.004 | ! ! ! ! 1 L L ! ! ]

6 8 U6 8

Timel?’eriod Time.';’eriod
Fig. 5 Comparison of resultant force for case$ig. 6 Comparison of force on fish body and fins

with various phase angle difference with a phase angle differencem?
3.3. Wake pattern

Fig. 7 shows the snapshots of flapping motion aemklbpment of wake pattern of the fish and fins
within 10" period for phase angle difference®. The iso-surface is generated when the vorticity
magnitude is 10. As all three fins generate vostiee well as the fish body, the vorticity fieldasher
complex as can be seen from the figures. The ddtakaminations are performed in the on-going
research.
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Fig. 7: Iso-surface of fluid field vorticity coloed by pressure
4. Conclusions

With a use of numerical modelling method, we iniggged the influence of phase angle difference on
a self-propelled pufferfish model. For the firshé, a Multi-Body Dynamics theory is combined with
a CFD method in order to solve the free swimmish foroblem propelled by flapping fins motions.
Our simulation results shown that for the displagetmof the pufferfish, there is no significant
difference. In terms of the resultant force, theutefrom the case with a phase angle differenagf
differs from the others dramatically. By investigatthe resultant forces around fish body and fins,
is noted that the caudal fin plays a major partpi@pulsion force generation. The overall thrustyth



generated is quite small which is possibly relatedhe fact that all the fins are modelled as rigid
which are actually flexible in reality. The study d@lexible fins driven self-propelled fish will be
presented in a separated paper in the near filitle.its application in bio-inspired AUV design.eth
present study indicated that, in addition to cafidalvhich is always used in the past, the contrdyu

of dorsal and anal fin may also need to be consdifar the system thrust generation.
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