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ABSTRACT

Quantitative evaluation of the mechanical charactessticswimming is experimentally challenging. Reproducihg éxperimental
setting is hard due to the complexity and variability of tle@metries involved. Even harder is the accurate charaatem of swim-
ming laws and precise measurement of forces and power. Boticpropulsion, an experimental study in this directisihiat of [1].
Ideally, numerical simulation can contour some of theskcdities. However, only a few numerical investigationshoite-dimensional
swimming modes have been attempted so far [5]. Here, we usenieal simulation to study a specific aspect of fish-likersming:
the influence of caudal fin deformation on performance. Bre/numerical [3] and experimental [4] studies were deditab the
effect of pectoral fin deformation on the local flow patterhs.particular, [4] found that there exist optimal fin flexuraidity for
maximizing thrust. We evaluate performance thanks to adiorensional index taking into account the total mecharpcaler acting
on the fluid, the swimmer velocity and the force exerted inld@®motion direction [6]. In this paper we quantitativehwéstigate
the efficiency improvement obtained by a simple and localifieadion of the caudal swimmer deformation. We concentaatéoco-
motion at low Reynolds numbers, so that all the relevantescaf the phenomenon can adequately be resolved by thresnsiomal
simulations. The main idea is to compare the performancessiimmer where the swimming law is a backward traveling weve o
given amplitude and frequency, to a swimming mode where thedformation mimics that of an elastic medium.

The modeling of the flow past a deformable body and the numlemethods are basically the same as those described in ¢5] an
[2], i.e. we use cartesian grids where the body is modeled thanks @ipation and immersed boundary method. We considered
a swimmer geometry similar to that a bluefin tuna [1]. The sming law is obtained deforming as a function of time the rmielli

in a planz= 0. According to the literature, the midline is deformed ie fflanz = 0 using the sinusoidal (swimming) law [1, 2]
y(x) = a(x) sin(kx — wt), wherek = 211/A denotes the wave number associated with a wavelengtidw = 2rrf denotes the pulsation

of the oscillations associated with frequerfcyWe chosea(x) = ci1x wherec; is fit to reach a desired maximal tail excursion, nofed

The objective is to compare swim performance relative téedkht tail rigidities. To this end, the deformation can bgosed on
a portion of the midline excluding the caudal fin. The caudalcfirresponds to the part of the midline between 0.8 and 1hién t
region we model the fin by a lumped parameter elastic mediune €lastic caudal tail is composed by rigid struts joined lagte
links. Each link is subject to a coup(® that is proportional to the square of the local tangentiglesty;, 1 of the next junction.
To simplify the model, we assume that the inertia forces efdtiuts following the one considered are negligible, s Weahave
6 +pB6+k6 =C;, i=1.N_—1where§ is the rotation angle with respect to the previous stBut= —a|Vi;1|Vi+1, N_ is the
number of links. The point= 0 corresponds to 0.8 of the midline and is the last point witeeedeformation is explicitly imposed.
The initial condition is6; = 0, Vi. Hence, for an infinitely rigid taif; = 0, Vi. In the following examples we lg8 =1,k =4- 108,
0< a <16-102 andN_ = 60.

We compute the forceB and the torqueM to compute the swimmer displacement. The velocity at thensmér surface isls =
T+ U+ 0. wherel is the imposed deformation velociiis the translation velocity ardis the rigid rotation velocity. The propulsive
efficiency can be defined as [6]

_ Wiseful

Weta

whereWqa andWsey are total and useful work of the swimmer over one stroke. Dheefexerted by the fluid on the body surface
0Qkis F' = (F}, R}, F})T. The total work of swimmer over one stroReis thenWoia = J; SN F'-u'dt, whereu' is the average
velocity on the surfacéQis. The useful work is defined as the part of the total work cquesling to forces exerted in the swimming
direction [6]. For instance, if the swimmer velocity is pog in thex-direction,Uy > 0, the useful force i$Fx + |Fx|) /2. The useful

work is thusWysefui = [+ Mo Fx'+2|Fx'| Ul dt.

All our results correspond to a Reynolds numBer= UT‘ = 10%. Such low Reynolds number is chosen so that we can consialethin
flow is fully resolved. For instance, using= 10° for a fish swimming at a velocity around one body length peetimit,Re = 10°
can be thought as relative for instance to a small fish &n long Numerical experiments show that the rigidity parametshould
vary between @2 (rigid tail) and 016 (soft tail). The variation of the efficiency versus thedity parameteix for f =2 are shown in
figure 1(a). A value ofr = 0.1 maximize the efficiency. The flexible tail increases thecidficy of about 25% in comparison with the
case where the deformation is applied onto the whole body.
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Figure 1 : Evolution of the efficiency;, the useful work\ sty and the total workMqtg versus the rigidity parameter. Dotted line
correspond to imposed tail deformation.
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Figure 2 : Swimmer shapes for different values of the number of liNks The casé\| = 60 correspond tor = 0.12.

In what follows we investigate the influence of the curvatomethe swimming efficiency. In the previous simulation wekidp = 60
links on the tail. In what follows we taked Ni. <5 as presented in figure 2. The c&ge= 60 corresponds ta = 0.12. The parameter
a is modified for 1< Np < 5 so that the phase tail portraits are as close as possitie e folN, = 60 with a = 0.12. Note that
the shape foN_ = 5 is similar to that withN|. = 60. Figure 3(a) shows that efficiency is enhanced when aunwas increased\| is
increased). The evolution of the useful and total versuk thie number of link$\, in presented in figure 3(b). While the value of the
useful work is almost constant witk_, the value of the total work done by the swimmer over one std#creases whe\y increases
to reach the value obtained for our limit test case Wth= 60.

The largest forces and velocities on the swimmer are loaatettie tail. In order to get a simple interpretation of the $irhulations,

we focus on the last tail segment, denotedkbylet g be the normal ta as in figure 4. The relative velocity of the mid point of
K is notedv = (v, v) and let the force exerted by on the fluid beF. The normal component of this force is mainly generated
by the pressure jump, whereas the tangential force is genkby viscous effects. As a first approximation we negleetuiscous

contributions Re — ). In this limit, we model the force bF = (fx, fy) = B(eg - Vv)|v|eg, B > 0. Thrust is generated whefp > 0.

The useful work model is the\ﬂ,smm = fT fX+Tlfx‘vxdt. The work gerlerated by lateral motionf§ fywdt, and the total work is
VN\Aota, = fT F .vdt. The efficiency resulting from this model is thgn= Wheru Figure 5(b) shows the evolution ﬁ,sefm ande\ma]

otal
versusa. We scale@3 (8 = 0.06) so that the useful and total works are iﬁ the same randiguoé 1(b). The tendencies are similar to
those obtained in figure 5(b), except for the largest valfi@s @he plot off] versusa is presented in figure 5(a). Even if the values of
n are slightly different from that ofy obtained in figure 1(a), the tendency is similar. Indeed ntlagimum efficiency is obtained for
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Figure 3: Evolution of the efficiency;, the useful work\ s, and the total workMq4 versus the number of links, for V = 0.4.
Dotted line correspond to imposed tail deformation\foe 0.4
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Figure 5 : Evolution of the efficiency), the useful Worl<\/~vusefu| and the total workT\(otaJ versus the rigidity parameter. Dotted line
correspond to imposed tail deformation.

the same parameter= 0.12 in both cases.

Our numerical results show that allowing a tail deformatimfuced by a simple elastic model has a marked influence oswhemer
propulsion. We show that a limited number of links (3) in tad ts able to warrant tail curvatures sufficient to reachcedficies
obtained with larger number of links. A simple model basedtton kinematics of the last tail element can explain the efficy
improvement obtained and provide design indications on twhwild an efficient tail for bio-mimetic swimming. Thesestdts may
lead to significant improvements in the design of underweatteots.
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