© 00N 01~ W

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

32
33
34
35

Journal of Applied Mechanics

]FIuidEStructure Interaction Effects on the
Propulsion of an Flexible Composite
Monofin

Name, first author!

Affiliation
Full Mailing Address
e-mail

ASME Membership (if applicable)

Name, second author

Affiliation
Full Mailing Address
e-mail

ASME Membership (if applicable)

Name, third author

Affiliation
Full Mailing Address
e-mail

ASME Membership (if applicable)

Name, add additional authors as necessary

Affiliation
Full Mailing Address
e-mail

ASME Membership (if applicable)

ABSTRACT

structure interaction models can be used to study the effects of an added mass on the natural frequencies

of a multilayer anisotropic fin oscillating in a compressible fluid. In this study, the finite element method

was used to analyze the propulsive efficiency of a kwimm[nq finl \Water—by—neg-leeémg—v-ise#d-ﬁéy effects-has
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been-was considered as thee surrounding fluid, and the viscidity effects were neglected.-and Tthe

frequency response of the fin_in such conditions has-been-was compared with that ef-in vacuum-eenditions.

t-has-beenshewn-that-The results show that because of the added mass effects in water-eavironment, the

natural frequencies of the fin [decreaseL { Commented [A6]: Please discuss the major implications of the }
results here.

INTRODUCTION

Multilayer anisotropic structures haves wide-applications in areas-various fields
multiplayer anisotropic structures have wide applications in various
fields.
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power--plant component designs. #-is-Therefore, therefore-it is very important that the

modal and dynamic aralysis-properties of multilayer anisotropic structures when
subjected-to-under different loading conditions be-be clearly understood se-thatthey

rmay-besafelyused-in-these-for safe industrial applications.
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fluids are known to be different from the natural frequencies of those in vacuum. one such property.

Therefore, theprediction-ofpredicting the change in the natural frequency changes gue

teowing to the presence of the-a fluid is important for designing structures whieh-that
are in contact with or immersed in fluids. In general, the effect of the fluid force on the
structure is represented as an added mass, which lowers the natural frequency of the

structure from that which-would-be-measured in a-vacuum. This decrease in-the-natural

frequeney-of-the-fluid-structure-system-is caused by inereasing-an increase in the kinetic
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dynamic analysis of aquatic locomotion is a a-fundamental requirement parameterin
the-performance searchanalysis. In the case of swimming with-fins, the propulsive

efficiency depends on }several factors\. HMost previous models }suggested—aim@ atte

evaluatinge the dynamic performances, including the drag and lift, which are the two
relevant parameters relevantte-guantifingassociated with the propulsive efficiency of a

fin. Some previous studies have proposed -models that are essentially discrete are

essentiallyof diserete-type[1, 2], while otherss ;by-beinginspired-by-organsof
propuision-of-marinecetaceans;-use-have used continuous models based on the organs

of propulsion in marine cetaceans [3, 4]. \Most of these authers-studies dide not account

for the highly coupled nature of the preblemsystem (fin and fluid). afaetFor - ferthe

[rate\ of stresses observed in actual swimming, the coupling between the fluid and the-fin

[becomes strongerH

In this study, the [propulsive efficiency \of a swimming fin has been investigated.

GOVERNING EQUATIONS

The numerical formulations used hn the dynamic analysis of aguatic locomotion \include

the displacement formulation [5]], the-potential formulation [6], the-pressure

formulation [7], and t—he—)eembmax-ien—ef—seme—eicombination of multiple

formulationsthern [8]. The fFinite element method \is used to extract-obtain the natural

frequencies and modal shapes. To compute only the natural vibration modes of a-the
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fluid-atene, the fluid is typically described either by pressure or by-displacement
potential variables. When the fluid is coupled with a solid, standard methods te-selwe{d}
and-{(2}-censistininvolve eliminating either the pressure or the-displacement potential
[9]. However, in both cases, non-symmetric eigenvalues-preblems are obtained {see;
e-£5-[10]}. To aveid-overcome this drawbacklimitation, Morand and Ohayon intreducein

[6] introduced an alternative precedure-approach which-eensists-inthat simultaneously

solved for using-pressure and displacement potentials-simuttanesushy. In this section,
we summarize their approach; further details and-discussionscanbefoundon this

approach can be found in their book [11].

]In this studywerk, we bssumeconsider an amateur swimmer, where-the-seale-efwhose
velocity Uo is suppesed-te-beassumed to be verysmatnegligible compared te-with the
compression wave velocities cL in the fin. +rdeed-Ssome amateur swimmers have
noted that; when making foot movements at low frequenciesy, the-resonance
phenemenen-and buckling phenomena appearare observed. Ard-we-ecannetHowever,

this -explain-why-these-phenomena-tend-to-eceurcannot be explained, because the

natural frequencies of the fin, which-weuld-beas measured in the-vacuum, are higher
than theef-the beat frequency of an ankle,ferexample. In this study, we assume that

the swimmer does not disturb the free surface of the fluid domain. Fhisleads

toeTherefore, negleetthegravity-effectsthe effects of gravity can be neglected.

BThe dimensional analysis of coupled equations (\Navier:Stokes )eqaa-t—iens—and the
governing equations of nonlinear elasticity) of a fluid-—structure interaction model [12]

reveals-yields several dimensionless parameters. One of its dimensionless parameters,
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a=Uo/cL, is called the displacement parameter. The displacement parameter « allows

the eharacterizing-characterization of the the-nature of the coupling problem considered

in this studywerk. In the_case of the amateur swimmer, -hypethesiswhere Up < cL, we
can set the parameter a te-at a very low value and we-can-show that the convective
terms-and viscosity terms can be neglected ferin the fluid model [12]. We can also

assume thate assumption-ofsmal-deformationsforthethe deformations in the fin_ are

sufficiently small. The resulting model is called_an inertial coupling model [13]. The real
shape of the fin is giver-presented in Figure 1.; but-However, for the-sake-ofthe
simplicity, the problem is considered bidimensional (Figure 2), and the fin is immersed in
a large pool. The fin is modeled by-as a multilayer linear elastic transverse anisotropic
material. The different layers constituting the fin are denoted by Q; and have the density
pi. We denote by-ui-the displacement field in the fin_as u; -and p-the pressure field in the

fluid_as p. The sound celerity and density of the fluid are denoted by co and po, -derete

the-seund-celerityand-density-ofthe-fluid-respectively. The longitudinal axis of the fin is
denoted by x. The force F, as expressed in given+a-Eqg. (1), is used to describe the

motion of the fin. The orientation of the layers relative to the longitudinal axis x on the

fin is denoted by 8:-, denotestheorientation-offibersrelative to-the longitudinalaxiss

en-thefinanrd-takeswhich assumes the values 0°= or 90°98+-. Here, each layer is made of

either fiberglass or carbon fiber.
The use of the [ALE\ method is not essential in this study because the material is assumed
to be linear. In the frame attached to the fin, solutions to thepreblem-iste-find-(ui, p)

selutienscan be determined using the following formulations:
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(i) solid domain (Q):

?’u
ot?
o (u) =K (8) e (u;);

i

P55 =V o(u)+pF

(i) fluid domain (Qy):

1 o%p [1 }
— ===V | —(Vp-pF)|;
pocs OF Po( P~ PoF)

(iii) fluid—-solid interaction (I):

o(u)n=—pn,

o
[VP_POF]'HZ_POB_;'H;

(iv) other boundary conditions:

u=0 (L),
(Vp—pE]-n=0 (r;),

p=0 (Lur,ur).

IMODAL ANALYSIS OF COMPOSITE MONOFIN

MThe modal analysis of elastic submerged structures is reeded-required in every-all
modern constructions and has wide engineering-applications in engineering fields,
especially in ocean engineering. In this study, modal analysis is-was impertant
teperformed to predict the dynamic behavior of the submerged fin. fis-wel-kreown-that

Tthe natural frequencies of the submerged elastic structures are different-lower from

than those in vacuum. Fhe—eﬁeet—e#ﬂwd#e;ees—en—the—subme%ged—ﬁ;m

Y]

(2)

3)

(4)

|
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145  important te-consideration when calculating ealestate-the variations ef-in the natural

146  frequencies of the fin ferunder different situatisasconditions. FerTo this end, we

147  leekedatdetermined the modes of the fin in the-vacuum and water.

148 indeed;In general, -tetest-the quality of a fin is testeda by examining-itis-usuatte

149  seareh its quasi-static deformed shape and dynamic response in air. Here, we Fhe-aim is

150 to check-determine ifwhether the results of the tests carried-euteftheconducted in

151  water are strongly influenced by the presence of the surrounding fluid. In addition,
152 frequencies can have-contain accurate information in-on the dynamic behavior of the

153  system. By-Upon introducing the spaces-eftest function sgacess’v ={keH (Qs), k=0

154  (ro)}and ¢p€Q=H"* (Qy), }the weak-formulations efpresented in Egs. (1) and (2) ketdscan [Commented [A29]: Please define these variables.

155 be expressed as follows:

J o (u) :s(v)dx—wzj pu-vdx
0 o)

] ]

+ J pv-ndl =0,
r
(5)
J in- Vodx — J ﬁ;a'x
Q, Po o, PG
—wZJ u-npdl =0,
156 !
157  wWhere
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158

159 Inthe above equations, N1 is thea number of layers. Upon ulsing the Lagrange finite

160 elements, where un € P, x P> and phr € Py, the discretization of the weak formulation_in

61  Eq. (5) ireueesyields a non-symmetrical system:
K, B][U]_ .[M, O][U .
0 K,||P] =9 (M, M, [|P] @)

163  where U and P are the vectors of the nodal values for u and p, respectively. The

162

164  submatrices of the matrices presented in Eq. (7) are defined byas

VKU = J o(u): &(v)dx,
9]

]

' (8)

O'M,U =
165 g

fo—

pou-n¢dr,

166  where Vand ® are the vectors of the nodal values for k and ¢, respectively, and- Mq is

67  the added mass matrix (symmetric and positive definite{24}) [11]. The non-symmetric
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system (Eq. (7)) was solved using the commercial software COMSOLemset Multiphysics

(COMSOL, Inc.).
Two types of calculations were earried-eutperformed.- The first is-corresponds to when

the palm is plunged into the-vacuum, and the second corresponds to when it is plunged

into water. We give-belewpresent the results fer-of a model ef-for up to up-te-five layers
(N =5) and the natural frequencies in vacuum and water. The fibers of each layer are

arranged alternately along the two directions represented by the orthogonal axes x and

y of the mean plane of the fin. The parameters presented in Tables 2 and 4 show

demonstrate that the arrangement of layers has a strong influence on the natural
frequencies; and that the added mass decreases the natural frequencies. Figures 3 and 4
shew-demonstrate that the arrangement of layers has no influence on the coupled

modal shapes (Tables 1 and 3).

DYNAMIC ANALYSIS OF COMPOSITE MONOFIN

The dynamic preblem-analysis of the composite monofin was eenducted-performed

using the data prepesed-npublished in a previous study [14]. For this analysis, the fin is

subjected to combined translational and rotation motions. In this case, the quantity F

introduced in the model problem represented by Eq. (1) hasthe-expressioncan be

expressed as follows:

.2 . ¥ .
{xw (t) + ya (t) — h(t) sin [fw(t)]}1 )

y@? (t) — x@ (t) — h (t) cos [w (1))

ta

wWhere
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w (t) = B, sin (27ft),
(10)
h(t) = hysin (27ft — ),

Here, 8o = 40°s-, ) = /2, ho = 1c, f = 0.225 {Hz}, and ¢ = 0.7; c is the chord of the
profile, that is, -te-say;-the length of the fin. The phase 1 is introduced to model the
muscle dissymmetry.

fTo avoid a resonant frequency, the excitation frequency is taken-farenough-from

theconsidered to be considerably different from the first natural frequency of the

coupled system. h’he most relevant hydrodynamic parameters thatseem-mostrelevant
areis the total force R (= [T o(u)n dr) exerted on the fin during the movement phase.
The two components of R are; }Fespeetwew,—{the drag (D) and lift (L) of the fin. The

quantity T = -D is called thrust. Different types of #ypes-efmaterials are used in the

manufacture of the layers of existin-the-manufacture-ofthe fins. Throughout the model,

the thickness of the fin is fixed in advance. We use the same physical characteristics as
in the case of the modal analysis.
UBy using the same notation as before, the weak formulation of the boundary value

problem _as expressed in Egs. (1) and (2) is thea-writtendepicted as:

10
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2

e L, pu-vdx + Jﬂ o(u):e(v)dx

5

+J vand[“z—J pF-vdx,
r Q,

d’ pé :
ﬁ (J’n.f C_de + J; Pou n¢dl )

0

(11)

+ J Vp-Védx = J poF - Vodx.
Q Q,

f

[ln this section, we use aparticutarthe kinematics proposed in-previously [14, 15], even
#-though our models are not exactly similar. k-ndeed,—t—hem_e kinematics wit-allew-dsmay
allow us in-the-future-to develop a new experimental protocol for measuring various

hydrodynamic parameters of a fin. As the medelpreblemmodel problem formulated in

Egs. (1) and ~(2) is linear, it is irteresting-noteworthy to see-consider the different

contributions of each elementary movement in the dynamic response of the fin.
Dynamic Response in the Case of Translational Motion

fThe rotation w(t) is eaneeled-ignored, which renders and-the-movement isthen

sinusoidal along the direction y. Figure 5-shews-that Tthe two-layer model seems

appears to give-produce a greater thrust than the other models, as shown in Figure 5.

This is consistent with the results of the modal analysis, where thisis-the-firstthe two-
layer model that-has the lowest frequency. This type of movement is-retinterestingfor

thepropulsive-efficieney—tndeed it-leads to azereo-meana propulsive efficiency of zero

mean. On-the-etherhandHowever, we-see-a greater amplitude forthrust-compared-tois

observed for thrust than that for the-lift.

Dynamic Response in the Case of Rotation Motion

11
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The function h(t) is eanceled-ignored, which induces a and-the-movementwillbea

sinusoidal rotation to the movement around the foot. Aceerdingto-Figure7-theThe

two-layer model always-givesproduces a greater thrust than the other models, as shown

in Figure 7. But-by-eliminatingHowever, upon eliminating the results of this model in the

response curves, we can see that the five-layer model gives-achieves the best
performance. The three-layer model gives-produces a better lift cempared-te-than other
models. Thus, this type of movement provides a noteworthy propulsive efficiency-+ather
interesting. This phenomenon is also well-observed in the movement of marine
mammals. On-the-etherhandFurthermore, sueh-this movement can be interestingifyou

significant wantte-stay-stationary-at-eonepeositionfor a stationary position.

Dynamic Response in the Case of Combined Rotational-—Translational Motion.

ta-erderte-To have-obtain a reasonable performance of the system, we-must-combine

beththe translational and rotation motions must be combined and take-the-full

expression-of-the excitation force F must be expressed in its entirety. In this

case,Acecordingto-Figure-9,- tthe two-layer model ahwaysgivesproduces a greater thrust

than the other models. In general, the three-layer model seems-appears to give-achieve

a better eempromisebalance between thrust and lift. rdeedHtsThe thrust remains

positive all the time, while its lift is-efattains a negative value, which renders it less

important -ard-hastessimportance-than the other models. It is possible that by varying
some physical parameters, we can significantly reduce certain hydrodynamic quantities,
such as the-moment and lift.

CONCLUSIONS

12
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Finally, the-abeveresultsallewustowe draw seme-the following conclusions from the

results above.-

(i)

(ii)

(iii)

The presence of layers provides some flexibility as indicated by the results of

modal analysis. The first mode is flexural type, which justifies the use of the

models proposed in_a previous study [1].

Fins with-made of anisotropic materials structures-allow implementing

implementation of a-technigue-eftayerslayer parameterization, which-te- can

improve the performance_of the fin. {isguite pessible-row-to-bringspecial

attentionThis study highlights the significance -te-of the structure of the

layers and types of constituent materials thereof.

The sensitivity of the dynamic behavior of the model with respect to the
materials used and the-boundary conditions for the fluid domain should be
noted. trdeed;theThe presence or absence of rigid walls alters-significantly

alters the natural modes of the coupled system. Thus, the dynamic behavio

r

of a swimmer depends on the |ocalization in the pool where it is at the given

moment. h’o obtain a better thrust, the fin haste-bemust be elastic and has

to-beseughtatleastmoved in rotation. The amplitude of the vertical

translation must be controlled to avoid a-teen exceptionally high lift; in-and

to erdertoremain-atmaintain a constant depth. The use of multilayer fins

allews-enables the control ofling an-excessive variations of the lift (Figures 6,

8, and 10).

13
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(iv) [Most experimenttalsresultswe-know-[16,17] are mainly-interested

#primarily focused on the kinematic aspect of the mechanical

preblemdynamics of fins. Nevertheless, the results obtained in-the-case-of
afor a rigid fin [14] alloweéd us to have a basis for comparison. We found that

the dynamic responses curves are-were similar for different models but with

different amplitudes. These differences in the results ebtaired-can be
explained by the type of models used (rigid fin and flexible composite fin).
[In this paperstudy, the-a modal and dynamic analysis is prepesed-performed to
accurately understand the behavior of a flexible composite fin-with-a-geed-aceuracy. I—'Fhe

publications-intheliteratures dealwith-the behaviorof finsMany studies have been

conducted on the behavior of fins; however, few-authers-have-notstudied-thefew

studies ease-efhave investigated the case of coupled boundary conditions [18]. )I-t—fs—fer

thisHence, reasen-this study was conducted en-upon the request of a company

specializing in the design of fins in-erderto determine ways of impreve-improving the

propulsion of a flexible composite [fin\.
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