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ABSTRACT

Flexible tail fins are commonly found in undulatory swimmers which can propel freely in omni-direction with flapping-wing-based propul-
sion. In this work, the hydrodynamic performance of an unconstrained flapping foil equipped with a flexible tail fin at different length is
investigated numerically. As the fin length Ly, changes from 0.2¢ to ¢ with ¢ being the cord length, the propelling speed of the system first
increases and then decreases after maximum propelling speed is achieved when the fin length is 0.8c. There are two kinds of wake vortical
structures observed with bending stiffness k, = 2.0: (i) the regular reverse Bénard-von Karman vortex configuration for foil with short fin
and (i) the aligned vortices with two-layered street at downstream for foil with long fin (Ls, > 0.6¢). Control volume analysis reveals that
for both types of vortical structures, the time-averaged thrust force is mainly related to the momentum flux contribution from the down-
stream face. Besides, the wake symmetry of a pitching foil with flexible tail fin is sensitive to the vertical phase velocity of vortices, where it
can be used to predict whether the wake symmetry of the unconstrained system is preserved. Moreover, the bending stiffness effectively
affects the hydrodynamic performance, and the breaking of wake symmetry greatly reduces the propulsive efficiency. The results obtained
shed some new light on the role of flexible structures in the self-propulsive biological system and furthered our understanding of flexible self-
propulsion system.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0077312

I. INTRODUCTION

The propulsion mechanism of a biological flapping-wing system
has received much attention recently due to the rapid development of
autonomous underwater vehicles (AUVs) for modern subocean opera-
tions. Within the biological flapping-wing system, the flexible struc-
tures play one of the most important roles, for instance, the tail fin of a
swimming fish, bacteria propulsion, and the wing flapping motion of
birds. The flexible fin/wing of a self-propelled system often shows a
considerable deformation during swimmer flapping motion,"” which
is passively controlled by the surrounding flow. The role of flexible
structures in the self-propelled system always fascinates human, where

extensive studies that have focused on the hydrodynamic performance
of flexible structures have been carried out.” '* The flexible structures
can enhance the performance of a tethered flapping system, such as
promoting thrust generation'””’ and increasing propulsive
efficiency.”’ ** The biological flapping-wing system coupled with flexi-
ble structures is a general form of self-propelled system, where scien-
tific investigation of such system can not only reveal the propulsion
mechanisms of such system, but also be applied in designing bio-
inspired propulsors.”

Several studies™ have demonstrated that the flexible part of bio-
logical system can generate considerable advantage, ie., high

Phys. Fluids 34, 011901 (2022); doi: 10.1063/5.0077312
Published under an exclusive license by AIP Publishing

34,011901-1


https://doi.org/10.1063/5.0077312
https://doi.org/10.1063/5.0077312
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0077312
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0077312&domain=pdf&date_stamp=2022-01-04
https://orcid.org/0000-0003-0825-0883
https://orcid.org/0000-0001-5891-9579
https://orcid.org/0000-0002-4352-1450
mailto:mpeshuc@nus.edu.sg
mailto:wanmp@sustech.edu.cn
https://doi.org/10.1063/5.0077312
https://scitation.org/journal/phf

Physics of Fluids ARTICLE

propulsive efficiencies, than the rigid structures. It triggers many inves-
tigations onto the pitching foil with flexible flaps,”” *"** *’ which can
be regarded as the rigid part and flexible part of a biological system.
These studies revealed that the flexibility can influence the flow field
and the hydrodynamic forces of the rigid part. Heathcote and
Gursul”' reported that the propulsive efficiency is associated with the
vortical strength of leading-edge vortex (LEV), Strouhal number (St),
and pitching phase angle, where the optimal St and pitching phase
angle to achieve peak efficiency are 0.125 and 95°-100° in angle,
respectively. Dewey et al."” claimed that the pitching foil with flexible
panel increases thrust generation and propulsive efficiency when com-
pared to those with rigid panels. Besides, they found that there are two
criteria required to achieve maximum propulsive in a system: (i) opti-
mal range of the Strouhal number and (ii) the resonance between flap-
ping frequency and natural frequency of the system. Shinde and
Arakeri™® investigated the flapping foil with flexible flap in the absence
of a uniform inflow, revealing that the flexible flap is capable of sup-
pressing the wake meandering and increasing the St with coherent
orderly backward jet. In a subsequent work, they’” revealed that the
flexible structure can be divided into “activeportion” and
“passive portion.” The momentum and kinetic energy of wake flow are
enhanced by “active portion,” while the “passive portion” dominants
the position where the vortex sheds. It is worth mentioning here that
LEVs are not found in the experiment work performed by Shinde and
Arakeri,”” but LEVSs are reported in previous studies’’ > to signifi-
cantly enhance the trust. David et al.” discovered that the addition of
a tethered rigid pitching foil with a flexible flap can further increase
the efficiency by approximately three times when the dimensionless
bending coefficient R* is close to 0.01, and the peak thrust enhance-
ment is achieved when R* ~ 8. He et al.” investigated the effect of
flexible flap on the aerodynamic force and flow structure of an airfoil
at high angle of attack. They showed that the vibration amplitude
Strouhal number St, linearly increases with the Reynolds number and
the wake width Strouhal number St,, was found to be in the range of
0.14-0.21, implying that the wake flow belongs to the bluff-body wake.
Alaminos-Quesada and Fernandez-Feria™ investigated an active
deformed body followed by a flexible fin with a precribed deformation
motion. Kurt et al.” studied the hydrodynamic performance of two
staggered non-uniformly flexible foils at various arrangement, where
they found that the efficiency and thrust are further enhanced with an
increase in spacing ratio.

In nature, flapping-wing-based propulsive system can freely pro-
pel in omni-direction, but most studies that are available in literature
placed their focus on the system composed of a tethered pitching foil
with flexible flaps/panels, constraining it at a fixed position. Hence,
despite a growing amount of works on system with a tethered pitching
foil with flexible flaps/panels, these studies cannot accommodate all of
the dynamic complexity of the real biology (flexible structure)-fluid
interactions. There is little investigation on the hydrodynamic perfor-
mance of self-propulsive unconstrained flapping foil with flexible tail
fin, which can better mimic the characteristics of a true aquatic animal
propulsion. In the present work, we investigate the hydrodynamic
behaviors of a self-directed pitching foil with a flexible tail fin by vary-
ing the normalized length and dimensionless flexibility of the tail fin
as these two parameters have important influences on the hydrody-
namic forces and flow field."””" In addition, the model (see Fig. 1)
adopted in this study allows the pitching foil with flexible tail fin to
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FIG. 1. Schematic view of the simplified model adopted. h is the thickness, ¢ is
chord length, L, is the length of flexible tail fin, and : is the instantaneous pitching
motion.

freely propel in horizontal and vertical direction, allowing better repre-
sentation of a true aquatic animal propulsion. This work aims to
address the usefulness of a large passive deformation of flexible tail fin
to self-propulsive hydrodynamic performances. The paper is orga-
nized as follows: the problem description and methodology are
provided in Sec. II. Numerical results are presented and analyzed in
Sec. 111 followed by conclusions in Sec. IV.

Il. PROBLEM DESCRIPTION AND METHODOLOGY
A. Simplified model

The animal body is simplified as a rigid foil with a semicircular
leading edge, while the flexible fin is simplified as a two-dimensional
flexible flag clamped at the foil end, as shown in Fig. 1. The computa-
tional domain is 75c¢ x 50c with Newmann boundary condition
(Ou/dn = 0) being applied on all boundaries, where the region of
45¢ x 10c is discretized by the uniform Cartesian grid with a mesh size
of Axp,ig = 0.01c. Here, ¢ is the chord length. Besides, the flapping foil
and the flexible fin are discretized by uniform Lagrangian points with
the spacing of Ax,,4 = 0.015¢. The rigid foil pitches around the semi-
circular center with a simple harmonic pitching motion,

o(t) = oy, sin (27ft), (1)

where o(t) is the instantaneous pitching angle, o, is the pitching
amplitude, and fis the pitching frequency.

B. Governing equation of flexible tail fin

The non-dimensional governing equation of motion’"" for a
flexible fin with gravity force being neglected can be expressed as

»’PX 0 19).¢ o? X
ﬁﬁ*a(w(s)g> _@(kbﬁ) + Fy, (2)

where [§ is the mass ratio between fin and fluid, and s is the
Lagrangian coordinate along the flexible fin. X(s, t) = (x(s,t),y(s, t))
is the position of Lagrangian points along the flexible fin, w(s) is the
non-dimensional tensile stress obtained from inextensibility constraint
condition, kj, is the non-dimensional bending coefficient, and Fy is
the non-dimensional hydrodynamic force applied on the flexible fin
by the surrounding flow. Since the flexible fin is clamped on the foil
end, the position X, velocity U, and the first derivative 9X/Js of the
fin’s fixed end should be updated accordingly. The boundary condi-
tions imposed on the flexible fin can be expressed as follows:
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At fixed end,
X = Xfoilenda
U= Ufailend> (3)
X
%—5 = (cosa(t), sino(t)).
At free end,
2*X
FERa
ox_ @
o3
t(s) =0.

The dimensionless parameters appearing in Eq. (2) are defined
as follows: k, = B/(psU%cL;,), o(s) = Q(s)/(psUpsLsin), B = ps/
( prﬁ,,). Here, B, Q(s), and p represent the dimensional bending stiff-
ness, tension force, and linear density of the flexible tail fin, respec-
tively. In this work, the mass ratio f§ is fixed at 1 to investigate the
effect of fin length and bending stiffness on the propulsion of a freely
flapping foil. The numerical method to solve the behavior of solid
structure follows the previous work proposed by Ma et al.”” Besides,
the methodology for fluid-structure coupling follows previous studies,
and details about the numerical process can be found in the
literature.” ™

C. Governing equation of self-propulsion

As mentioned previously, the flapping foil is allowed to propel in
the horizontal and vertical directions, where these motions can be
described with the Newton’s second law as follows: "’

v

where W is the position of the flapping foil in both horizontal and verti-
cal direction and F is the hydrodynamic force exerted on the foil surface
by the ambient fluid. m = p,;A is the mass of the pitching foil, where
Pfoi is the area density of the foil and A is the area of the foil. Here, the
area density of the foil is set equal to the fluid density as the mass ratio is
not the focus of this work. The position and the propulsive speed of the
solid system are obtained by adopting a trapezoidal rule and a forward
differencing scheme, respectively, where they can be written as

t+At e A t+At F

XA = x +7(u +ul), WM =y +;At, (6)
where u = (u, v) is the propulsive speed of the system, and At denotes
the time step. As shown in Fig. 1, the negative x direction is defined as
the propulsive direction. Important characteristics of the system to
quantify the self-propulsive performance such as (i) time-averaged
horizontal propulsive speed and (ii) time-averaged vertical propulsive
speed are computed as follows:

1 (T 1 (T
u:TL udt, V:?Jo vdt. (7)

The propulsive efficiency of a system is the ratio of the averaged
kinetic energy obtained from the pitching motion by foil (Ex) to the

scitation.org/journal/phf

averaged power consumption in one pitching period (P), and it can be
expressed as
Ej
=_* 8
n=%r 8
where P is given as P = LfT(M(doc/dt))dl‘ and Ej is defined as

BEo=L (T2 2dT°
=1 Gm(? + 7).

D. Governing equations

A lattice Boltzmann flux solver (LBFS)"' for weakly compressible
flow is adopted to simulate incompressible viscous flows. The mass
and momentum conservation equations for incompressible flow are
written as follows:

V-u=0, (9a)
Ou 1 )
—+4+u-Vu=—-—Vp+rv -Vu+f, (9b)
where pris the fluid density, u is the flow velocity, v is the kinematic
viscosity, p is the pressure, and fis the forcing exerted by the solid sys-
tem on the fluid. The interaction between the solid system and fluid is
resolved by the explicit velocity correction based on the immersed
boundary method.”*** More details on the numerical methods can be
found in our previous works."" **

E. Nondimensional parameters

The Reynolds number based on the characteristic velocity and
chord length can be expressed as
Re = M7 (10)
v
where Reynolds number is kept constant at 200 in this study. In addi-
tion, the thickness-chord ratio (h/c) is kept constant at 0.1. The non-
dimensional length (L = Lg, /c) characterizing the length of the flexi-
ble fin varies between 0.2 and 1.0 in this work as this range covers
most of the biological characteristics of available aquatic animals.
Moreover, the length, time, propulsive speed, force, and vortex circula-
tion are normalized by ¢, ¢/ Uref> Urep %pf Ufe ¢, and Uref G respectively.
Since the physical properties of flexible tail fin is the main focus of
this study, the dimensionless flapping parameters of f=2.0 and o,
=mn/18 are employed. Table I shows the selected parameters
employed in present work.

F. Validations

Code and numerical methods validation is carried out by repeat-
ing the work of Lin et al™* on the hydrodynamic performance of an
unconstrained pitching foil (see Fig. 2), propelling in both horizontal

TABLE |. The specific values of the controlled parameters applied in current
investigations.

Dimensionless parameters Values

Normalized length L
Bending stiffness k,,

0.2,0.4,0.6,0.8,1.0
0.01,0.05,0.5,1.0,1.5,2.0,2.5,3.5,5.0
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FIG. 2. Sketch view of an unconstrained pitching foil for validation.

and vertical directions in the absence of a uniform inflow. The param-
eters shown in Fig. 2 are the same as in the simplified model described
in Sec. IT A. Figure 3 shows that the results obtained from the present
simulation methods agree well with the numerical results obtained in
Lin et al.”

The numerical code is also rigorously tested for studying the
deformability of the flexible structure under surrounding flow, where
the numerical results were validated against experimental results.”” As
shown in Fig. 4, the present numerical results agree very well with the
experimental data obtained by Kim et al.*” in predicting the transverse
displacement of the flag’s free end.

lll. RESULTS AND DISCUSSION
A. Effect of the normalized tail fin length

In this section, the effect of the tail fin length on the hydrody-
namic performance of flapping-wing system is numerically investi-
gated, where the tail fin length varies and the non-dimensional
bending stiffness k is fixed.

1. Propulsive speed

First, the hydrodynamic performances of the foil with elastic tail
fin and the foil with a rigid fin at various L are studied by comparing
their propulsive speed, as shown in Table II. The cycle averaged hori-
zontal speed is found to increase initially before decreasing as the fin
length increases from 0.2 to 1.0. The peak cycle averaged horizontal

(@) (b)

ARTICLE scitation.org/journal/phf

(@) ()

151 Present
° experiments, Kim et al.(2013)

WL

FIG. 4. (a) The flapping profile of inverted flapping flexible flag and (b) comparison
of time histories of the transverse displacements of an inverted flexible flag in the
case of (Re =200, k, = 0.1, p = p,/p;L = 2.9).

TABLE II. The cycle-averaged propulsive speed of foil with elastic fin and foil with
rigid fin at various L. For bare foil, u = 0.31 and v = 0.

L 0.2 0.4 0.6 0.8 1.0

u  Foil withrigid fin ~ 0.55 0.94 1.23 1.55 1.61
Foil with flexible fin  0.73 0.82 1.57 1.83 1.77

v Foil with rigid fin 0 —-0.05 —0.08 —-0.25 —-0.30
Foil with flexible fin 0 0.11 0 0 0

speed is found to occur at L =0.8. In contrast to elastic tail fin, the u
and v in foil with rigid fin tend to increase continuously with an
increase in fin length, and it takes significantly more stokes to reach
steady propulsion state than foil with flexible fin. It should be noted
that & and v of the foil with rigid fin cannot reach a constant in pre-
sent computational domain when L > 0.6; hence, the maximum
cycle-averaged speed of those cases is given in Table II. More impor-
tantly, the horizontal speed of the foil with flexible fin is generally
larger than the system with a rigid fin of the same length with the
exceptional of L= 0.4, implying that the flexibility of tail fin is much
more beneficial for the propulsion. The relatively low horizontal speed
obtained for the flapping foil with elastic tail fin at L =0.4 is partially
attributed to the asymmetric wake structures, and they will be

1.5
e Zﬁzx i’ Present, f=1.0, o, =1/9 4L ——— Present, f=1.0,0,=1/9
o Linetal 02) F 12 ———— Present, f=2.0, o, =n/I8 ———— Present, f=2.0,0,=1/18
0.6[ o Linetal 202D F o Linetal (2021), f=1.0, o, =9 o Linetal (2021), f~L0,0,, =9
: L 1+ o Linetal 2021), f=2.0, 0,=/18 o Linetal (2021), f=2.0,00,=/18
ponosostnmg,
Lo~ N 40 2t
0.3F o 0000000

FIG. 3. Comparisons of time histories of (a) thrust and lift force of a single flapping foil in the case of (Re =200, f=1.0, «,,, = =/9), (b) horizontal propulsive speed, and (c)
vertical propulsive speed of a single foil with various flapping parameters in the cases of (Re =200, f=1.0, o, = n/9 and Re =200, f=2.0, o, = 7/18).

Phys. Fluids 34, 011901 (2022); doi: 10.1063/5.0077312 34,011901-4

Published under an exclusive license by AIP Publishing


https://scitation.org/journal/phf

Physics of Fluids ARTICLE

) ()

=14 =30 — '\ Y XX

=12 f==4)) \ Y
v @@m »
V3

T4 =) SN
%) V4
/
f el =[N

—' Y Y X X Y
e—rg\nvmw
&9.!6"."" u [

/7
==\["%%"%",

scitation.org/journal/phf

(@) N @

T R N R TR N |
0 0.1020.3040506
vT

FIG. 5. The instantaneous vorticity contour for (a) the bare foil, (b) the foil with rigid fin at L =0.2, and (c) the foil with flexible tail fin at L = 0.2. (d) The time evolutions of the

circulations of the vortices shown in black frames of (a)—(c).

discussed in Sec. III A 3. Besides, the cycle-averaged vertical propulsive
speed of the foil with elastic fin is zero for all fin length with the excep-
tional of L = 0.4. Also noteworthy is that the flexible fin is beneficial to
preserve the wake symmetry, which can enhance the horizontal pro-
pulsive speed of the system and ensure the foil propels in straight
direction. On the other hand, the system with rigid fins cannot effec-
tively suppress the breaking of wake symmetry, and it also cannot
keep a straight-line motion when L > 0.2.

2. Flow field

The wake vortex street of flapping foil with flexible tail at L= 0.2
is compared to bare foil and rigid tail fin to understand the role of flex-
ible fin, as shown in Fig. 5. The vortex street of the foil with flexible tail
fin is much longer compared to the other two systems and the vortex
street of the foil with flexible fin dissipates more slowly than the rest.
Besides, the foil with rigid fin generates larger vortices than the bare
foil.

The time evolutions (a period of 0.6 T) of the vortex circulation
(I' = | J.w.ds) within the black square boxes shown in Figs. 5(a)-5(c)
are shown in Fig. 5(d) to quantitatively determine the vortex strength
by applying the Stokes’ theorem. The size of the black box is chosen to
be 60, X 60y, where ¢, and o, are obtained by using the Gaussian fit,
exp(—x?/a?). The center of the boxes is characterized by the maxi-
mum absolute value of vorticity. It is clear that the circulation of the
foil with elastic tail fin is significantly larger than the other two sys-
tems. Besides, the strength of the vortices decreases with time due to
the viscous dissipation occurred in all systems, and the absolute values
of positive and negative circulations generated in the same cycle are
almost identical. Figure 5(d) shows that the cycle-averaged horizontal
propulsive speeds obtained from all cases are highly correlated with
the vortical strength, echoing the finding from Zhang et al."* The ani-
mation of the pitching foil with flexible tail fin can be found in Fig. 6
(Multimedia view), where it shows the exceptional performance when
compared to the other two systems.

To reveal the mechanism behind the hydrodynamic performance
of the self-propelled foil with flexible tail fin, the wake properties of the
system at various L are investigated. Figures 7 and 8 show the instanta-
neous vorticity contours and the time-averaged horizontal velocity
contours of the system with flexible tail fin at various L, respectively. It

is evident that the direction of the wake jet is associated with the vortex
structures, and the symmetry breaking of the wave vortex street can
either be inhibited or triggered, depending on the fin length L. At
L=0.2, the vortical strength of the wake is enhanced by the flexible
fin, and a regular reverse Bénard-von Kdarman (rBvK) is formed with
a clear backward jet. At L = 0.4, the wake symmetry is preserved in the
first 20 cycles [see Fig. 7(b)] before symmetry breaking of rBvK occurs
[see Fig. 7(c)] and the strength of backward jet is enhanced. Therefore,
the horizontal propulsive speed is enhanced based on the Newton’s
third law. At L= 0.6, the wake symmetry is preserved again and the
vortices tend to be aligned at almost the same height, with rBvK
almost disappearing. Surprisingly, a two-layered vortex street is
formed in the wake downstream [see Fig. 8(d)], which prevents the
aligned vortices from moving downstream. Such a two-layered vortex
street is caused by the spacing ratio h/a between the wake vortices
being greater than 0.365,"* where h denotes the distance between the
two vortex rows, and a is the spacing of the vortices with same sign. In
addition, the unconstrained pitching foil with rigid tail fin only gener-
ates the rBvK vortex street with deflection backward jet at L =0.6. At

Bare foil

(—=1]]

Foil with rigid fin (L=0.2)

=t ) s

Foil with flexible fin (L=0.2)

="¢%%9,'

FIG. 6. The propulsive performance of the bare foil: the foil with rigid tail fin at
L=0.2 and the foil with flexible fin at L =0.2. Multimedia view: hitps://doi.org/
10.1063/5.0077312.1
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FIG. 7. The instantaneous vorticity contours (a)—(f) of system with flexible tail fin at various L at t = 1/4T and 3/4T: (a) denotes this system at L =0.2, (b) is the symmetric
stage of this system at L = 0.4, (c) presents the steady asymmetric stage of this at L = 0.4, and (d)—(f) show this system at L = 0.6,0.8,1.0, respectively.

L=0.8, the vortical strength of the two-layered vortex street at wake
downstream is further enhanced. At L = 1.0, the strength of the two-
layered vortex street at wake downstream weakens and more aligned
vortices exist between the system and two-layered vortex street; the
horizontal propulsive speed is slightly lower than the system simulated
at L=0.8. It should be noted that, when the foil with flexible fin
achieves steady propulsion, the time-averaged horizontal hydrody-
namic force applied on the solid surface is zero.

The two layer vortex street at downstream of self-propelled system
has not been reported or discovered in earlier works. One possible
explanation on the lack of two layer vortex street observation is due to
the tethered flapping-wing model employed in their work that con-
strained the rBvk vortex street to form only coherent backward jet. For
instance, Shinde and Arakeri’®*’ discovered three kinds of backward jet
in the absence of free stream flow, which are formed by the rBvK in the
tethered flapping foil with flexible flap. David et al.”” showed that the
vortical strength of the rBvK configuration induced by the tethered
pitching foil with flexible trailing edge flaps in a uniform flow dominates
the thrust generation. To compare the hydrodynamic performance
between unconstrained system and constrained system, the intrinsic

(b) L=0.4 (pseudo symmetrical stage)

properties of the constrained system at L=10.6 and 0.8 are examined
shown in Fig. 9. The comparison between the two systems shows the
constrained system generates a rBvK vortex configuration with wake
symmetry breaking and a deflected backward jet. It implies that the con-
strained system is prone to trigger the wake symmetry breaking, and the
thrust is generated by the reaction force of the wake flow.

Moreover, Shinde and Arakeri”” reported that the LEVs are not
observed in their experiment, but our simulations clearly show that
there are abundant vortex structures induced by the forward propul-
sion in the boundary layer around the pitching foil. In this sense, the
tethered pitching foil has several limitations when it is used to investi-
gate the effects of flexible structure on the flapping-wing-based propul-
sion, while the simplified model adopted here is capable of mimicking
the real biological self-propulsion.

To investigate the influence induced by wake vortical structures
at steady propulsive stage, we analyze the integral form of momentum
equation for a moving, non-deforming control volume (CV)
around the swimmer, as shown in Fig. 10. At any instant, the linear
momentum equation for a moving CV with constant velocity can be
written as

(¢) L=0.4 (asymmetrical stage)

(a) L=0.2

1 1
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FIG. 8. The time-averaged horizontal velocity contours of system with flexible tail fin at various L. (a) denotes this system at L = 0.2, (b) is the symmetric stage of this system
at L=0.4, (c) presents the steady asymmetric stage of this at L = 0.4, and (d)—(f) show this system at L = 0.6,0.8,1.0, respectively. The green frame denotes the flapping pro-

file in a pitching period.
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FIG. 9. (a) The instantaneous vorticity contours of the system (tethered pitching foil with flexible tail fin) at L = 0.6, (b) the time-averaged horizontal velocity contour of the sys-
tem at L = 0.6, (c) the instantaneous vorticity contours of the system at L =0.8, and (d) the time-averaged horizontal velocity contour of the system at L =0.8. It should be
noted that the positive x direction is defined as the velocity direction for the tethered cases.
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FIG. 10. Schematic view of the moving control volume around the swimmer at the initial time instant.
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where uis the horizontal flow velocity, the first term denotes the rate
of momentum change in the moving CV (the temporal derivative of
the momentum content), and second term represents the momentum
flux through its four control surfaces.

Here, the moving velocity of the CV is set as the time-averaged
horizontal propulsive speed. We carried out the above CV analysis to
the systems with fin length L=0.2 and L=0.6. Figure 11 shows the
temporal variation of the three terms in Eq. (12) and the momentum
flux contributions of four control surfaces, which clearly shows that
two kinds of wake vortical structures induce different characteristics of
momentum content and momentum flux variation. The time deriva-
tive of the momentum content in CV (the unsteady term) shows peri-
odic variation with zero mean, indicating that the horizontal time-
averaged force acting on the CV depends on the time-averaged
momentum flux contribution through its four faces.

For the rBvK vortex configuration in the L=0.2 case, the
momentum flux on face D varies periodically, and its magnitude is sig-
nificantly larger than the fluxes of other faces, with momentum fluxes
at the other three faces close to zero. Meanwhile, for the aligned vortex
configuration in the L = 0.6 case, the rate of momentum change and
the momentum flux both fluctuates significantly. The total momen-
tum flux is mainly contributed from the momentum flux of the down-
stream face D, with a small portion from upstream face C, while the
contribution from the upper and lower face is almost zero. The total
momentum flux contribution in the CV for the L = 0.6 case is larger
than that of the system with L=0.2, resulting that the net force
applied on the CV is promoted. According to the Newton’s third law,
the thrust force of the flapping foil with flexible fin L=0.6 is
enhanced, promoting the propulsive speed.

2
i == 0 oEeewsee unsteady term
.................. ﬂ” X ferm
1F ————— force term

E L 1 L L L
0 02 04 _06 08
vT
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3. Wake symmetry

As previously described, most of foils with elastic tail fin exhibit a
zero cycle averaged vertical propulsive speed except for the case with
L = 0.4, which produces a relatively large vertical speed and asymmetric
wake structures with dipole vortices, as displayed in Fig. 7(c). Wake
deflection of the flapping foil has been reported in previous studies,”” ™
and some criteria about the wake deflection are proposed. To better elu-
cidate the mechanism of wake transition of this system, the vortex
dynamic quantities at various L are examined. Considering the dipole
vortex structures to appear, the two vortex pairs in the black frames (see
Fig. 7) in a period of 0.6T are tracked. Here, the effective phase velocity
is adopted to characterize the wake symmetry property, which can be
obtained by the dipole model.”’ The dipole model is shown in Fig. 12,
and the effective phase velocity U; can be expressed as

U; = Udipule + Uphase cos ,87 (13)

where Uppase and Vg are the averaged horizontal and vertical veloc-
ity of the two vortex centers, respectively. Ugpoe = I'/(27&) is the
translation velocity of the dipole structure, in which I" is the circula-
tion of the dipole obtained by averaging the circulation value of the
two vortices in the dipole in the yellow frame, as shown in Fig. 12.
Following previous works,"””” the yellow frame sizes along the x and y
directions are 20, x 20,, where g; (i = x, y) is obtained by using the
Gaussian fit, exp(—x?/6?), and along x and y axes centered on the vor-
tex center. f§ is the orientation angle between the direction of Ugipose
and the horizontal direction. ¢ is the angle between vortex center lines.
The wake vortical quantities of this system at various L are presented
in Table IIT.

(b)

A
08 @000 eeeew B
E e c

FIG. 11. (a) and (b) show the time-evolutions of the terms in Eq. (12) and the momentum flux contributions from CV four faces when L = 0.2, respectively; (c) and (d) show
the time-evolutions of the terms in Eq. (12) and the momentum flux contributions from CV four faces when L = 0.6, respectively.
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FIG. 12. A schematic illustration of two dipoles formed by the selected vortices.

A symmetry breaking condition (U; < 0) was first proposed by
Godoy-Diana et al.,”” where subsequent work™’ found that wake will
main symmetric if Uy, and Uy, in the dipole model are almost identi-
cal. In Table I11, the difference between two effective phase velocities
of this system, except at L= 0.4, is almost zero, which indicates that
the wake symmetry will be preserved for these cases, as shown in
Fig. 7. For the normalized tail fin length at L =04, the difference
between two effective phase velocities is quite large, and the dipole
vortex structures emerge, which is consistent with the criterion.”””*

To better understand the reason behind the wake breaking found
at L = 0.4, why the symmetry of the wake of this system at L =0.4 is
broken, the vortex dynamic quantities of wake vortex structures from
symmetric stage to asymmetric stage are analyzed and tabulated as
shown in Table V. It should be noted that when t/T = 10, the circu-
lations of two vortex pairs are 1.63 and 1.51, respectively, where they
are larger than other cases. In addition, the difference increases as
Viphase increases due to the circulation of the vortex pairs of this partic-
ular system at L = 0.4 is large, where small perturbation will enhance
the difference between the two effective phase velocities. The

TABLE lll. The values of physical quantities of vortices for foil with flexible tail fin at various L. U’

ties and horizontal and vertical phase velocities of two dipoles, respectively.

ARTICLE scitation.org/journal/phf

importance of vertical phase velocity Vjyqs. of vortex pairs in breaking
the wake symmetry can be seen through the comparison of Tables II1
and [V, where the difference between vortex center is increased with
an increase in Va4, contributing to the breaking of wake symmetry.
Previous studies’””*”” have adopted the balance of two effective
phase velocities to verify whether the wake symmetry is preserved.
However, it is a posteriori model which only concentrates on the bal-
ance breaking and does not provide much information on the mecha-
nism behind the destruction of the balance. Thus, previous dipole
models are insufficient to predict the break of wake symmetry of the
unconstrained system. In the present study, the detailed vortex
dynamic quantities demonstrate that the vertical phase velocity Vipase
of vortex pairs is an important indicator in predicting whether the
wake symmetry of the unconstrained system will be broken, even in a
pseudo symmetric state where the two effective phase velocities U, are
almost identical. The critical value of vertical phase velocity Vipas
inducing the wake symmetry breaking warrants further investigations.

B. Effect of the bending stiffness

In this section, the effect of the bending stiffness on the hydrody-
namic performance of a pitching foil with flexible tail fin is studied,
and a fixed normalized fin length L = 0.6 is adopted.

1. Propulsive properties

The cycle-averaged horizontal propulsive speed i, cycle-averaged
vertical speed v, averaged normalized power consumption P, and nor-
malized propulsive efficiency # of the pitching foil with elastic fin at
different bending stiffness k; are shown in Fig. 13, indicating that the
hydrodynamic performance is affected by the flexibility of tail fin.

As the k;, is in the range of 0.5-2.5, the horizontal propulsive
speed # and the power consumption P showed a downward trend

o1 U;z, Uphasets Uphase2, Vphaset, @nd Vg2 denote the effective phase veloci-

L U;1 U;z l—‘1 1—‘2 Uphasel Uphasez Vphasel Vphasel fl 52 ¢ (deg)
0.2 0.42 0.40 1.33 1.20 —0.29 —0.25 0 0 0.38 0.36 119.89

0.4 0.23 0.46 1.55 1.26 —0.38 —0.33 0.38 0.33 0.56 0.33 119.24

0.6 0.53 0.51 1.36 1.29 0 0 0 —0.04 0.41 0.40 151.26

0.8 0.49 0.52 1.17 1.13 0.13 0.21 —0.04 0 0.40 0.38 205.30

1.0 0.49 0.48 1.29 1.24 0.04 0.13 0 0.04 0.42 0.41 180.00

TABLE IV. The values of vortex dynamic quantities of foil with flexible tail fin at L = 0.4 in different stages.

t/ T U;l U;Z I I Uphasel Uphasez Vphasel Vphasez él 62 (b (deg)
10 0.49 0.49 1.63 1.51 —0.29 —0.25 0.04 0 0.41 0.38 119.73

15 0.50 0.51 1.69 1.49 —0.29 —0.25 0 0.04 0.42 0.37 120.91

20 0.47 0.51 1.67 1.51 —0.29 —0.29 0.12 0.12 0.43 0.36 119.90

30 0.36 0.47 1.62 1.35 —0.25 —0.38 0.13 0.13 0.52 0.33 117.11

40 0.31 0.52 1.56 1.27 —0.25 —0.25 0.25 0.13 0.56 0.32 119.27

50 0.23 0.46 1.55 1.26 —0.38 —0.33 0.38 0.33 0.56 0.33 119.24
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FIG. 13. The value of (a) cycle-averaged horizontal velocity , cycle-averaged vertical velocity v, (b) averaged normalized power consumption P /P, and averaged normal-
ized propulsive efficiency #/n, of the unconstrained pitching foil with flexible tail fin at different flexibility k,, where Py and 7, denote the power consumption and propulsive effi-

ciency of bare pitching foil at steady propulsion, respectively.

with a zero vertical propulsive speed v, where the system propels for-
ward with a steady symmetric motion. These observations show that
the power consumption is proportional to the horizontal propulsive
speed when the wake symmetry is preserved. However, the propulsive
efficiency n shows an upward tendency and the optimal propulsive
efficiency is achieved at k;, = 2.5, indicating that the increase in bend-
ing stiffness k;, is conducive to converting power into kinetic energy
for bending stiffness at this range. It should be noted that David
et al”’ found that the optimal propulsive efficient is achieved at k;,
= 0.01 for the tethered foil with flexible trailing edge flaps. The differ-
ence may be contributed by the fact that the system investigated here
is not a tethered system and also that different flapping parameters
and normalized fin length are adopted in this study.

When the bending stiffness k;, > 2.5, the breaking of wake sym-
metry is triggered and the cycle-averaged vertical propulsive speed v
increases. As shown in Fig. 13(a), the decreasing rate of cycle-averaged
horizontal propulsive speed is strengthened as the tail fin becomes
more rigid. Although the cycle-averaged vertical propulsive speed has
increased, the horizontal propulsive speed is still the dominant compo-
nent in the kinetic energy. Besides, an important characteristic is the
anti-correlation between propulsion speed and power consumption,
where low propulsive speed does not represent less power input.
Moreover, with the increase in bending stiffness, the propulsive effi-
ciency decreases significantly when the wake symmetry is broken. The
propulsion efficiency of a rigid tail fin tends to be closer to that of the
bare pitching foil.

2. Wake structure

The vorticity contours and the time-averaged horizontal velocity
contours at different flexibility k;, are shown in Fig. 14, showing that
the wake vortex street is sensitive to the bending stiffness of tail fin. At
small bending stiffness (k;, = 0.5), the vortices shedding from the tail
fin form a short two-layered vortex street, which is very unstable and

transits rapidly into secondary vortices. This phenomenon is similar to
the secondary vortex formation in a circular cylinder wake at
Re = 200, which is triggered by the convective instability of the shear
layers.

With the increase in bending stiffness, the two-layered vortex
street tends to be stable and the formation of secondary vortices is sup-
pressed at k;, = 1.0-2.0. Besides, the number of the aligned vortices
between the flexible trailing edge and two-layered vortex street also
increases. An interesting phenomenon is that reducing the bending
stiffness can achieve a similar vortex pattern generated by increasing
the tail fin length.

When the bending stiffness is further increased, an important
characteristic of wake vortex structure is that the two-layered vortex
street disappeared, and the regular rBvk is recovered again when
ky,=2.5. When the bending stiffness is very large, e.g., k;, = 5.0, the
dipole vortex structures are observed and the deflected coherent back-
ward jet appears. With the large passive vertical flapping amplitude of
trailing edge, the cycle-averaged vertical propulsive speed is induced,
which is associated with the breaking of wake symmetry and leads to
the vertical drift. Further examination on the vortex dynamic quanti-
ties reveals that the vortex dynamic quantities show that the increase
in vertical phase velocity is the initial trigger to break the wake symme-
try, as discussed in Sec. I1T A 3.

IV. CONCLUSIONS

In summary, the propulsive performance and vortex structures
of an unconstrained foil with flexible tail fin are numerically investi-
gated, where the effect of tail fin length as well as the effect of its bend-
ing stiffness is examined.

At an intermediate bending stiffness k;, = 2.0, the effect of tail fin
length is investigated. The foil with flexible tail fin achieves a larger
propulsive speed than the foil with rigid tail fin when the wake sym-
metry is preserved. As the fin length increases from L =0.2 to L= 1.0,
the horizontal propulsive speed of the pitching foil with tail fin
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FIG. 14. The instantaneous vorticity contours (a)—(f) of the unconstrained pitching foil with tail fin at various flexibilities k, when flapping foil changes the rotational direction.

increases initially and decreases subsequently with the maximum pro-
pulsive speed achieved when L=0.8. There are two kinds of vortex
streets observed: for short fin (L < 0.4), the regular rBvK vortex street
and (ii) for long fin (L > 0.6), the aligned vortices with two-layered
street at downstream. The CV analysis shows that for both two wake
vortex configurations, the time-averaged thrust generation mainly
depends on the momentum flux contribution from the downstream
face.

Besides, with the increase in tail fin length, the switching of two
vortex configurations is triggered. In contrast to the pitching foil with
a rigid tail fin, the wake symmetry of the flapping foil with flexible tail
fin is well preserved for different tail lengths except for the case with
L = 0.4, where its wake symmetry is broken and a vertical component
of propulsive velocity is produced. Detailed quantitative analysis
reveals that the increase in vertical phase velocity Via is the initial
disturbance to break the balance of two effective phase velocity Uy;
thus, the vertical phase velocity V. is an effective indicator to pre-
dict whether the wake symmetry of the unconstrained flapping-wing
system could be preserved.

At a fixed normalized tail fin length L = 0.6, the effect of bend-
ing stiffness of tail fin is studied. The propulsive performance of the
system can be divided into three regions. At small bending stiffness

k, < 0.5, with the increase in bending stiffness enhancing the flap-
ping velocity of trailing edge, the propulsive speed is promoted. At
intermediate bending stiffness k;, = 0.5-2.5, the switching of two
wake vortex configurations is triggered at k;, = 2.5 and the optimal
propulsive efficiency is achieved at k, = 2.5. At large bending stiff-
ness k, > 2.5, the wake symmetry breaking is triggered and the pro-
pulsive efficiency decreases. Besides, the declining rate of the
propulsive efficiency is enhanced with more rigid tail fin. For sym-
metric propulsion, the cycle-averaged vertical propulsive speed
remains at zero, and there is a positive correlation between the
power consumption and the cycle-averaged horizontal propulsive
speed u. For asymmetric propulsion, the cycle-averaged vertical pro-
pulsive speed is induced and the propulsive efficiency rapidly
declines, indicating that the asymmetric propulsion with vertical
drift is inefficient.

A limitation of the present work is that the flapping-wing system
with flexible tail fin is investigated at Re=200 in two dimensions
based on some specific parameters. More works are required to
include important effects such as the shape of the swimmer, the three-
dimensional geometry, the distribution of bending stiffness, other pro-
pulsive parameters, and different Reynolds numbers to better mimic
the realistic biology system.
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