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ABSTRACT

Undulations are ubiquitous in natural swimmer propulsion, propelling in omni-direction. In the present work, the hydrodynamic perfor-
mance of an unconstrained carangiform swimmer in the absence of a free stream is numerically investigated at different Reynolds numbers.
Propulsive speed is found to increase with an increase in undulatory frequency, wavelength, and Reynolds number. The passive lateral oscil-
lating amplitude is closely related to the wavelength and kinematic viscosity, but insensitive to the undulatory frequency. The propulsive
mechanisms for the variation of the propulsive speed are revealed by the vortical structures and the time-averaged velocity field. Scaling rela-
tionships are investigated, and we found that the effects of the wavelength on the propulsive performance cannot be neglected at high
Reynolds number, i.e., Re,;s > 1000, and the scaling relationship between the flapping Reynolds number and the propulsive Reynolds num-
ber is refined with the wavelength adopted as the characteristic length, which generalizes the previous scaling law proposed by Gazzola et al.
[“Scaling macroscopic aquatic locomotion,” Nat. Phys. 10, 758-761 (2014).] In addition, the scaling relationships related to the power con-
sumption, the cost of transport, the Strouhal number, and the passive lateral oscillating amplitude are revealed. These results are crucial in
furthering our understanding of carangiform’s self-propulsion and will aid the development of advanced bio-inspired propulsors.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0128635

I. INTRODUCTION

Autonomous underwater vehicles (AUVs) have received a con-
siderable amount of attention due to their wide range of applicability,
but the propulsive patterns of conventional AUVs have some limita-
tions, such as large power consumption and high forward resistance,
especially in complex marine environments. Hence, researchers have
focused on a new form of AUVs that are based on swimming and
maneuvering capabilities of aquatic animals,”” where they have far
superior performances in terms of speed and efficiency than conven-
tional AUVs. Most natural swimmers propel themselves through
undulation motion,”* ' which is a wave motion along the swimmers’
body, controlling the surrounding flow plastered to its surface. The
typical undulatory profiles of natural swimmers are anguilliform, car-
angiform, subcarangiform, and thunniform,”'" and this present work

focuses solely on carangiform motion. There are some crucial factors
affecting the undulatory motion of a carangiform swimmer, e.g., wave-
length, frequency, phase angle, and tail-beat amplitude. The wave-
length is an important parameter influencing the hydrodynamic
behaviors of the swimmer, and many scientific investigations have
been conducted to study its effects on swimming performance.
Sfakiotakis et al'' and Lauder and Madden'” studied the effect of
wavelength on various undulatory profiles and found that the wave-
lengths of anguilliform swimmers are much shorter than their body’s
lengths, while the wavelengths of subcarangiform and carangiform
swimmers are found to be either equal or slightly larger than the body
length. On the other hand, thunniform swimmers adopt wavelengths
that are generally greater than their body’s lengths, propelling with
their caudal fins.
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Videler and Wardle'’ revealed that the carangiform swimmer
outperforms the anguilliform swimmer in terms of propulsive speed
and propulsive efficiency in the inertial regime Re = oo, where the
wavelengths of the anguilliform swimmer and the carangiform swim-
mer are 0.642 and 0.95, respectively. Van Rees et al.'* observed that
the optimized geometric shape of an anguilliform swimmer achieves
better propulsive performance than natural larval zebrafish, indicating
that wave kinematics play a crucial role in helping natural swimmer to
propel. Zhang et al."” investigated the effects of Reynolds number
(50 < Re <2 x 10°) and thickness (0.04-0.24) on the propulsive
performance of an unconstrained undulatory swimmer, where they
showed that the increasing Re resulted in increased propulsive speed
and efficiency. However, the propulsive speed enhancement dimin-
ishes when Re > 5 x 10*. In addition, they discovered that thinner
foil can achieve a higher propulsive speed and requires less power con-
sumption. Khalid et al.® investigated the hydrodynamic performance
of an anguilliform swimmer and a carangiform swimmer with a wide
range of wavelength and undulatory frequency at different Reynolds
numbers, where a tethered swimmer model is adopted. They claimed
that the production of the thrust force is generally connected to the
wake deflection, and the formation of the reverse Bénard-von Karman
(rBvK) vortex configuration is related to the constructive interference
between the secondary vortices and the same-signed vortices emerging
from opposite sides at the trailing edge. In their subsequent works,””
they studied the effects of wavelength on the propulsive performance
of an anguilliform swimmer and a carangiform swimmer in three-
dimension configurations, respectively, where the tethered swimmer
models are used to study. Their numerical simulations revealed that
the wavelengths of 0.65 and 0.80 are suitable for the anguilliform
swimmer to achieve better hydrodynamic performance, and longer
wavelengths enhance the frictional drag deteriorating its propulsive
performance.” Meanwhile, the wavelength of 0.8 is beneficial for Jack
Fish (a kind of carangiform swimmer) to achieve optimal propulsive
efficiency.” On the other hand, they also claimed that larger wave-
lengths enhance the thrust production by the caudal fin and eliminate
the drag production on the trunk, requiring less power input. Based
on the above reviews, the wavelength and the undulatory frequency
are crucial for a natural swimmer’s propulsion; hence, the influences
introduced by these two parameters on the carangiform swimmer’s
self-propulsion are investigated in the present work.

Although the interactions between undulatory motions and pro-
pulsive performance are complex, many researchers attempt to derive
some simple correlation laws behind the propulsion.”'®** Gazzola
et al' derived a scaling law between the dimensionless swimming
number and the propulsive Reynolds number, which links the cruising
speeds, the bio-propulsive parameters, and the fluid characteristics. Yu
and Huang™' uncovered a scaling relationship for predicting the
hydrodynamic thrust generated by the wave motion, indicating that
the thrust generation depends on the Struhal number St, the relative
speed of wave motion, and forward cruising speed.

In nature, the carangiform swimmer can freely propel in omni-
direction, but most studies that are available in the literature placed
their focus on the tethered swimmer, constraining it at a fixed position.
Moreover, to the best of the authors’ knowledge, the investigations on
the wavelength and undulatory frequency of an unconstrained caran-
giform swimmer at different Reynolds numbers remain sparse. In the
present work, the hydrodynamic performances of an unconstrained
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carangiform swimmer are systematically studied to unravel how car-
angiform swimmer’s hydrodynamic performance varies under differ-
ent kinematic parameters and find some simple scaling laws behind
the self-propulsion. In Sec. II, the problem description and methodol-
ogy are described. Numerical validations and grid-time independence
studies are provided in Sec. ITI. Numerical results and discussions are
described in Sec. I'V followed by conclusions in Sec. V.

Il. PROBLEM DESCRIPTION AND MATHEMATICAL
FORMULATION

The NACA 0012 foil is adopted in this study to simulate the shape
of a carangiform swimmer, and the backbone undulation of this swim-
mer is mimicked with a prescribed undulatory motion. The amplitude
profile A(x*) of the carangiform swimmer can be written as follows:

Alx") = Gy — Cix* + G(x)?,  x* €0,1), 1)

where x* is the local coordinate along the swimmer’s body; L denotes
the swimmer’s body length; Cy, C;, and C; are the propulsive coetfi-
cients of a steadily swimming saithe fish and they are specified as 0.02,
0.0825, and 0.1625, respectively in this study. The backbone motion is
determined by the undulatory governing equation as follows:

Y (x",t) = A(x*) cos(kx* — 2mf*t), )

where k = 2n/A" is the wave number, A is the wavelength, f* is the
undulatory frequency, and y* denotes the local lateral displacement of
the backbone. Here, the dimensionless wavelength (1 = 2* /L) is intro-
duced to characterize the wavelength and the non-dimensional undula-
tory frequency is defined as f = f*L/Uyy. Figure 1 shows the schematic
view of a carangiform swimmer self-propelling in the computational
domain. The Neumann boundary conditions (Ou/dn = 0) are being
applied on four domain boundaries, and the propulsive region is discre-
tized by uniform cartesian mesh. Moreover, the locomotion of the car-
angiform swimmer is governed by Newton’s second law as follows:
M e =F

PN (3)
where W denotes the position of the mass center in both horizontal
and vertical directions and Fy is the hydrodynamic force applied on
the swimmer surface by surrounding flows. M = pS is the mass of
the carangiform swimmer, where p; is the area density of the swimmer

ol -

L..

FIG. 1. Schematic view of the simplified carangiform swimmer model.
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and S is the area of the swimmer. The value of S = 0.086 21 m* from
Zhang et al."” is adopted in this work. Since the mass ratio is not the
focus of the present work, the area density of the foil is specified such
that it is identical to the fluid density. The time-averaged horizontal
and lateral propulsive speeds are computed to quantify the hydrody-
namic performance of the swimmer as follows:

1T 1 (T
Uy = ——= | uudt, u,=—| uydt 4
o= et =1 ] @)
where u,; and u,; denote the instantaneous propulsive speed along the
horizontal and lateral directions, respectively. The instantaneous
power consumption for generating the wave oscillation of the swim-
mer can be expressed as follows:

P, = —jﬁ foytyds, )

where f;, and ug, denote the instantaneous lateral hydrodynamic force
and lateral oscillating speed per unit length on the swimmer surface,
respectively. Note that the hydrodynamic forces are evaluated by the
velocity corrections in immersed boundary method. The time-averaged
power consumption is defined as P = %IOT P;dt. To evaluate the pro-
pulsive efficiency of the carangiform swimmer, the propulsive efficiency
is defined as the ratio of the time-averaged kinetic energy (Ex = %muﬁ)
to the averaged input work (W = PT), namely, = E;/W. In addition,
the cost of transport (CoT) is another important quantity to evaluate
the power consumption for swimming per unit distance with a per unit
mass. The CoT can be expressed as follows:

CoT = 2. ©)

For incompressible flow, the Navier-Stokes (NS) equations of
mass and momentum conservation can be written as follows:

V-u=0, (7a)
@-i-u-Vu:—le—i-Iszu—ﬁ—ﬁ (7b)
ot 0
where p is the fluid density, u denotes the flow velocity, v is the kine-
matic viscosity, p is the pressure, and f is the force exerted by the solid
system on the fluid. The reference Reynolds number is defined as
Reyy = UL /v, where U,.rdenotes the reference velocity.

It is worth mentioning here that we understand that the flow field
around a realistic swimmer is essentially three dimensional induced by
high propulsive speed and the complexity of the fin’s geometry. In
addition, recent experiments%’28 and numerical studies”””’ have
investigated the propulsive mechanism behind the natural swimmer
propulsion under a three-dimensional setting. However, most of the
3D numerical simulation works focused on tethered swimmer models
which requires significantly less computational power than 3D numer-
ical simulation of untethered swimmer models. Therefore, this study
adopted a 2D model to investigate the hydrodynamic performance.
The simulated flow field conducted in this work can be viewed as a
slice cutting through the mid-planes of a realistic swimmer with infi-
nite length along the spanwise direction. Moreover, several previous
studies’ > have compared the results obtained under 2D and 3D
setup to be minimal and the mechanisms uncovered through a 2D
swimmer model remained valid under 3D setting.

scitation.org/journal/phf

TABLE |. The specific values of the governing parameters applied in current
simulations.

Parameters Specifications
Reyof 100, 1000, 5000
Wavelength 4 0.5,0.75, 1.0, 1.25, 1.5
Frequency f 0.5, 1.0, 1.5, 2.0, 2.5, 3.0
Tail-beat amplitude A 0.1

The governing dimensionless parameters used in this study are
tabulated in Table I. The Reynolds numbers are varied from 100 to
5000 to systematically investigate the propulsive behavior of the caran-
giform swimmer. The selected wavelengths in this study are based on
the dataset”'' of many natural swimmers to better understand the
propulsive behavior of different aquatic species. Note that celerity is
crucial for the self-propulsion of realistic swimmers, although the
internal relationship between the frequency and wavelength is not the
focus of the present work.

I1l. NUMERICAL VALIDATION AND INDEPENDENCE
STUDY

The incompressible viscous flows are simulated using the recon-
structed lattice Boltzmann flux solver (RLBFS),” which is a weakly
compressible flow solver and has been widely adopted to simulate
incompressible viscous flow. The fluid-structure interaction process is
achieved through the explicit boundary condition-enforced immersed
boundary method™* with no slip boundary conditions being applied
on the surface of the swimmer. Readers are referred to our previous
works™ *® for more information regarding the numerical methods
employed in this work.

To validate our numerical simulation method, two cases related to
a single carangiform swimmer have been tested: a stationary case and a
self-propelled case. Figure 2(a) shows that the present results of the lift
and drag force coefficient of the tethered wave foil are in good agree-
ment with the work of Dong and Lu.”” Figure 2(b) presents the time his-
tory of the horizontal speed of a self-propelled undulatory swimmer.
While there are some obvious discrepancies between different numerical
methods used in the present work and also previous works, all numeri-
cal methods approach a similar value of —1.23 after the swimmer
achieves steady propulsion and the time-averaged horizontal speed
obtained in this study is consistent with previous studies.”**

Grid and time independence studies are conducted to determine the
appropriate grid spacing and time step. Figure 3 shows the hydrodynamic
performance of the carangiform swimmer, including the horizontal pro-
pulsive speed u,;, the lateral propulsive speed u,,;, and the power coeffi-
cient P, for different grids and time steps. It is evident from Fig. 3 that the
spatial resolution of Ax = 0.0033 and the time step of At = 3 x 10~°
are sufficient to investigate the hydrodynamic performance of the swim-
mer with appropriate computational cost and accuracy.

IV. RESULTS AND DISCUSSION
A. Effects of undulatory frequency and wavelength

In this section, the effects of undulatory frequency f and wave-
length Z on the propulsive performance of the carangiform swimmer
are explored at Re,.r = 1000.
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FIG. 2. (a) The lift and drag coefficient of the tethered wave foil at Re,r=5000, A =1, f=2; (b) the horizontal propulsive speed of the carangiform swimmer at Re,.r= 5000,

A=1,f=2
1. Propulsive performances

Figure 4 shows the time-averaged horizontal propulsive speed
(u,), power consumption (P), and cost of transport (CoT) at different
undulatory frequencies and wavelengths. It is evident from Fig. 4(a)

0.3

............... Ax =0.0067, At=6 x 10°
—————— Ax=0.0050, At =5 x 10°°

Ax=0.0033, Ar=3 x 10°
i Ax=0.0028, Ar=2 x 10

(U=

04 .65, .
. THER BT SEiiasqagiaaiarsatagaiadns yrgazd
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0.2
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0 10 20 30

T
(c)

FIG. 3. Grid and time independence studies: time histories of (a) horizontal propul-
sive speed, (b) lateral propulsive speed, and (c) power consumption. The parame-
ters of Re,er = 5000, A =1, and f=2 are adopted.

that u, increases with the increase in both undulatory frequency and
wavelength. Similarly, P and CoT show the same variation trend as
that observed in Fig. 4(a). In contrast to tethered wave foil in the uni-
form flow in which wave foil only generates thrust at specific condi-
tions,” present simulations reveal that the carangiform swimmer can
propel forward in all cases considered in this study in the absence of
free stream flow, consistent with the findings of Zhang et al."”

Compared with the u,, the time-averaged lateral propulsive
speed u, in all investigated cases is found to be O(10~*), where it can
be regarded negligible. Hence, the vertical oscillation amplitude A, is
further examined to investigate the vertical propulsive performance,
as depicted in Fig. 4(d). It clearly shows that the vertical oscillation
amplitude A, of the mass center is relatively low in all cases, indicat-
ing that the unconstrained carangiform swimmer can propel along
the horizontal direction with negligible vertical oscillations. In addi-
tion, the A, increases with the /, but is insensitive to the undulatory
frequency f. Interestingly, the vertical oscillating amplitude is smaller
than other investigated cases when the wavelength 4 =0.5.
Therefore, small wavelength and large undulatory frequency are
beneficial for the unconstrained carangiform swimmer to reduce the
redundant mass center’s vertical oscillation, which may provide
some optimal strategies for AUV designs to stabilize the mass cen-
ter’s vertical oscillation.

To further evaluate the efficiency of the carangiform swimmer,
Fig. 5 shows the propulsive efficiency with various parameters at
Re,er = 1000. It is evident from Fig. 5 that the propulsive efficiency #
increases with the increase in the undulatory frequency, while there is
an optimal range of 4 € [0.75, 1] for the swimmer to achieve relative
high propulsive efficiency, and outside the optimal range of 4 would
reduce the propulsive efficiency. Khalid et al.” also reported that the
carangiform swimmer could achieve the highest propulsive efficiency
when 4 = 0.8 from the 3D simulations with a realistic swimmer
model of Jack Fish.

2. Wake vortex structure

The wake vortical structures and the time-averaged velocity field
around the carangiform swimmer are examined to further analyze the
mechanisms behind the hydrodynamic behaviors. Figure 6 shows the
instantaneous vortical structures of three cases with different propul-
sive parameters. As shown in Fig. 6, the reverse Bénard-von Karman
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FIG. 4. (a) The time-averaged horizontal propulsive speed uy, (b) power consumption P, (c) cost of transport CoT, and (d) vertical passive oscillation amplitude A, of the caran-

giform swimmer at Re,.r = 1000 with different wavelengths and undulatory frequencies.

(rBvK) vortex street is formed in the wake flow, and the vortex genera-
tion pattern varies with the wavelength / and the undulatory fre-
quency f. Based on the undulatory governing equation [Eq. (2)], the
lateral oscillating velocity at the trailing edge can be expressed as
follows:

oy*
ot

J = —2nf"A(L) sin(kx* — 2nf*t). (8)
x*=L

From Eq. (8), the amplitude of the tail-beat velocity is only related to
the undulatory frequency; therefore, the amplitudes of the tail-beat
velocity in cases 1 and 2 are the same. However, as shown in Figs. 6(a)
and 6(b), increasing the wavelength A promotes the vortical strength
of the shedding vortices and ambient fluid can provide a large reactive
thrust force to the swimmer following Newton’s third law. The reason
for the large vortical strength in case 2 is that the large wavelength
allows the bound vortex amalgamation in a long region before

reaching the inflection point, promoting the vortical strength of the
shedding bound vortex. The secondary vortices are also observed in
Fig. 6(a) near the inflection point, which breaks up the amalgamation
of the same-signed vortices on each side. From Figs. 6(b) and 6(c),
high undulatory frequency further promotes the strength of the wake
vortices, because increasing undulatory frequency strengthens the
amplitude of tail-beat velocity.

Figure 7 shows the time-averaged horizontal velocity fields of
these cases to evaluate the correlation relationship between the vortical
strength and the propulsive speed. As shown in Fig. 7, a jet wake flow
is formed by the rBvK configurations, providing the reactive thrust
force for the swimmer. The velocity profiles along the lateral direction
behind the swimmer are shown in Fig. 7(d), and it shows that the
strength of the wake jet highly correlates with the propulsive speed,
which is consistent with the previous works.””*’ Due to the tail-beat
amplitude being constant, the wake width is maintained.
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FIG. 6. The instantaneous vortical structures of the carangiform swimmer with (a)
case 1: 2 =0.5,f =2; (b)case 2. A =1,f = 2; and (c) case 3: 2 = 1,f = 3 at
Re.or = 1000 when t=T.
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FIG. 7. The time-averaged horizontal velocity fields of (a) case 1, (b) case 2, and (c) case 3. (d) The velocity profile of these three cases at x/L = 1.5.
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B. Effects of Reynolds number

In this section, the effects introduced by the Reynolds number are
analyzed. The parameters of 4 = 0.75 and 1.25 are adopted, and the
undulatory frequency f changes from 0.5 to 3 with an interval of 0.5.

1. Propulsive performance

The time-averaged horizontal propulsive speed u,, power con-
sumption P, cost of transport CoT, mass center’s vertical oscillating
amplitude A, and propulsive efficiency 1 are shown in Fig. 8. It shows
that at a fixed undulatory frequency, the swimmer can achieve a higher
propulsive speed at high Re, [see Fig. 8(a)], because the kinematic vis-
cosity v decreases with an increase in Rey; thus, the viscous forces
applied on the swimmer’s surface is reduced in high Re,.r environment.

ARTICLE scitation.org/journal/phf

Due to the larger viscous forces on the swimmer at low Reref, the self-
propulsion requires more power consumption; hence, the P decreases as
Re, s increases. On the other hand, Eq. (6) indicates that the CoT is only
related to the power consumption and the propulsive speed. Hence, the
increase in Re,s causes large propulsive speed and low power consump-
tion, which in turn leads to a decrease in CoT and an increase in propul-
sive efficiency, echoing the observations reported in previous studies. "’
The propulsive efficiency # shows a similar trend at different Reynolds
numbers; the 7 is highly correlated with the undulatory frequency and
shows small variations with different wavelengths. The A, is also insensi-
tive to the undulatory frequency at different Re,.s and A, is reduced at
high Re,+ The reason might be because the high horizontal propulsive
speed obtained at high Re,. stabilizes the mass center’s lateral oscillation.
Furthermore, the decrease in viscous force attenuates the fluctuation of
the lateral hydrodynamic force, thereby, effectively reduces A,.
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FIG. 8. (a) The time-averaged horizontal propulsive speed uj, (b) power consumption P, (c) cost of transport CoT, (d) vertical passive oscillation amplitude A, and (e) propul-
sive efficiency # of the carangiform swimmer at different Reynolds numbers.
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2. Wake vortex structure

The propulsive performances of the carangiform swimmer are
closely related to the wake flow structure; thus, the vortical structures
around the swimmer are explored to investigate the influences intro-
duced by the Re,.. It is evident from Fig. 9 that the wake vortex config-
urations are tightly related to the Reynolds number Re,. At
Re,.r= 100, the leading-edge vortex (LEV) is formed in the anterior
body due to the separation of the boundary layer. Subsequently, the
LEV is transported to the posterior body through the swimmer body’s
wave motion and finally being shed downstream. The shedding vorti-
ces vanish rapidly due to the high kinematic viscosity. At Re,r= 1000,
the reverse Bénard-von Karmdn (rBvK) configurations are formed by
the shedding vortex from the trailing edge, and the formation of the
2S-type rBvK is closely related to the generation of the reactive thrust
force. It should be noted that the bound vortices envelop the swimmer
and can be amalgamated on the surface to enhance the strength of the
shedding vortices. As Re,. increases to 5000, the boundary layers
around the swimmer’s surface become thinner. As shown in Fig. 9, the
effects of Reynolds number can be concluded as follows: with the
increase in Reyes the kinematic viscosity v decreases, and thus the hori-
zontal propulsive speed is enhanced. In previous studies, the Strouhal
number (St = f*Apax/tiy) is a significant dimensionless frequency in
bio-locomotion studies, which evaluates the ratio of wake width to the
streamwise spacing of the shedding vortices. As the horizontal speed
increases, the Strouhal number decreases, triggering that the wake
wavelength increases with a longer streamwise spacing of the shedding
vortices.

As described in Sec. IV A2, the wake vortex street is highly
related to the jet wake flow shown in the time-averaged velocity field.

-0 8 6 -4 2 0 2 4 6 8 10

FIG. 9. The instantaneous vortical structures around the carangiform swimmer with
A =1,f=2at(a) Reer= 100, (b) Re,er= 1000, and (c) Re,er=5000 when t=T.

scitation.org/journal/phf

The time-averaged velocity field corresponding to the wake vortical
structures from Fig. 9 are presented in Fig. 10. As shown in Fig. 10, the
characteristics of the time-averaged velocity field vary significantly at
different Reynolds numbers. The most notable differences induced by
the Reynolds number effects can be summarized as follows: at
Re,.s= 100, the boundary layer around the swimmer is dragged to
induce forward motion, and the wake jet flow diminishes rapidly due
to the significant viscous dissipation effect; on the other hand, at
Re, = 1000 and 5000, the boundary layers are much thinner and the
strength of wake jets are more robust than those at Re,,s = 100. The
velocity profiles [see Fig. 10(d)] indicate that the reactive thrust force
is correlated with the strength of the jet flow. Although the strengths
of the wake jet in the cases at Re,.r = 1000 and 5000 are close, the vis-
cous forces applied on the swimmer’s surface are relatively small at
Reyer = 5000, resulting in a high propulsive speed.

C. Scaling laws

While the general physical characteristics of the propulsive
behaviors of the carangiform swimmer are examined in Secs. IV A and
IV B at various Reynolds numbers, the existences of some universal
physical laws behind these phenomena requires further investigation.
In previous studies,""” the propulsive mechanism is closely related to
the flapping Reynolds number and the propulsive Reynolds number.
Hence, the relationship between the flapping Reynolds number
(Ref = f*ApaxLyef /v Where Ao = 2A) and the propulsive Reynolds
number (Re, = ty Ly /v) is analyzed, as shown in Fig. 11. Previous
studies' > ** have shown that, for traveling wave plate, the wave-
length is crucial for scaling the propulsive quantities and is used to rep-
resent the characteristic length to non-dimensionalize lengths. With
this consideration, two different characteristic length scales Ly are
examined by replacing the L., with the swimmer’s body length (fol-
lowing the scaling law proposed by Gazzola et al.') in Fig. 11(a) and
with the wavelength in Fig. 11(b). The numerical data shown in Fig.
11(a) deviate from the fitting line at high flapping Reynolds number,
and the deviation increases with increasing flapping Reynolds number,
indicating that the effects of wavelength on the propulsive perfor-
mance cannot be neglected at high Reynolds number, i.e., Re,er >1000.
On the other hand, the numerical data shown in Fig. 11(b) collapse
onto the fitting line even at high Reynolds number conditions when
the wavelength is adopted as the characteristic length scale in the
Reynolds numbers. From the results of regression analysis, Fig. 11
shows that the relationship between Re, and Re is highly linear with
correlation coefficient R* > 0.99, and most importantly, the sum of
squares regression (SSR) indicates that the distribution obtained using
the wavelength is more consistent with the regression model.

To generalize the previous scaling law' which cannot satisfy the
influence introduced by the wavelength, the scaling relationship
between the flapping Reynolds number and the propulsive Reynolds
number is improved. The thrust generation is related to the trailing
edge flapping acceleration 8%y* /0t = —A(2nf*)* cos (k — 27f*t)
~ Af*2, the mass of fluid per unit depth pL? = p(1*/1)* ~ p/*?, and
the local angle 0= 0dy*/ox* =—Ak sin (k—2=nf*t) ~ Ak
= A-2m/A" ~ A)"7!. Hence, the thrust force scale can be expressed
as Af'*2 .- pA™ - AL = pA?f*2)*. The skin viscous drag per unit
depth scale can expressed as uu,L/0 = pu A" /oA ~ pu, A" /5. With
the scale relationship & ~ Re™!'/2 obtained through classical Blasius
theory for fast laminar flows, the drag force scale can be written as
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FIG. 10. The time-averaged horizontal velocity fields around the carangiform swimmer with 2* = 1, f* = 2 at (a) Re,er = 100, (b) Re,er = 1000, and (c) Reer = 5000. (d) The
velocity profile of these three cases at x/L = 1.5.
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FIG. 11. The relationship between the propulsive Reynolds number and the flapping Reynolds number, and characteristic length adopts (a) the swimmer’s body length L and
(b) the swimmer’s wavelength /.
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pag it JRe™ V2 ~ p(v2F) 20,32, At steady propulsive stage, the bal-
ance between the thrust force and the drag force is achieved, which
yields p(v2*) " 2u,3/2 = pA2f*2)7, hence, u, ~ AY3f4/3 72137103,
and this relationship can be rewritten as follows:

* sk 4/3
us' (Af p ) o0

14 14 ’
Re, ~ Re!l’. (9)

The above scaling law is consistent with the correlation relationship
found in Fig. 11, which demonstrates that the wavelength may be
more suitable for representing the character length scale. Note that the
scaling law of Eq. (9b) is applicable only when the boundary layer
around the swimmer is laminar. This is when the boundary layer tran-
sits from laminar to turbulent at high Reynolds numbers, the viscous
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force becomes negligible, and the force balance is the thrust force and
the pressure drag.

As previously described, high propulsive speed u, generally
requires more power consumption P. However, there is no obvious rela-
tionship between these two quantities. Surprisingly, the scale relation-
ship between u, and P in log -log scale can be approximately expressed
as P ~ ui, as shown in Fig. 12(a). Moreover, the relationship between
CoT and u, can be described as CoT ~ u, [see Fig. 12(b)]. It can be
observed that these scaling relationships can describe the hydrodynamic
behaviors at different Reynolds numbers, which may be useful to evalu-
ate the power consumption and CoT at different propulsive speeds.

Figure 12(c) shows the scaling relationship between the St and
the propulsive Reynolds number Re,, based on the wavelength, which
can be approximately expressed as St ~ Re; /4, consistent with the
physics law revealed by Gazzola et al.'
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FIG. 12. The relationship between (a) the power consumption P and (b) the CoT and the propulsive speed. (c) The relationship between the St and the propulsive Reynolds
number. (d) The relationship between the passive oscillating Reynolds number A, and the flapping Reynolds number Re;.
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The passive oscillating Reynolds number (Re,) based on the lateral
oscillating amplitude of mass center is defined as Re, = f*A, A" /v. It
can be seen from Fig. 12(d) that the Re,, is highly linear with the Resand
its relationship is related to the wavelength as follows:

2/3

Rey, ~ Ref , A=0.5,

A>0.5,

(10)
Re, ~ Rey,

where the scaling law at A > 0.5 is similar to the scaling law reported
in Lin et al.** This finding is extremely valuable to AUV’ designers for
estimating the lateral oscillating amplitude to further reduce design
cost and time.

V. CONCLUDING REMARKS

In summary, the present work investigates the hydrodynamic
behaviors of an unconstrained carangiform swimmer with various
undulatory frequencies and wavelengths at different Reynolds
numbers.

Detailed investigation into the wavelength and undulatory fre-
quency and the propulsive speed u, revealed: the power consumption
P and cost of transport are further enhanced with an increase in both
wavelength and frequency. The time-averaged lateral speed u,, is close

'y
to zero and the passive oscillating amplitude A, is closely related to the

wavelength. The propulsive efficiency 5 largel; depends on the undu-
latory frequency and the optimal wavelength to achieve high propul-
sive efficiency ranges from 075 and 1. The flow structures
demonstrate that a large wavelength is beneficial for the amalgamation
of the bound vortex, enhancing the strength of the shedding vortex.
The amplitude of the tail-beat velocity only depends on the undulatory
frequency, which explains why the swimmer with a high undulatory
frequency can generate high-intensity wake vortices based on the same
wavelength.

From the examination of Reynolds number effects, the propulsive
speed u, increases under similar conditions at high Re,; while the
power consumption P and the cost of transport CoT decrease, induc-
ing a higher propulsive efficiency due to the lower kinematic viscosity
of the fluid environment at high Re,.r condition. In addition, the pas-
sive lateral oscillating amplitude A, is reduced at high Re,.s indicating
that the viscous force is the dominant component of the lateral force
and a small fluctuating lateral force is beneficial to stabilize the lateral
passive oscillations. At Re,.s = 100, the boundary layer separates at the
leading edge forming LEV and the shedding vortices are eliminated by
the viscous dissipation failing to form rBvK configurations. At
Reor = 1000 and 5000, the 2S-type rBvK vortex street is formed, gen-
erating the wake jet flow to provide the reactive thrust force.

This work echoes previous works' and reveals that the
wavelength is a better representation of the characteristic length.
The scaling law (Re, ~ Re;/ 3) is further improved with the use of
wavelength, which is a more generalization parameter to evaluate pro-
pulsive performance of an unconstrained carangiform swimmer, espe-
cially at high Reynolds number condition (Re,s > 1000). Based on
the undulatory governing equation, the scaling relationship between
Re,, and Rey is proposed. In addition, the power consumption P, the
cost of transport CoT, and the Strouhal number St satisfy the scaling
relationships of P ~ u?, CoT ~ u,, and St ~ Re,'/*, respectively.
Moreover, the passive oscillating Reynolds number Re, is found to

satisfy some simple laws; when 41=0.5, Rey, ~ Re;/ 3; when

ARTICLE scitation.org/journal/phf

/.> 0.5, Re, ~ Res. The findings and the scaling law proposed in this
work are crucial to design the next generation highly efficient AUVs.
Note that the characteristics of vortex structures around a realistic
swimmer might not be fully captured by the present 2D model.
Therefore, other significant effects, such as the three-dimensional
geometry and celerity, warrant further investigations.
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