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Anguilliform and carangiform fish have a thinner and thicker body along with a smaller
and larger undulating wavelength-based kinematics for their propulsion, respectively. The
present work is motivated by the fact that both types of fish are observed to adopt
each other’s kinematics for a short duration on a needs basis. This study explores the
effect of such adaptive kinematics via a 2D computational model, focusing on the un-
derlying fluid dynamics and propulsive performance. The effect of the shape is also
studied by considering various series of NACA00XX hydrofoil, based on the fineness
ratio (length/thickness) of different anguilliform and carangiform fish reported in the
literature. Adaptation of carangiform (anguilliform) mode of undulation kinematics by an
anguilliform (carangiform)-shaped hydrofoil is found to result in an increase (decrease)
in the thrust coefficient along with a decrease (increase) in the quasipropulsive efficiency.
Flow characteristics, such as the pressure distribution around the hydrofoil, the strength
of the vortices, and the jet behind the hydrofoil, are correlated with the propulsive per-
formance of two naturally observed and six adaptive cases mimicking anguilliform and
carangiform fish-inspired shape and swimming. Fineness ratio and undulation wavelength,
as compared to the amplitude envelope, has more influence on the propulsive performance
and vortex strength in the wake, except for the protovortex, which is more influenced by
the amplitude envelope. Finally, a discussion is presented to connect the present 2D CFD
results with some of the observed behavior of the anguilliform/carangiform fish in nature.
This bioinspired and biomimetics study on naturally observed and adaptive fish-inspired
swimming may assist with the need-based efficient design of underwater vehicles.

*atulsharma@iitb.ac.in

2469-990X/2022/7(9)/094102(27) 094102-1 ©2022 American Physical Society

https://orcid.org/0000-0002-1373-9491
https://orcid.org/0000-0002-7614-1147
https://orcid.org/0000-0002-8995-1851
https://orcid.org/0000-0003-3473-2325
https://orcid.org/0000-0001-6500-924X
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevFluids.7.094102&domain=pdf&date_stamp=2022-09-14


SIDDHARTH GUPTA et al.

DOI: 10.1103/PhysRevFluids.7.094102

I. INTRODUCTION

Each body/caudal fin (BCF) fish has evolved a certain combination of shape and kinematics
(undulation wavelength and amplitude envelope) of its body/tail, suited for its propulsion and
survival. For the undulation wavelength, Nangia et al. [1] reported that most BCF fish swim
within a narrow range of wavelength that maximizes their swimming speed and thrust generation.
However, within the reported optimal wavelength range, each BCF fish uses a certain combination of
undulation wavelength, amplitude envelope, and shape of their body/tail. The individual kinematics
and shape provide different advantages and abilities to various fish. Under certain conditions, a
fish is also found to adapt the kinematics of another fish for a short duration. For example, the
needlefish—an anguilliform swimmer—adapts the undulation wavelength of carangiform fish [2].
Similarly, another anguilliform swimmer, the eel, alters its wavelength according to speed [3].
Further, the leopard shark has a carangiform shape while it undulates like an anguilliform fish,
possessing less than one wavelength along its body at any time [4]. Thus, adaptive kinematics is
observed in nature for both anguilliform and carangiform fish.

The effect of such adaptive kinematics of two types of fish, anguilliform fish and carangiform
fish, on the fluid dynamics and propulsive performance is the focus of the present study. Further,
the effect of hypothetical—along with real—adaptive kinematics and the role of various shapes (of
both the types of fish) are explored in our numerical study. The resulting study, on the separate and
combined role of shape and kinematics, will be helpful in providing a fundamental understanding
of the associated fluid flow, and also for the efficient and needs-based engineering design of
the autonomous underwater vehicle (AUVs). Such a fish-inspired real and hypothetical adaptive
kinematic-based hydrodynamic study is presented unique in the published literature.

The shapes of the body of anguilliform and carangiform fish are different, parameterized by a
nondimensional fineness ratio FR = L/D, defined as the ratio of the streamwise length L to maxi-
mum diameter D of a fish [5]. Anguilliform fish, such as eels and lamprey, have an elongated slender
body L � D (large FR) while carangiform fish, such as cod and herring, have a fusiform-shaped
body (smaller FR) [5]. The kinematics of the body undulation of anguilliform and carangiform fish is
represented by an amplitude envelope, a(x), and wavelength, λ, of a traveling wave that passes along
the body length. Anguiliform fish undulate their whole body while undulation is mostly restricted
to the posterior part for carangiform fish. This is modeled with the amplitude envelope a(x) that
increases exponentially along the body for anguilliform fish [6] while it increases quadratically for
carangiform fish [7]. At any time instant, an anguilliform fish possesses less than one wavelength
traveling backwards along the body, λ/L < 1, while a carangiform fish possesses approximately
one wavelength, λ/L ∼ 1 [8].

CFD investigations of fish-inspired swimming are usually carried out by two different method-
ologies: tethered propulsion simulations and self-propelled simulations, corresponding to constant
and varying swimming velocity, respectively. After reaching a periodic state in a self-propelled
simulation, the propulsive velocity reaches an almost constant velocity similar to that obtained in
a tethered propulsion simulation. However, at the periodic state, the mean thrust coefficient CT m

is zero for self-propelled simulations and nonzero for tethered simulations. In the present study,
tethered simulations are chosen over self-propulsion simulations along with a 2D hydrofoil-based
2D fish-inspired body instead of 3D fish shapes. Justification of these limitations of the present
fish-inspired swimming model are discussed below in Sec. II C. Thus, for the present 2D study,
the nondimensional parameters that govern the performance of an undulating swimmer are of three
types: a hydrodynamic parameter (Reynolds number, Re); kinematic parameters (nondimensional
maximum amplitude at the tail Amax, and frequency St of undulation, undulation wavelength λ∗); and
geometrical parameter (body shape). The nondimensional hydrodynamic and kinematic parameters
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are defined as

Re ≡ ρupc

μ
, St ≡ 2 f amax

up
, Amax ≡ amax

c
, λ∗ ≡ λ

c
, (1)

where ρ is the density and μ is the dynamic viscosity of the surrounding fluid. Furthermore, c is
the chord length of a NACA hydrofoil, f is the frequency of undulation, and amax is the maximum
amplitude of undulation at the tail.

The scope of the present literature survey covers experimental and numerical studies on the
hydrodynamics of anguilliform and carangiform real-fish or fish-inspired swimming and focused
on the effect of body shape, undulation wavelength, and amplitude envelope. Table I shows
experimental and numerical studies for eels and lamprey as anguilliform fish; and saithe (pollock),
mackerel, and mullet as carangiform fish. For the respective types of real (not NACA-based model)
fish, the table shows reported values of the undulation wavelengths in the ranges λ∗ = 0.6–0.87 and
λ∗ = 0.95–1.11; and the chordwise varying amplitudes A(X ) are exponential and quadratic.

There are various experimental studies on real and robotic fish. In an experimental study on
real anguilliform fish, Müller et al. [3] observed that they can modify their body wave according
to need—for high maneuverability or maximum swimming efficiency. Further, they also observed
a new type of vortex structure traveling along with the body wave that was called a protovortex.
Tytell and Lauder [6] studied the undulation kinematics of an anguilliform fish; and observed an
exponentially increasing amplitude envelope of undulation when moving from the snout to the tail
of the fish. For experimental observations on real carangiform fish, Videler and Hess [7] observed
that fish with a larger amplitude and curvature near the peduncle generate larger speeds during
undulations. Müller et al. [9] found that the anterior body undulation contributes about one-third of
the total thrust generated by a carangiform fish. From robotic experimental studies, Hultmark et al.
[10] observed that the wake structure behind an undulating robotic lamprey is similar to that of eels.
Using a similar robotic lamprey, Leftwich and Smits [11] studied the pressure distribution on its
surface and concluded that most of the thrust is generated from the posterior part of the body.

For fish-inspired undulating 2D NACA hydrofoils, there are more numerical studies than studies
based on real shapes. Dong and Lu [12] performed FEM based 2D numerical simulations to study
the effect of St on the hydrodynamic forces and the vortex structure of a fish-inspired undulating
NACA0012 hydrofoil. Sui et al. [13] found that an undulating 2D NACA0012 hydrofoil starts
generating net thrust force for St > 0.764 at Re = 400. Shao et al. [14] performed 2D numerical
simulation for a fish-inspired undulating NACA0012 hydrofoil in the wake of a D-section cylinder.
For Re = 1500 and St = 0.13 and 1.3, they observed that the thrust and wake structure behind the
hydrofoil depends on the distance between the two bodies. Thekkethil et al. [15] performed 2D
numerical simulations, with a unified kinematic model that encompasses both undulation of the
body or/and pitching of the tail of various BCF fish and presented the thrust generation mechanism.
Khalid et al. [16] studied the effect of λ∗ and St on the hydrodynamic performance of anguilliform
and carangiform swimming modes at Re = 100, 1000, and 5000. They observed that anguilliform
kinematics is more efficient at low Re, whereas the wavelength of a swimmer’s wavy motion
influences the propulsive performance at higher Re.

There are only a very few 3D numerical studies on an undulating fish-inspired body. Kern and
Koumoutsakos [17] optimized the motion of anguilliform swimming to maximize its speed and
efficiency. They reported that the tail generates most of the thrust when motion is optimized for
fast swimming. In contrast, both body and tail contribute to the thrust when motion is optimized
for efficient swimming. Borazjani and Sotiropoulos [18,19] found that the critical Strouhal number
(Stc) at which the net force acting on the fish body becomes zero in a self-propelled simulation
depends on Re, and the Stc decreases with increase in Re for both carangiform and anguilliform fish.
With similar body shapes and undulation kinematics, Borazjani and Sotiropoulos [20] investigated
the effect of adapting each other’s kinematics for both anguilliform (lamprey) and carangiform
(mackerel) fish. They found that the mackerel body is efficient in the viscous (Re ∼ 102) and inertial
(Re ∼ 103) regime while the lamprey body is efficient in the transitional (Re → ∞) regime. Van
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TABLE I. Summary of body shape, undulation wavelength λ∗, amplitude envelope A(X ), Reynolds number
Re, and Strouhal number St used in the published literature and the present work for the hydrodynamics study
on various types of anguilliform and carangiform fish.

Amplitude
BCF fish and body Undulation

Author envelope Re St
shape wavelength λ∗

A(X )

Müller et al. [3] Anguilliform, 0.69–0.87 — ≈10 000 ≈0.56
Tytell and Lauder [6] eel 0.6 — 0.314–0.41

Hultmark et al. [10] Anguilliform, 115 000 0.65
Leftwich and Smits [11] lamprey robot ≈0.65 Exponential 165 000 0.53

Borazjani and Anguilliform, 300, 4000,
0–1.2

Sotiropoulos [18] lamprey ∞
Carangiform,

Videler and Hess [7] saithe (pollock), 1.0 Quadratic — —
mackerel

Carangiform,
Müller et al. [9] 1.11 ≈25 000 ≈0.5

mullet

Borazjani and Carangiform, Quadratic 300, 4000,
0.95 0–1.2

Sotiropoulos [19] mackerel ∞
Dong and Lu [12] Carangiform, 5000 0.1–0.4

1.0
Sui et al. [13] NACA0012 400 0.191–0.955

Carangiform,
Shao et al. [14] 1.0 Quadratic 1500 0.13, 1.3

NACA0012

Anguilliform and
100, 1000,

Khalid et al. [16] carangiform, 0.5–1.5 Quadratic 0.1–0.8
5000

NACA0012

Anguilliform
NACA0006 and 0008 Exponential

0.65,
Present study Carangiform and 5000 0.6

1
NACA0012, 0018, and 0024 quadratic

0024

Rees et al. [21,22] optimized the shape of an anguilliform swimmer and showed that the optimized
shape outperformed real larval zebrafish for both speed and efficiency.

From the above literature survey, Table I documents anguilliform and carangiform fish-inspired
swimming studies reported previously together with some studies based on a NACA0012 hydrofoil
compared to the NACA00XX hydrofoil-based studies reported here. Overall, there appears to be
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TABLE II. Fineness ratio reported in the literature, and appropriate NACA series hydrofoil analog proposed
for different types of fish.

Fineness
Reference Fish Fish type Proposed NACA hydrofoil

ratio (FR)

Dace Carangiform 6.7 NACA0015
Bainbridge [24] Trout Carangiform 6.3 NACA0016

Goldfish Carangiform 4.5 NACA0022

Cod Carangiform 7.5 NACA0013
Videler [5] Mackerel Carangiform 8.8 NACA0011

Eel Anguilliform 21 NACA0005

Cod Carangiform 4.5–5 NACA0022–NACA0020
Blake [25]

Herring Carangiform 4–5 NACA0025–NACA0020

Lim and Lauder Pacific hagfish
Anguilliform 18.667 NACA0005

[26] Robot

Hultmark et al.
[10], Leftwich and Lamprey robot Anguilliform 11.75 NACA0009
Smits [11]

Anguilliform 6.67–12.5 NACA0006, NACA0008
Present study Modeled fish

Carangiform 8.33–4.17 NACA0012–NACA0024

almost no published work on the intrinsic relationship between shape and kinematics use by fish
in nature, except that of Borazjani and Sotiropoulos [20] on adaptation of both λ∗ and A(X ) for
two adaptive swimmers: anguilliform fish adopting carangiform kinematics, and carangiform fish
adopting anguilliform kinematics. The scope of our study is to investigate a much more compre-
hensive range of adaptive swimming cases by the systematic interchange of λ∗ and A(X ), together
as well as separately, between anguilliform-like and carangiform-like body shapes. Thus, instead of
the constant fineness ratio considered previously [20], the present work considers the relevant range
of FR reported in the literature for the different types of anguilliform and carangiform fish. This
is shown in Table II. Representing the two naturally observed swimmers as AAA for anguilliform
and CCC for carangiform swimming, we have adopted a three-letter notation: ACC stands for an
anguilliform swimmer with adaptation of both wavelength λ∗ and amplitude A(X ) of a carangiform
swimmer. Further, separate adaptation of λ∗ and A(X ) by anguilliform and carangiform-shaped
swimmers, result in four more adaptive swimmers: ACA, AAC, CAC, and CCA. Here ACA and
CAC (AAC and CCA) involve the adaptation of each other’s undulation wavelength λ∗ [amplitude
A(X )] by the anguilliform and carangiform swimmers, respectively.

Thus, the objective of the present study is to explore the separate and combined roles of body
shape FR, undulation wavelength λ∗, and amplitude envelope A(X ) on hydrodynamic performance
for various types of anguilliform and carangiform fishlike body shapes and real as well as adaptive
kinematics of a 2D hydrofoil. The fish are modeled here by different NACA hydrofoils, considering
the fineness ratio as an overall representation of the general shape of a fish. The numerical study
is done at reported undulation parameters of fish (Table I), i.e., at a constant frequency St = 0.6,
and maximum amplitude of undulations Amax = 0.1 at a Reynolds number Re = 5000. The present
study is motivated by the hydrodynamic reasons behind three significant observations in nature: (i)
why a particular combination of body shape, amplitude variation, and wavelength of undulation is
used by different types of BCF fish, (ii) why anguilliform and carangiform fish alter their wavelength
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for short periods on a needs basis, and (iii) why carangiform fish as compared to anguilliform fish
have extra fins.

II. PROBLEM SETUP

A. NACA hydrofoil-based body-shape model for the BCF fish

The body shapes of the various types of anguilliform and carangiform fish are modeled here by
NACA hydrofoils. This series was proposed by U.S. National Advisory Committee for Aeronautics
(NACA); they are represented by NACA00XX, where XX refers to the percentage of the maximum
thickness to the chord length of the hydrofoil. The present NACA hydrofoil-based body-shape
model for BCF fish is justified since the distribution of volume is similar in both fish and foils
[23].

As indicated above, the last two digits “XX” of a NACA00XX hydrofoil as a percentage give
the inverse of the fineness ratio FR = 1/(XX/100), defined above for the fish. For example, for a
NACA0020 hydrofoil (with maximum thickness as 20% of the chord), FR = 5. The present body
shape model-based NACA hydrofoils are based on the FR reported in the literature for anguilliform
and carangiform fish: refer to Table II. The table shows that NACA005–NACA0009 correspond
to the overall shape of anguilliform fish, while NACA0011–NACA0024 hydrofoils correspond to
carangiform fish.

B. Kinematic models for BCF fish and quantities of interest

For the present 2D numerical simulations, the fish-inspired undulating hydrofoil is assumed to
be neutrally buoyant and swimming unidirectionally with a constant velocity, up. For BCF fish,
the lateral undulation of the body is modeled by a traveling-wave-based equation with increasing
amplitude down the body [7], given as

�y = a(x) sin

(
2πx

λ
− 2π f t

)
, (2)

where x is the streamwise coordinate from the leading edge of the hydrofoil, �y is the lateral
displacement of the hydrofoil, a(x) is the amplitude envelope of undulation, which varies in the
streamwise direction, λ is the wavelength of the traveling wave along the body, and f is the
frequency of undulation. By using up as the velocity scale, and the chord length, c, as the length
scale, the nondimensional form of Eq. (2) and associated body velocity Vbody given [15] as

�Y = A(X ) sin

[
2π

(
X

λ∗ − St τ

2Amax

)]
, (3)

Vbody = π St

Amax
A(X ) cos

[
2π

(
X

λ∗ − St τ

2Amax

)]
, (4)

where X = x/c and Y = y/c are the nondimensional coordinates; A(x) = a(x)/c is nondimensional
amplitude envelope; and τ = tup/c is the nondimensional time. In addition, St, Amax, λ∗ (defined
in Eq. (1)] are the nondimensional form of frequency, maximum amplitude and wavelength of
undulation, respectively.

All types of BCF fish propel by generating a backward traveling wave [Eq. (3)]. However,
the pattern of the traveling wave varies among the various types of BCF fish. Mathematically,
these patterns are represented by Eq. (3) and are governed by the nondimensional wavelength λ∗,
maximum amplitude of undulation Amax, and amplitude envelope A(x). The amplitude envelope
variation over the body is exponential for an anguilliform fish and quadratic for carangiform fish, as
discussed in the above literature review, given as

Anguilliform: A(X ) = 0.1exp[α(X − 1)], (5)
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FIG. 1. Variation of (a) amplitude A(X ) [Eq. (5) and Eq. (6)] and (b, c) lateral displacement �Y along
the length of the fish (from head to tail). The �Y is shown for the midline of the (b) anguilliform and
(c) carangiform fish-inspired swimming using Eq. (3) at several time instances during one cycle of undulation.

Carangiform: A(X ) = a0 + a1X + a2X 2, (6)

where the amplitude growth rate (from head to tail of the body) is α = 2.18, Amax = 0.1 [Eq. (5)] and
λ∗ ≈ 0.65 [Eq. (3)] for an undulating anguilliform fish [10]. On the other hand, for a carangiform
fish, a0 = 0.02, a1 = −0.08, a2 = 0.16 in Eq. (6) and λ∗ = 1 in Eq. (3) [7,19]. The corresponding
variation of the amplitude envelope A(X ) over the body for both types of fish is shown in Fig. 1(a).
The figure shows that the maximum amplitude Amax occurs at the tail tip X = 1; substituting X = 1
in Eq. (5) and Eq. (6) results in Amax = 0.1 for both fish. The amplitude of undulation is minimum at
the head and increases while moving from head to tail for an anguilliform fish [Fig. 1(a)]. However,
the amplitude is minimum at 0.23c from the head for a carangiform fish [Fig. 1(a)]. Moreover, it
can be seen that the head movement is larger for the carangiform fish than for the anguilliform fish.

Figures 1(b) and 1(c) show the lateral displacement �Y of the midline of the anguilliform and
carangiform fish calculated at several time instants for one undulation cycle using [Eq. (3)], with the
amplitude envelope A(X ) calculated by Eq. (5) for anguilliform and Eq. (6) for carangiform fish-
inspired undulations. The figure shows undulation of the whole body for the anguilliform and mostly
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posterior parts of the body for the carangiform fish. Since λ∗ = 0.65 for lamprey/anguilliform and
λ∗ = 1 for mackerel/carangiform fish, the figure shows more than one wave traveling over the
length of anguilliform fish as compared to one wave for a carangiform fish.

For the present tethered simulations-based results that correspond to a certain instantaneous
transient self-propelled simulation (discussed in Sec. II C), the accelerating performance of the
hydrofoil is presented here as the net streamwise and sidewise or lateral hydrodynamic forces acting
on the hydrofoil (the respective forces per unit depth as thrust force FT and lateral force FL) and a
quasipropulsive efficiency ηQP. In nondimensional form, the performance parameters are given as

CT = FT

1/2ρu2
pc

, CL = FL

1/2ρu2
pc

, (7)

ηQP = Pout

Pin
= (FDs + FT m) up∫

flvbody ds
= CDs + CT m∫

cLVbody dS
, (8)

where CT is the thrust coefficient and CL is the lateral force coefficient; the subscript m in CT m and
FT m correspond to the time-averaged value. Further, ρ is the density of the surrounding fluid, up is
the constant propulsive velocity, fl is the local lateral force per unit surface area of the hydrofoil,
and Vbody is the lateral velocity of an undulating hydrofoil [Eq. (4)]. Also, FDs and CDs are the drag
force and drag coefficient for a stationary straight NACA00XX hydrofoil in a free-stream flow at
the same Re; and the product of FDs with up represents the power required to tow the stationary
hydrofoil. Note that the propulsive velocity up in the present tethered simulation is equal to the
free-stream velocity u∞.

Also note that the above definition of ηQP was originally proposed by Maertens et al. [27] for
the periodic state of both tethered and self-propelled simulations, and was later proposed for the
transient state of the self-propelled simulations in a recent work from our research group [28].
Quasipropulsive efficiency ηQP is widely used by various researchers [28–31] and has an ability
to predict similar results from tethered and self-propulsion simulations; this was demonstrated by
Maertens et al. [27] for St � 0.4 and Re = 5000. Furthermore, being an inverse of the normalized
cost of transport (CoT), ηQP also considers the effect of change of mass with body shape.

C. Computational model

The present computational model considers the 2D hydrofoil for the body of various anguilliform
and carangiform fish, tethered simulations, and lateral as well as rotatory constraints for the
fish-inspired body. The 2D hydrofoil model represents the body of a fish and does not consider the
pectoral, dorsal, anal, pelvic, and caudal fin. In the literature, it is well established that simplified
2D models can help understand complex fish swimming behavior [15,16,28,32–34]. Further, some
studies in the literature show that the results from the 2D simulations are comparable to the
3D results at the same set of governing parameters. In this context, Liu et al. [35] performed
3D simulations for flow over a tadpole and observed that the horizontal symmetrical midplane’s
pressure contours and velocity profiles are similar to their earlier 2D study [36]. Further, they also
observed that the flow and pressure distribution over the tail is 2D, except for a small region limited
to the dorsal and ventral tail fin. Gazzola et al. [37] performed both 2D and 3D simulations and
observed similar trends for the circulation and area of the vortices shed by fish. Also, the efficiency
and distance traveled by them were comparable. Further, they also noted that the optimized results
from the 2D simulations match closely to the starting bout observed experimentally in larval fish
zebrafish by Muller et al. [38]. Zurman-Nasution et al. [39] showed that the flow structure and
forces are effectively 2D for a pitching NACA0016 hydrofoil (similar to an undulating hydrofoil
with λ∗ → ∞ [15,28,33]) for St in the range 0.3–0.6 at Re = 5300. Thus, the above literature
supports the 2D assumption of the present study for flow over undulating hydrofoils at St = 0.6 and
Re = 5000.

In our recent self-propelled simulations-based study [33], we showed an asymptotic increase in
the propulsive velocity up (that is due to an asymptotic decrease in the mean thrust coefficient CT m in
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the transient state), where the asymptotic Cnet
T m = 0 (in the dynamic-steady or periodic state) leads to

a constant up. However, a tethered simulation corresponds to a nonzero Cnet
T m-based increasing up or

accelerating propulsion. The main disadvantage of self-propelled simulations is that the propulsive
velocity up is an output performance parameter. This means that the Reynolds number and Strouhal
number are different when comparing the propulsive performance of two hydrofoils with different
shapes and kinematics, as in the present work. Alternatively, tethered propulsion simulations allow
us to compare different shapes and kinematics of the hydrofoils at the same Re and St and are chosen
here over self-propulsion, where our tethered simulation-based dynamic steady-state results can be
considered to correspond to certain instantaneous self-propelled simulation-based transient results.
This consideration seems reasonable since the self-propelled adaptive kinematics is observed in
nature for a short duration, where the fish is likely to remain in a transient state. Recently, using the
above assumptions for a similar problem on undulating hydrofoils performing different kinematics,
a tethered simulation-based results was also reported recently by Khalid et al. [16].

D. Governing equations and computational details

A level set function-based immersed interface method (LS-IIM), proposed by Thekkethil and
Sharma [40], is used here for the present 2D numerical simulations of various types of anguilliform
and carangiform fish-inspired swimming. The temporal variation of the fluid-solid interface is
obtained here by using a level-set function φ, defined as a signed normal function from the
fluid-solid interface, and is calculated by using a minimum distance and winding algorithm. The
negative values of φ represent solid cells whereas the positive values represent the fluid cells.
The fluid dynamics is governed by the incompressible Navier-Stokes equation, given as

Continuity: ∇ · −→U = 0, (9)

Momentum:
∂
−→
U

∂τ
+ ∇ · (

−→
U

−→
U ) = −∇P + 1

Re
∇2−→U , (10)

where
−→
U (≡ −→u /up) is the nondimensional velocity vector and P(≡ p/ρu2

p) is the nondimensional
pressure.

Using the finite-volume method to discretize the Navier-Stokes equations, the LS-IIM in-house
code is based on a fully implicit pressure projection method on a collocated grid that utilizes
the QUICK scheme for the advection term and the central-difference scheme for the diffusion
term. Further, the level-set function is updated at each time step by using predefined undulation
kinematics, and the interface boundary conditions are implemented directly at the boundary nodes
by using this function.

Considering different NACA00XX as the top/dorsal view based 2D profile for various types
of BCF fish, Fig. 2 shows the nondimensional computational setup for the present problem. The
boundary condition at the inlet corresponds to a constant velocity U = 1. A free slip bound-
ary condition is used to limit the computational domain in the lateral direction. A convective
boundary condition with a nondimensional convective velocity Uc = 1 is used at the outlet. A no-slip
boundary condition is employed at hydrofoil’s surface since the fish-inspired body has an imposed
deformed shape and position in time and no flow-induced deformations are considered.

A comprehensive verification as well as a validation study of the present LS-IIM based in-house
code can be found in Thekkethil and Sharma [40], for various one-way and two-way coupled 2D
fluid-structure interaction (FSI) problems. Furthermore, the code used here was recently applied for
a series of 2D/3D study on tethered/self-propulsion simulations for fish-inspired swimming of a
hydrofoil [15,28,41]. For the present 2D FSI problem, a code-verification study of the LS-IIM is
presented in Fig. 3(a). The figure shows excellent agreement between the present and published
results for the temporal variation of the thrust coefficient CT and lateral force coefficient CL over
one undulation cycle, for a NACA0012 hydrofoil-based carangiform fish at λ∗ = 1, St = 0.4, and
Re = 5000. Note that the computational setup for the validation study is the same as discussed and
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FIG. 2. Nondimensional computational setup for an undulating NACA00XX hydrofoil with constant
propulsive velocity.

presented above in Fig. 2. Also, note that Fig. 3 shows the results after the flow reaches a periodic
state, after the initial transient flow.

Further, for the carangiform fish-inspired undulation, a grid independence study is done by
considering three Cartesian grid sizes: 382 × 142, 768 × 314, and 1543 × 588. For the respective
grid sizes, the uniform finest grid cell sizes used were δ = 0.01, 0.005, and 0.0025 near the
undulating hydrofoil and the uniform coarse grid cell sizes were � = 0.5, 0.25, and 0.125 far
from the hydrofoil. A hyperbolic stretched nonuniform grid is used in the region that is between
the uniform fine and coarse domains. For the two finer grid sizes as compared to the coarsest grid,
Fig. 3(b) shows a much smaller difference in the temporal variation of the lift coefficient. Thus, the
intermediate grid size of 718 × 314 is used here for all the simulations presented below. This has
400 cells across the chord of the hydrofoil.

FIG. 3. (a) Code verification study and (b) grid independence study. Temporal variation of (a) thrust
coefficient CT and (a, b) lift coefficient CL , after the flow reaches to a periodic state, at λ∗ = 1 and Re = 5000.
For a carangiform fish-inspired undulating NACA0012 hydrofoil, the Strouhal number is 0.4 (a) and 0.6 (b).
Here τp = 0 corresponds to a time instant after the flow reaches a periodic state.
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TABLE III. Various nondimensional governing input parameters considered in the study.

BCF fish Governing parameters

Anguilliform Shape NACA0006, NACA0008
Undulation wavelength λ∗ = 0.65

Amplitude envelope A(X ) = 0.1 exp[2.18(X − 1)]

Carangiform Shape NACA0012, NACA0018, NACA0024
Undulation wavelength λ∗ = 1.00

Amplitude envelope A(X ) = 0.02 − 0.08X + 0.16X 2

E. Parametric details

After demonstrating code verification and grid independence of the present numerical method-
ology, the LS-IIM-based in-house code is employed for studying the present problem. Note that
the hydrofoil is assumed to be neutrally buoyant. The assumptions are reasonable for almost all
anguilliform fish, and also for carangiform fish, such as tuna.

For the present numerical investigation on the various types of anguilliform and carangiform
fish-inspired swimming, various nondimensional governing input parameters are shown in Table III:

Note that these parameters are chosen to be similar to those used in previous works and
correspond closely to real swimming conditions for the two types of BCF fish. Considering all
possible combinations of λ∗ and A(X ) for the anguilliform and carangiform fish-inspired bodies,
Fig. 4 presents the eight different cases studied here.

III. EFFECT OF ADAPTATION OF ALTERNATIVE UNDULATION WAVELENGTH AND
AMPLITUDE ENVELOPE ON PROPULSIVE PERFORMANCE

For a constant nondimensional maximum amplitude Amax = 0.1 and frequency of undulation
St = 0.6 at a Reynolds number Re = 5000, this section presents the effect of the adaptation of each
other’s undulation wavelength λ∗ and/or amplitude envelope A(X ) on the propulsive performance
of various types of anguilliform and carangiform fish-inspired swimming hydrofoils. Note that the
time-averaged performance parameters after reaching a pure periodic state, were calculated over
20 cycles of the periodic flow.

A. Effect of the adaptation of undulation wavelength λ∗-based kinematics

The adaptation involves an increase (decrease) in λ∗ from 0.65 (1) to 1 (0.65) for anguilliform
(carangiform) fish-inspired swimming of a hydrofoil, which has a thinner (thicker) body and
exponentially (quadratically) varying amplitude A(X ) of undulation: Figs. 4(a) and 4(b) and 4(e)
and 4(f). The effect of the adaptation of λ∗-based kinematics is studied here for the propulsive
performance of the resulting two adaptive cases (ACA and CAC) as compared to the two natural
observed cases (AAA and CCC) of anguilliform and carangiform fish swimming that is modeled
here with the hydrofoil-based 2D tethered simulations. The results are shown in Fig. 5, for the
variation of ηQP, CT m, and CLrms with increasing (decreasing) λ∗ of the thinner (thicker) hydrofoil
for anguilliform (carangiform) fish-inspired swimming.

For various anguilliform fishlike-shaped hydrofoils (NACA0006 and NACA0008), the fig-
ure shows that the adaptation of λ∗ leads to a reduction in ηQP while the magnitude of CT m and
CLrms increases significantly; compare ACA with AAA in Fig. 5. However, ηQP is yet larger and
CLrms is smaller for the adaptive ACA as compared to the carangiform fish-inspired undulating
hydrofoil; compare ACA with CCC in the figure. Thus, there is an opportunity for anguilliform
fish-inspired-shaped hydrofoils to generate more thrust by undulating with a larger λ∗ [Figs. 5(a)
and 5(b)]. The larger thrust, however, comes at the cost of smaller ηQP and larger CLrms for the
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FIG. 4. Anguilliform (AAA) and carangiform (CCC) fish-inspired undulating hydrofoils, at the extreme
left/right tail position, with an adaptation of each other’s undulation wavelength λ∗ (ACA and CAC),
exponential/quadratic amplitude envelope A(X ) (AAC and CCA), and λ∗ as well as A(X ) (ACC and CAA).
In each panel NACA00XX corresponds to the shape, 0.65/1.00 represents λ∗, and E/Q corresponds to
exponential/quadratic-based amplitude envelope.

ACA as compared to AAA [Fig. 5(c)]. The larger CLrms would requires an additional mechanism
to stabilize the body in view of the larger amplitude of the temporal variation in the lateral force
[Fig. 5(c)].

Figure 5 shows that the adaptation of smaller λ∗-based kinematics for various carangiform
fishlike-shaped hydrofoils (NACA0012, NACA0018, and NACA0024) has an opposite effect to
that discussed above for the anguilliform fish-inspired-shaped hydrofoil, with an increase in ηQP
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FIG. 5. Variation of (a) quasipropulsive efficiency ηQP, (b) mean thrust coefficient CT m, and (c) rms value
of lateral force coefficient CLrms for various types of anguilliform and carangiform fish-inspired swimming
foils, at Re = 5000, St = 0.6, and Amax = 0.1. The adaptation leads to increase in λ∗ from 0.65 to 1.00 for
anguilliform and vice versa for carangiform fish.

and a decrease in CT m as well as CLrms for the adaptive CAC as compared to the natural observed
CCC case. Further, the adaptation leads to almost the same or smaller ηQP and CT m while CLrms

is larger for the adaptive CAC as compared to the anguilliform case; –compare CAC with AAA
in the figure, indicating the role of A(X ), presented below. The present finding is supported
by a subcarangiform fish, which possesses a body shape like a carangiform fish and undulates
continuously with wavelength close to an anguilliform fish.

Thus, the adaptation of each other’s λ∗-based kinematics is demonstrated here to be more thrust-
generating for the anguilliform and more efficient for the carangiform fish-inspired hydrofoils. This
is supported by published literature that reports such adaptation for anguilliform fish, as discussed
further in Sec. V. Further, the present result of the increase in CT m with λ∗ is consistent with that
reported in the literature [1,15].
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FIG. 6. Variation of (a) quasipropulsive efficiency ηQP, (b) mean thrust coefficient CT m, and (c) rms value
of lateral force coefficient CLrms for various types of anguilliform and carangiform fish-inspired swimming
foils, at Re = 5000, St = 0.6, and Amax = 0.1. The adaptation leads to interchange of exponential to quadratic
amplitude envelope A(X ) for anguilliform and vice versa for carangiform fish.

B. Effect of the adaptation of amplitude envelope A(X )-based kinematics

The adaptation involves the change in the equation for amplitude A(X ) from exponential
(quadratic) to quadratic (exponential) for anguilliform (carangiform) fish-inspired propulsion of
the hydrofoil, which has thinner (thicker) body shape and smaller (larger) λ∗: Figs. 4(a) and 4(c)
and 4(e) and 4(g). The propulsive performance of the resulting adaptive cases (AAC and CCA) as
compared to the naturally observed cases (AAA and CCC) is shown in Fig. 6 for the variation of ηQP,
CT m, and CLrms of various NACA00XX hydrofoil-based anguilliform and carangiform fish-inspired
swimming.

For various anguilliform fishlike-shaped foils (NACA0006 and NACA0008), Fig. 6 shows that
the adaptation of A(X ) leads to almost the same ηQP and CT m while CLrms increases significantly;
compare the results for AAC with AAA in this figure. This increase of lateral forces can make
anguilliform swimming unstable since they do not have extra fins as a stability mechanism. The
better lateral stability could be the reason for the exponential A(X ) by anguilliform fish in nature.
For the various carangiform fishlike-shaped hydrofoils (NACA0012, NACA0018, and NACA0024),
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FIG. 7. Variation of (a) quasipropulsive efficiency ηQP, (b) mean thrust coefficient CT m, and (c) rms value
of lateral force coefficient CLrms for various types of anguilliform and carangiform fish-inspired swimming
foils, at Re = 5000, St = 0.6, and Amax = 0.1.

the figure shows a slight increase in ηQP with almost same CT m and a decrease in the CLrms while
undulating with the exponential A(X ) based anguilliform-like amplitude envelope; compare the
results for CCA and CCC in this figure.

In summary, the adaptation of amplitude envelope A(X ) does not much affect on the mean
thrust, but it alters the stability of the locomotion significantly—less stable for the anguilliform and
more stable for the carangiform fish-inspired-shaped hydrofoils. However, for carangiform-shaped
hydrofoils, the adaptation provides more efficient propulsion. Note that the results for the real AAA
and the adaptive CAA (also for CCC and ACC) fish cases are continuous in Fig. 7, while that for the
real AAA and adaptive CAA (also for CCC and ACC) fish cases are discontinuous in Fig. 6; for all
the parameters. However, such variation for a real and adaptive fish case are continuous in Fig. 5(b)
for CT m and discontinuous in Fig. 5(c) for CLrms.

C. Effect of the adaptation of both λ∗ and A(X )-based kinematics

The adaptation for an anguilliform (carangiform) fish-inspired-shaped hydrofoil involves a
larger (smaller) λ∗ = 1 (λ∗ = 0.65) and quadratic (exponential) variation in the streamwise-varying

094102-15



SIDDHARTH GUPTA et al.

amplitude A(X ) of undulation: Figs. 4(a) and 4(d) and 4(e) and 4(h). The effect of the adaptation
of both λ∗ and A(X ) is studied here for the propulsive performance of the resulting two adaptive
cases (ACC and CAA) as compared to the two naturally observed cases (AAA and CCC). This is
shown in Fig. 7 for the variation of ηQP, CT m, and CLrms with increasing thickness of a NACA00XX
hydrofoil for various types of anguilliform and carangiform fish-inspired swimming.

For various anguilliform fishlike-shaped hydrofoils (NACA0006 and NACA0008), comparing
ACC and AAA in Fig. 7 shows that the adaptation of λ∗ and A(X ) reduces the ηQP while the
magnitudes of CT m and CLrms increase significantly; similar to the result presented for ACA and
AAA in Fig. 5. For the carangiform fishlike-shaped hydrofoils (NACA0012, NACA0018, and
NACA0024), comparing CAA and CCC in the figure shows a reduction in the magnitudes of CT m,
and CLrms while ηQP increases significantly; similar to the result presented for CAC and CCC in
Fig. 5. Thus, the adaptation of λ∗ and both λ∗ and A(X ) does not leads to any hydrodynamic
advantage other than providing better lateral stability to the swimming motion. The figure also
shows that the AAA fish-inspired swimming is far more efficient and stable than the other cases
here although AAA swimming generates less thrust.

Figures 5–7 also show the effect of foil thickness (FR) on the performance of a fishlike undulating
hydrofoil. For all the undulation kinematics combinations, CT m and ηQP increase with a reduction
in thickness of the hydrofoil, except for carangiform shapes with anguilliform’s λ∗ (CAC and
CAA), where ηQP is slightly higher for the shape corresponding to NACA0024 as compared to
NACA0018 hydrofoil. A similar trend was observed by Van Rees et al. [21] while performing
3D simulations for anguilliform kinematics. Further, for an oscillating hydrofoil at Re = 5000 and
St = 0.3, Van Buren et al. [42] reported a similar variation for CT m while comparing NACA0010,
NACA0012, and NACA0020 (approximately 1% reduction in CT m with an increase in 1% of
thickness). However, the reported variation for efficiency (ηT ) is different since they documented
that the highest efficiency is for NACA0012. It is important to note that they used Froude efficiency
compared to the quasipropulsive efficiency used in the present study.

Therefore, by comparing the results from Secs. III A, III B, and III C, one can conclude that
the shape and undulation wavelength λ∗ as compared to amplitude envelope A(X ) are found to
dominate thrust generation CT m; whereas the amplitude envelope A(X ) has a significant effect on
lateral stability.

IV. EFFECT OF THE ADAPTATIONS ON FLOW CHARACTERISTICS

The above discussed propulsive performance parameters describe an engineering effect that is
caused by scientifically exciting flow characteristics. For a comprehensive cause-and-effect based
CFD analysis [43], the hydrodynamic cause for the engineering effect of the adaptation of each
other’s undulation wavelength and/or amplitude envelope by anguilliform and carangiform fish-
inspired locomotion is presented in this section with the help of flow characteristics as contours of
instantaneous pressure, instantaneous vorticity, and time-averaged streamwise velocity.

Along with the 2D flow patterns, the flow characteristics are presented as 1D line plots for
streamwise variation of the strength as well as position of both shed vortices and the streamwise
jet behind the hydrofoil. Here the strengths of the shed vortices and the jet correspond to the
local maximum of the instantaneous vorticity (found at the center of the vortex) and maximum
time-averaged streamwise velocity 〈U 〉max at a streamwise location x, respectively. Further, the
position corresponds to the x-y coordinate of the center of the shed vortex and x-y of the 〈U 〉max

for the jet; here, the origin of the x-y coordinate system is shown in Fig. 2. Also notice the left and
right sides of the foil in the figure.

A. Pressure characteristics near the hydrofoil

Whenever a fish initiates undulations, two types of hydrodynamic forces oppose its motion—a
pressure force that acts normal to its surface and a viscous drag that acts tangentially to the
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(a1) AAA (a2) ACA (a3) AAC (a4) ACC

(b1) CCC (b2) CAC (b3) CCA (b4) CAA

FIG. 8. Variation in the instantaneous pressure contours with the adaptation of each other’s (a2, b2) λ∗,
(a3, b3) A(X ), and (a4, b4) both λ∗ and A(X ) by anguilliform and carangiform fish-inspired swimming foils,
at Re = 5000, St = 0.6, and Amax = 0.1. The red arrow represents the resultant force coefficient CR along with
its scale shown.

surface over the whole body. Thus, the undulation has to alter the surrounding flow such that
the hydrodynamic forces act towards the propulsion direction for its locomotion. A BCF fish
produces these forces by swimming such that it generates a backward-traveling wave along its
body. Based on the wavelength λ∗ of this backward-traveling wave, a number of time-varying
crest-and-trough regions develop that travel along the body. While traveling, the crest pushes and the
trough sucks the surrounding fluid. These suction and pushing actions accelerate the surrounding
fluid and thus, develop positive or negative pressure zones across the flexure regions of the body, as
seen for the present fish-inspired 2D model in Fig. 8. The figure shows that the resulting pressure
gradient exerts a resultant hydrodynamic force CR on the body whose component in the streamwise
direction provides the required thrust force for propulsion. Since the required pressure thrust force
is generated by periodically sucking and pushing of the surrounding fluid, this mechanism of thrust
generation is known as the pressure suction mechanism [44].

The variation in the pressure and velocity near the hydrofoil in Fig. 8, for the naturally observed
as compared to adaptive case is due to the difference in undulation kinematics that occurs with
a change in the undulation wavelength λ∗, amplitude envelope A(X ), and both λ∗ and A(X ) of
the hydrofoil. The pressure contours shows a positive stagnant pressure zone near the head of the
hydrofoil, whereas both negative and positive pressure zones are distributed along the crest-and-
trough regions of the hydrofoil. The positive pressure zones are developed on those flexure regions
where the fluid is pushed while the negative zones are developed where the surrounding fluid is
sucked.

The magnitude of the pressure force generated across the flexures of the hydrofoil depends upon
the volume of fluid being sucked and pushed. For undulations, this volume of fluid depends upon the
surface area of crest-and-trough regions: the larger the surface area, the more the fluid is accelerated,
and the larger will be the pressure difference across the front and rear of the hydrofoil, and, thus, the
larger will be the thrust generation. One can observe a similar situation by comparing the naturally
observed cases of AAA and CCC in Figs. 8(a1) and 8(b1). The figure shows that the magnitude
of the streamwise pressure difference across the hydrofoil is larger for CCC than AAA. The larger
pressure difference is due to the larger instantaneous lateral surface area offered by carangiform as
compared to anguilliform fish-inspired NACA hydrofoils.

It is interesting to observe that even with the same shape, the projected lateral surface area is
different for hydrofoils with different λ∗ as their instantaneous shapes are different. Figure 8 shows
that the instantaneous shape of the hydrofoil is of an S-type for cases with the smaller λ∗ (AAA,
CAC, and CAA), while the shape is of a C-type for cases with the larger λ∗ (CCC, ACA, and
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ACC). Here the S-type shape refers to an instantaneous shape with both crest and trough, while
either crest or trough is present at any time instant for the C-type shape. Thus, a larger surface
area is available for fluid-structure interaction in any lateral direction for C-type as compared to
the S-type shape [35]. A larger surface area interacts with a larger volume of surrounding fluid;
thus, the net force generation (CT m,CLrms) from the hydrofoil is larger for CCC and ACA that
undulate with larger λ∗ (Fig. 5). The present results with C-type and S-type instantaneous shapes
of the undulating hydrofoil are consistent with those published by Liu et al. [35]. The increase
in interaction with the surrounding fluid not only increases the magnitude of pressure thrust force
generation, but also increases the input power required for undulations, since the hydrofoil has
to displace a larger amount of fluid. Thus, depending upon the relative increase of CT m and Pin,
the quasipropulsive efficiency either increases or decreases with λ∗ of the hydrofoil. Note that the
same mechanism was presented as a velocity mechanism by Bale et al. [45], for an undulating 3D
body in a stationary fluid, where a larger wave speed Vw (Vw = λ∗ × f ) of undulation leads to a
larger momentum transfer to the surrounding fluid and an increase in the thrust coefficient CT . For
anguilliform-shaped hydrofoils, the adaptation of λ∗-based increase in input power is much higher
than increase in thrust-production-based output power from the hydrofoil that results in reduction in
the quasipropulsive efficiency for ACA as compared to AAA [Fig. 5(a)]. However, for carangiform
shapes, the adaptation of λ∗-based loss in thrust generation is much smaller than the reduction in the
input power required for propulsion that results in the enhancement of quasipropulsive efficiency
for CAC as compared to CCC [Fig. 5(a)].

For the adaptive cases as compared to the real cases, Fig. 8 shows that the hydrofoil’s overall
instantaneous shape (S-type or C-type) interchanges with the adaptive-λ∗ cases (ACA, ACC, CAC,
and CAA) while it remains almost unchanged for the adaptation of A(X ) only cases (AAC, CCA).
Thus, there is no significant effect of adopting each other’s A(X ) on CT m [Fig. 6(b)]. While for
the other cases, CT m increases for the adaptive anguilliform (ACA and ACC) and decreases for the
adaptive carangiform cases (CAC, CAA); refer to Figs. 5(b) and 7(b). However, for the adaptive-λ∗
cases (ACA, ACC, CAC, and CAA), the lateral deviation of the anterior and posterior parts of
the hydrofoil increases and decreases for the adaptive anguilliform and carangiform fish-inspired
hydrofoil, respectively. Thus, for the respective adaptive case, there is an increase and decrease in
the instantaneous lateral coefficient CL and CLrms; refer to Figs. 5(c), 6(c), and 7(c).

B. Vorticity and streamwise velocity characteristics

A signature of the thrust generation is seen in the flow pattern behind the hydrofoil, with a
reverse von Kármán vortex street and jet formation. The respective flow patterns are shown in Fig. 9
and Fig. 10 for the naturally observed and adaptive anguilliform and carangiform fish-inspired
swimming. The time instant for the instantaneous vorticity contours corresponds to the mean
position of the hydrofoil, with the onset of tail tip motion in the left direction.

A result similar to that for the present single row of reverse von Kármán street has also been
reported in the experimental studies for real anguilliform fish, like eels [46], lampreys [47], and for
real carangiform fish, like rainbow trout [44], mullet [9,48], giant danio [49], and mackerel [50].
However, Müller et al. [3] has observed a double row reverse von Kármán vortex street in the wake
of an undulating eel. The reason for this discrepancy has been explained by Videler et al. [48], as
eels use a different undulation pattern for different swimming conditions. These results from the
literature also shows that the swimming pattern changes the vortex structure behind an undulating
body. For naturally observed carangiform (CCC), as compared to naturally observed anguilliform
(AAA) fish-inspired swimming, a greater strength of the CW shed vortices and a larger velocity of
the jet can be observed in Fig. 9(q) and Fig. 10(q), respectively.

Figure 9 [(a) and (b); (i) and (j)] shows another difference with the flow pattern behind the
hydrofoil as symmetric for AAA [Figs. 9(a) and 9(b)] and asymmetric for CCC [(Figs. 9(i) and 9(j)]
fish-inspired swimming; this can be judged quantitatively by comparing their position of the center
of CW vortices in Fig. 9(r). A similar asymmetric wake was also observed by Khalid et al. [16]. The
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FIG. 9. Variation in the instantaneous vorticity contour behind the hydrofoil and (q, r) streamwise variation
of the strength and center of the clockwise shed vortices with the adaptation of each other’s λ∗, A(X ), and both
λ∗ and A(X ) by various types of anguilliform and carangiform fish-inspired swimming foils, at Re = 5000,
St = 0.6, and Amax = 0.1. The hydrofoils are shown at their mean position in (a)–(p), and (q) and (r) correspond
to NACA0006 and NACA0024 hydrofoil for anguilliform and carangiform shapes, respectively.
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FIG. 10. Variation in the time-averaged streamwise velocity contour behind the hydrofoil and (q, r)
streamwise variation of the strength and lateral position of the time-averaged streamwise jet with the adaptation
of each other’s λ∗, A(X ), and both λ∗ and A(X ) by various types of anguilliform and carangiform fish-inspired
swimming foils, at Re = 5000, St = 0.6, and Amax = 0.1. The hydrofoils are shown at their mean position in
(a)–(p), and (q) and (r) correspond to NACA0006 and NACA0024 hydrofoils for anguilliform and carangiform
shapes, respectively.
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asymmetric flow pattern behind the hydrofoil is due to the formation of a dipole within the vortex
street. As shown marked in Fig. 9(j), the dipole refers to two opposite-sign vortices that are very
close to each other—the closeness is due to the combined effect of vortex stretching and a reduction
in the convective velocity of the vortices as they move away from the hydrofoil. Once a vortex is
shed from the tail tip, it is convected at a velocity close to the wave speed Vw of undulation. Due to
the lower propulsive velocity up < Vw, the convective velocity reduces downstream; this results in
a decrease in the streamwise distance between the upstream and downstream vortices leading to the
formation of a dipole. As the dipole forms, the opposite signed vortices induces the surrounding fluid
to pass through the narrow gap between the vortex pair (governed by the Biot-Savart law), resulting
in an inclined jet [28,34]. The vortices then convect downstream in the direction of this newly
formed jet and one can observe an inclined vortex street for the CCC fish-inspired swimming. The
direction of the lateral inclination (leftward/rightward) depends on the position of the vortices in the
dipole. If the dipole is formed such that the leading vortex within the dipole is clockwise [Fig. 9(j)],
then it induces velocity towards the right, resulting in the formation of rightward inclined vortex
street; and vice versa [Fig. 9(l)]. The dipole leads to the formation of an inclined jet flow behind
the hydrofoil, as shown in Fig. 10 (panels i, j, m, n, and r). The leftward or rightward inclination of
the vortex street and the jet depends on the initial condition of the onset of kinematics—the initial
leftward (rightward) onset of undulation in our simulation is found to lead to rightward (leftward)
inclination of the jet. More details on asymmetric wake and the effect of governing parameters are
discussed in our recent work [34].

Figures 9 and 10 also show the effect of adaptation of λ∗ and/or A(X )-based kinematics on the
wake and time-averaged jet formation. For various anguilliform fishlike-shaped hydrofoils, Fig. 9
(panels a, b, c, d, and q) and Fig. 10 (panels a, b, c, d, and q) show an increase in the vortex
strength as well as the jet strength by adapting λ∗ from 0.65 to 1; compare ACA with AAA in
the figures. This results in a larger thrust coefficient CT m for the ACA as compared to AAA fish-
inspired locomotion—refer to Fig. 5(b). Further, Fig. 9 (panels a, b, c, d, and r) and Fig. 10 (panels
a, b, c, d, and r) show that the adaptation of the undulation wavelength brings asymmetry in the
wake for anguilliform-like swimming; compare ACA with AAA in the figures. The increase in the
asymmetry of the wake is due to the increase in the strength of vortices generated by the hydrofoil
after adapting carangiform’s λ∗, which leads to the formation of dipoles with a larger strength.
Thus, the Biot-Savart law based magnitude of lateral induced velocities generated by dipoles for
ACA becomes strong enough to deviate the vortices from their mean path of motion. In contrast,
for the various carangiform fishlike-shaped hydrofoils, Fig. 9 (panels i, j, k, l, and q) and Fig. 10
(panels i, j, k, l, and q) show that the strength of both the vortex and jet decrease by adapting λ∗ from
1 to 0.65; compare CAC with CCC in the figures. The decrease in the strength leads to a decrease
in CT m for CAC as compared to CCC as shown in Fig. 5(b). Further, Fig. 9 (panels i, j, k, l, and
r) and Fig. 10 (panels i, j, k, l, and r) show that the asymmetry in the wake reduces for the CAC
combination; moreover, the lateral direction of deviation changes from rightward to leftward for
carangiform-like swimming by adapting anguilliform’s λ∗. The change in direction is a result of the
change in the leading vortex of the dipole from CW to CCW [marked in Fig. 9(l)], which is due to
the change in the onset movement of the hydrofoil from leftward for the CCC to rightward for the
CAC (initial condition in our simulation).

For the only A(X )-based adaptive kinematics, Fig. 9 (panels a, b, e, f, i, j, m, n, q, and r) and
Fig. 10 (panels a, b, e, f, i, j, m, n, q, and r) show no significant change in vortex strength as well
as the jet strength for the adaptive as compared to real fish-inspired swimming—compare AAC
with AAA and CCA with CCC. However, the lateral deviation of vortices decreases slightly for
carangiform-shaped hydrofoils. This results in no significant change in the thrust coefficient CT m for
the adaptive-A(X ) cases [Fig. 6(b)]. For both λ∗ and A(X )-based adaptive kinematics, Fig. 9 (panels
a, b, g, h, i, j, o, p, q, and r) and 10 (panels a, b, g, h, i, j, o, p, q, and r) show an increase (decrease)
in vortex strength and jet strength by adapting each other’s both λ∗ and A(X ) for anguilliform
(carangiform)-inspired swimming. Thus, the effect is similar to that for only λ∗-based adaptive
kinematics on time-averaged engineering parameters, as discussed above in Fig. 7 and Sec. III C.
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Figure 10 also shows the effect of shape (FR) on the strength of time-averaged jet in the wake.
For same λ∗ and A(X ), the figure shows a stronger jet for the thinner anguilliform as compared
to the thicker carangiform-shaped hydrofoil. Further, the wake deviates more for the carangiform-
shaped hydrofoil. Overall, the body shape (FR) and undulation wavelength λ∗ are found to be the
dominating parameters that influences the strength and symmetry of the wake of a fish-inspired
undulating hydrofoil.

C. Vorticity characteristics near the hydrofoil: Secondary or protovortex

Figure 11 shows a clockwise (CW) and counterclockwise (CCW) vortex on the right and left side
(refer to Fig. 2 for the sides) of the hydrofoil, respectively. Moreover, at the respective sides of the
hydrofoil, thrust generating undulations result in a much smaller opposite-signed vorticity region.
This is shown by a zoomed region in the figure as the CW vorticity based secondary or protovortex
on the left side that is generated around x/c = 0.3 gets advected downstream and merges with
the primary shedding vortex of the same sign on the opposite (right) side. Semicircular flow based
protovortices are reported in the literature for both the anguilliform [3,6,46–48] and carangiform fish
[9], and also for undulating water snakes [51]. It is well established that these vortices are formed
due to the pressure suction mechanism (discussed in Sec. IV A) which leads to the formation of
semi-circular flows from high to low-pressure zones of the hydrofoil.

For all the cases considered in the study for both anguilliform and carangiform fish-inspired
shape hydrofoils, Figs. 11(a)–11(h) show that the first recognizable protovortex is generated at
approximately 0.3c from the head/snout of the hydrofoil, which is similar to the experimental
observation on anguilliform fish by Müller et al. [3]. After generation, the vortex travels along with
the point of maximum excursion of the hydrofoil, and its strength increases as it advances towards
the tail. The convection of the protovortex with increasing strength towards the tail also matches
with the literature [3,6,46–48,51]. The convection of the protovortex to the tail tip and its merging
with the tail vortex of the same sign is seen for all the cases considered in the study. Thus, the
present results support the experimental observation by Tytell and Lauder [6], where they observed
merging of a similar signed protovortex and the tail vortex. As discussed above, anguilliform fish
are known for changing their kinematics according to their need. We present a similar result for the
vortex structure near the hydrofoil. The merging of the same sign proto- and tail vortex represents
efficient propulsion, whereas the merging of opposite sign vortices represents better stability during
the propulsion.

The streamwise variation of the strength of the clockwise (CW) protovortices is shown in
Fig. 11(i) for anguilliform shape and Fig. 11(j) for carangiform shape, respectively. Here the strength
corresponds to the local maximum of the magnitude of instantaneous vorticity that is found at the
center of the CW protovortices. Further, the position of the center of CW protovortices is measured
from the head/snout of the hydrofoil. Figures 11(i) and 11(j) also show that the adaptation of
undulation wavelength does not have a significant effect on the strength of protovortices; compare
ACA with AAA and CAC with CCC. In contrast, with the adaptation of A(X ), the strength at
any chordwise position decreases for anguilliform (compare AAC with AAA) and increases for
carangiform-shaped hydrofoils (compare CCA with CCC). From curve fitting to the data, it is
observed that the increase in strength along the chord length is exponential for anguilliform’s
amplitude envelope (AAA, ACA, CCA, CAA), while the variation is quadratic for cases with
carangiform’s amplitude envelope (AAC, ACC, CCC, CAC). Thus, one can conclude that for a
particular shape, the strength of protovortices depends only on the amplitude envelope A(X ) and is
independent of the λ∗ of undulations.

V. SUMMARY AND CONCLUSIONS

In this section, the 2D CFD results are summarized to explain some of the observed behaviors
of a fish in nature. Note that the summary is based only on the hydrodynamic characteristics and

094102-22



ANGUILLIFORM AND CARANGIFORM FISH-INSPIRED …

FIG. 11. For the naturally observed and adaptive cases of the anguilliform and carangiform fish-inspired
swimming, (a–h) temporal variation of the vorticity contour near the hydrofoil and (i–j) streamwise variation
(from the leading edge) of the strength of the clockwise (CW) protovortex. A zoomed view of the dashed
rectangular region in the vorticity contours shows the generation, downstream advection, and merging of the
protovortex.
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propulsive performance of swimming, which may not be complete and sufficient in many cases
since evolutionary forces may be influenced by other factors.

In nature, both anguilliform and the carangiform fish have evolved over millions of years to
conserve energy or maximize their propulsive efficiency according to their needs. Interestingly, pre-
dictions from our simplified numerical simulations are in agreement with the optimal combination of
the body shape and undulation pattern, observed in nature, for achieving desired goals. Anguilliform
fish possess an elongated/thinner body, swim at slow to moderate velocity, and have habitats in
the benthic zone (close to the lowest level) of the water body [52]. Due to this slow to moderate
swimming speed, they do not require high thrust; however, they do need to save their energy due
to the structurally complex environment at the bed of the water body. Hence, they have developed
their undulation kinematics such that they can swim at high efficiency. In contrast, carangiform
fish possess comparatively thicker/fusiform bodies, are moderate to very fast swimmers, and have
habitats in the pelagic zone (neither close to the bed nor near the surface) of the water body [52].
Thus, they need to generate larger velocities or larger thrust but still should be reasonably efficient.
Hence, they have developed their undulation kinematics such that they can swim at high speeds,
while still maintaining reasonable efficiencies consistent with their body shape.

Our simulation results show that for an anguilliform fish-inspired hydrofoil, the adaptation of
undulation wavelength λ∗ provides a larger thrust generation that results in enhanced acceleration
while reducing quasipropulsive efficiency ηQP (Sec. III A). In nature, this is exemplified in needle-
fish (anguilliform fish and also known as flying fish) undulating at a larger wavelength close to that
of carangiform fish, since they require a large acceleration to jump to jump out of the water [2].
In contrast to anguilliform fish-inspired undulating hydrofoils, the present result for carangiform
fish-inspired undulating hydrofoils show that the adaptation of the undulation wavelength λ∗ causes
a reduction in thrust generation. However, quasipropulsive efficiency ηQP increases significantly.

Nature seems to have a very effective and simple strategy to optimize propulsive performance.
Carangiform fish possess comparatively thicker bodies, undulate with a quadratic amplitude enve-
lope and a larger undulation wavelength. Our simulations show that these combinations provide
a large magnitude of CLrms, which reduces the lateral stability during locomotion. However,
carangiform fish are equipped with additional paired fins to stabilize themselves under the effect
of larger lateral forces [53,54]. On the other hand, thin and elongated anguilliform fish undulate
with an exponential envelope and smaller undulation wavelength. The present results show that
the anguilliform body shape and kinematics generates smaller lateral forces that allow reasonable
stability without fins.

In terms of the vortical flow structure created behind the anguilliform and carangiform fish-
inspired swimming, the present results show that the strength and symmetry of the wake depends
on the undulation wavelength and body shape (FR). Thus, the wake from anguilliform fish-inspired
swimming is of low strength and dissipates quickly as compared to carangiform fish-inspired
swimming (Sec. IV B). This low strength and quickly dissipating vortical structure is associated
with the survival of anguilliform fish against most predator fish (mostly large fish that come
under the category of carangiform and thunniform) and cetaceans. Predator fish generally possess
mechano-sensitive organs that use vortices that are left behind in the wake as signals to locate the
position of prey [55–58]. Thus, to escape detection of predators, anguilliform fish endeavour to shed
smaller vortices.

The conclusions drawn from the present study are as follows:
(1) By adapting the undulation wavelength λ∗ of carangiform (anguilliform) fish, the mean thrust

generation for anguilliform (carangiform) fish-inspired-shaped hydrofoils increases (decreases);
however, this adaptation reduces (increases) the stability and quasipropulsive efficiency of swim-
ming. The variation in the propulsive performance is supported by the flow field as the magnitude
of vortex strength and jet strength increases (decreases) in the wake; and the adaptation brings
(reduces) asymmetry in the convection of vortices and the jet.

(2) By adapting the amplitude envelope of a carangiform (anguilliform) fish, there is no
significant change in the mean thrust generation and quasipropulsive efficiency for anguilliform
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fish-inspired-shaped hydrofoils; however, this adaptation reduces the stability of swimming consid-
erably. In contrast, for carangiform fish-inspired-shaped hydrofoils, the quasipropulsive efficiency
and stability of swimming enhances.

(3) The effect of adaptation of both λ∗ and A(X ) on the propulsive performance parameters is
almost the same as with the adaptation of λ∗ only.

(4) For the flow structure, the strength and symmetry of vortices in the wake are more strongly
influenced by the undulating wavelength λ∗ as compared to the amplitude envelope A(X ), while the
flow field in the vicinity of the hydrofoil (protovortex) is found to be associated with A(X ).

The above conclusions, although based on simplified 2D-model-based results, presents a rea-
sonable justification of various types of adaptive swimming characteristics of anguilliform and
carangiform fish. For the role and relation between body-shape, undulation-wavelength, and
amplitude-envelope on the propulsive performance, although the present results provide a 2D
flow characteristic-based hydrodynamic analysis, 3D flow characteristics can lead to more realistic
reasoning and will be attempted in a future study. A novel contribution of the present study is the
mapping of different shapes of fish body with appropriate shapes of NACA hydrofoils that can be
beneficial to future investigations on fish-inspired swimming. One of the important contributions
of the reported results is that it can be used for a need based designing of autonomous underwater
vehicles.
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