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ABSTRACT

In this paper, we examine the coupling between odor dynamics and vortex dynamics around undulating bodies, with a focus on bio-inspired
propulsion mechanisms. Utilizing computational fluid dynamics simulations with an in-house immersed boundary method solver, we investi-
gate how different waveform patterns, specifically carangiform and anguilliform, influence the dispersion of chemical cues in both water and
air environments. Our findings reveal that vortex dynamics significantly impact the overall trajectory of odor spots, although the alignment
between odor spots and coherent flow structures is not always precise. We also evaluate the relative contributions of diffusion and convection
in odor transport, showing that convection dominates in water, driven by higher Schmidt numbers, while diffusion plays a more prominent
role alongside convection in air. Additionally, the anguilliform waveform generally produces stronger and farther-reaching chemical cues
compared to carangiform swimmers. The critical roles of Strouhal number and Reynolds number in determining the efficiency of odor dis-
persion are also explained, offering insights that could enhance the design of more efficient, adaptive, and intelligent autonomous underwater
vehicles by integrating sensory and hydrodynamic principles inspired by fish locomotion.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0235768

I. INTRODUCTION

Researchers always get fascinated by how nature designs and
adopts a variety of different effective strategies for dealing with com-
plex systems, particularly how animals like fish evolved highly efficient
mechanisms for propulsion and navigation. The increasing use of
robotic technologies in aerial and aquatic environments for various
purposes, including environmental monitoring, search and rescue, and
underwater exploration, intensifies research efforts to enhance their
efficiency by drawing inspiration from natural designs. Fish are excep-
tional swimmers, and their ability to flex their bodies in specific ways
enables them to achieve remarkable propulsion and maneuverability
in aquatic environments. Scientific and engineering community aims
to develop robots that can move through water efficiently by under-
standing the bio-mechanics and hydrodynamics of fish swimming.1,2

Previously, research focused extensively on analyzing propulsive
mechanisms of fish and a range of maneuvers achievable by manipu-
lating factors, such as frequency and wavelength.3 Numerical simula-
tions are pivotal in examining and understanding their dynamics,
revealing that the wavelength of undulatory kinematics plays a crucial
role in determining the hydrodynamic performance of fish.4 Recent

research studies showed that undulating with larger wavelengths5 sig-
nificantly enhanced hydrodynamic thrust for a carangiform swimmer,
allowing these fish to conserve energy at an optimal wavelengths while
maintaining high swimming speeds.6 In another study, Khalid et al.7

reported that anguilliform swimmers were able to attain better hydro-
dynamic performance metrics by performing the wavy motion at a
smaller wavelength than their body lengths. These findings demon-
strate the diversity and effectiveness of different biological propulsive
techniques in different marine animals. Additionally, researchers
investigated the influence of body shape and adaptive kinematics8 to
gain deeper insights into both propulsion and navigation capabilities.
Excellent reviews of these research investigations, laying the ground-
work for hydrodynamic designs of bio-inspired underwater robots
were presented by Fish and Lauder,9,10 Lauder,11 Fish,12 Zhang et al.,13

and Raj and Thakur.14

Fish live and propel themselves in challenging marine environ-
ments using a sophisticated combination of sensory modalities for
underwater sensing, detection, and navigation.15 Researchers are keen
to unravel the mysteries of aquatic locomotion and sensory perception
to develop autonomous underwater vehicles that can mimic these
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natural abilities. Fish employ a diverse approach to gather information
about their surroundings, utilizing visual inspection, olfaction (detec-
tion of chemical cues), acoustic perception, and sensitivity to pressure
fluctuations through their lateral line system.16 Visual inspection
allows fish to perceive their environment, detect obstacles, and identify
potential preys or predators.17 In addition, olfaction plays a crucial role
in detecting chemical cues emitted by food sources, potential mates, or
nearby predators, aiding in migration and foraging behaviors.18

Acoustic perception enables fish to sense disturbances in the water and
communicate with conspecifics, contributing to social interactions and
strategies for avoiding predators.19 Additionally, the sensitivity of fish
scales on their bodies to pressure changes facilitates precise control of
directionality and locomotion through water, enhancing their ability to
perform complex maneuvers.20

Despite many advancements in understanding fish locomotion
during the last two decades, the important role and influence of olfac-
tory cues, integrated with hydrodynamics, in fish swimming remained
an entirely unexplored aspect.21,22 The interaction between hydrody-
namics and chemosensory systems in fish is an emerging field of study
that holds potential for significant discoveries.23 To the authors’ best
knowledge, almost no studies were devoted to examine the effects of
chemical cues on fish locomotion.24 Only one recent research study by
Menzer et al.25 addressed this important subject, who concluded that
olfactory chemoreception in a fish-like school and the associated
hydrodynamic interactions played a crucial role in collective behavior
and navigation. While it is well-established through research investiga-
tions from biologists21 that fish utilize chemical cues for directional
control during navigation in water, this phenomenon was predomi-
nantly examined for odor dynamics and aerodynamics of flying
insects.26–28 However, a critical knowledge gap exists regarding the
potential connection between fluid dynamics and odor dynamics
around undulating bodies. In order to address this important aspect
related to biological propulsion in our present work, we employ com-
putational methods using our in-house solver, developed based on
immersed boundary method and named as IBVortX.29 With the
recent advancements in developing olfactory sensing technology,30 its
integration with insightful information about fluid dynamics carries
significant potential to revolutionize the design of bio-inspired under-
water robots,31 enabling them to become more efficient, adaptive, and
capable of performing complex tasks in challenging underwater envi-
ronments. Mimicking the natural strategies of fish and leveraging their
sensory capabilities, autonomous robotic systems can be made to
respond intelligently to environmental cues32 in diverse aquatic condi-
tions, contributing to marine biology, environmental conservation,
and oceanographic exploration. Therefore, combining vortex dynam-
ics with odor dynamics around undulating bodies fundamentally sets
up the novelty and the main objective of our current work.

In order to further elaborate the research questions connected
with the primary aim of our work, we address the following elements
here: (i) How does odor dynamics couple with vortex dynamics
around undulating bodies in water? (ii) Modeling the undulating body
as a source of odor, which waveform, carangiform, or anguilliform
sends strong chemical cues in the wake? (iii) How does diffusion and
convection of odor comparatively behave in a fluid medium for bio-
inspired propulsion? (iv) How do flow conditions and kinematic
parameters influence the apparently interconnected dynamics of fluid
flow and transport of chemical cues? (v) Although undulation of thin

bodies relates more to fish swimming as its model, how does the nature
of a fluid medium, e.g., water and air, affects the diffusion and convec-
tion processes of odor? It is important to highlight that our present
work is the first study that involves the computational modeling of
both diffusion and convection phenomena in determining the
unsteady behavior and transport of a chemical specie at both high and
low values of Schmidt numbers.26,27 Unlike previous studies,33,34

which focused solely on unsteady propulsion, our work pushes the
boundaries of the field by exploring how unsteady flow impacts chemi-
cal distribution in the fluid environment.

There are different classifications of marine species based on their
physiology and kinematics.2 These include anguilliform, carangiform,
sub-carangiform, thunniform, and ostraciiform. Our current work is
only focused on two primary modes, including carangiform and
anguilliform. We consider viscous and transitional flow regimes,
defined through Reynolds numbers (Re) of 500, 1000, and 50003 along
with Strouhal number, denoted as f �, ranging from 0.2 to 0.6. Here, we
characterize fluid media, water and air, through Schmidt number,
which is the ratio between kinematic viscosity (�) of a fluid and diffu-
sivity (D) of an odor, as provided in Table II. Despite the fact that fish
primarily inhabit aquatic environments, testing the solver’s robustness
in both water and air is essential for comprehensive validation and ver-
ification. To elaborate our approach of performing two-dimensional
(2D) simulations in this work, we emphasize that recent advances in
experimental35,36 and computational methods37,38 enabled scientists to
capture and analyze complex three-dimensional (3D) flow features
around these remarkable biological species, helping to identify how
these flows generate the fluidic forces essential for their propulsion and
maneuverability. Despite these developments, the high cost of these
techniques attached with computational requirements and time still
restricts our ability to conduct extensive parametric studies across a
broad range of parameters. In this context, 2D simulations provide
valuable insights into the fundamental characteristics of fluid flows
around undulating swimmers. To interpret the results of 2D simula-
tions, one can consider the extraction of flow fields along the mid-
planes of virtual swimmers with infinitely wide bodies. Past research
work39–41 also investigated the conditions under which conclusions
from 2D simulations could apply to 3D flows. For instance, Liu et al.39

conducted both 2 and 3D simulations for flows around a tadpole, find-
ing minimal vertical cross-flow along the dorsal and ventral tail fins,
with flow characteristics along most of the body and tail remaining
largely 2D. Similarly, Gazzola et al.42 identified optimized kinematic
patterns for the C-start motion of a zebrafish larva that aligned with
experimentally observed movements,43 based on both 2 and 3D analy-
ses. More recently, Zurman-Nasution et al.41 used an oscillating
NACA0016-shaped wing at Re ¼ 5300 to determine the range of
Strouhal numbers where 3D vortex features become significant, con-
cluding that flow over pitching wings remained mainly 2D for
Strouhal numbers up to 0.60. These findings directly justify our com-
putational approach for this study.

II. COMPUTATIONAL METHODOLOGY

In this study, we use the NACA0012 foil to model the bodies of
swimmers, with the chord representing a swimmer’s spine during
static equilibrium. We consider two types of wavy kinematic modes:
anguilliform and carangiform. Anguilliform swimmers, such as eels,
move by undulating a large portion of their bodies, while carangiform
swimmers, like certain fish species, have prominent caudal fins
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attached to their bodies.29 The amplitude of the carangiform profile,
where the chord represents a fish’s backbone, is described by the fol-
lowing relation:3,5,45

A
x
L

� �
¼ 0:02� 0:0825

x
L

� �
þ 0:1625

x
L

� �2

; 0 <
x
L
< 1; (1)

where x denotes the stream-wise coordinate of each node used to dis-
cretize the model swimmer, and Aðx=LÞ shows the local amplitude at
a given spatial position along the swimmer’s body, nondimensional-
ized by its total length (L). This body length is equal to the chord of
the foil for our 2D simulations. Here, the coefficients are calculated
based on the data provided for a steadily swimming saithe fish, which
is a carangiform swimmer44,46 with local amplitudes of Að0Þ ¼ 0:02,
Að0:2Þ ¼ 0:01, and Að1:0Þ ¼ 0:10. Limiting the maximum amplitude
of the trailing-edge to 0.10 for the two swimmers, we define the ampli-
tude envelop of anguilliform kinematics using the following
relation:3,7,47

A
x
L

� �
¼ 0:0367þ 0:0323

x
L

� �
þ 0:0310

x
L

� �2

; 0 < x=L < 1:

(2)

Using f being the oscillation frequency and t as the time, the
undulatory motion in both the cases is modeled by the following math-
ematical form:

y
x
L

� �
¼ A

x
L

� �
sin 2p

x
k
� ft

� �� �
: (3)

The swimmer is positioned in a rectangular virtual tunnel, as
illustrated in Fig. 1, with dimensions of the flow domain set as
34L� 18L. Please note that the figure is not intended to be according
to a scale but rather to highlight the geometric details.

We design the mesh with two distinct regions, as depicted in
Fig. 2, a finer region and a coarser region. The finer region is gen-
erated uniformly based on the number of elements specified for
this region. To ensure a smooth transition between the fine and
coarse regions, we first define the variable (/), which is linearly
spaced between 0 and 1, according to the number of elements in
the coarse region. To achieve non-uniformity and smooth grada-
tion, we modify this meshing parameter using the following
formulation:

/ ¼ ð1� /Þ � ð1þ /Þ: (4)

This transformation creates a non-uniform distribution of points.
The spacing between elements is then adjusted with the following
equation to provide a smooth transition:

x/ ¼ ðdxc � dxf Þ � /þ dxf ; (5)

where dxc is the spacing between elements in the coarse region, and dxf
is the spacing between elements in the finer region. This
formulation ensures a smooth and gradual change from fine to coarse
grid cells.

We conduct 2D numerical simulations of the swimmers, disre-
garding the effects of 3D flow. This approach serves as an efficient
computational strategy for capturing key aspects of swimming dynam-
ics and flow physics.42,45 The mathematical model for fluid flow is
based on the following non-dimensional forms of the continuity and
incompressible Navier–Stokes equations:29,48

@uj
@xj

¼ 0; (6)

@ui
@t

þ uj
@

@xj
ðuiÞ ¼ � 1

q
@p
@xi

þ 1
Re

@2ui
@xj@xj

þ fb; (7)

where fi; jg ¼ f1; 2; 3g, xi shows Cartesian directions, ui denotes the
Cartesian components of the fluid velocity, p is the pressure, and Re
represents the Reynolds number. For the current numerical formula-
tion, the term fb shows a discrete forcing term, allowing for a sharp
representation of the immersed boundary.48

We solve the governing mathematical model for fluid flows using
a sharp-interface immersed boundary method on a non-uniform

FIG. 1. Flow domain and the boundary
conditions.

FIG. 2. Flow domain and non-uniform Cartesian grid.
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Cartesian grid, with radial-basis functions as the interpolation scheme
to precisely identify the immersed bodies.29 We use a central difference
scheme for spatial discretization to approximate the diffusion term,
while the convection term is discretized using the Quadratic Upstream

Interpolation for Convective Kinematics scheme. The integration with
respect to time is carried out through a fractional-step method, ensur-
ing second-order accuracy in both time and space. The prescribed
wavy kinematics are applied as a boundary condition on the
swimmer’s body, enforced on immersed bodies through a ghost-cell
technique29,48 suitable for both rigid and flexible structures. Further
details on this fully parallelized solver and its application to various
bio-inspired fluid flow problems can be found in the work of Farooq
et al..29 Neumann boundary conditions are applied at the far-field
boundaries, except for the left-sided inlet boundary of the domain,
where Dirichlet conditions are used for the in-flow. The dashed lines
in Fig. 1 mark the boundaries of the zone with high mesh density to
accurately capture the flow characteristics around the body and its
wake.

FIG. 3. Results for convergence of (a) grid size and (b) time step size.

TABLE I. Comparison of values of SEe for grid convergence and time step independence tests.

Grid-independence tests Time step convergence tests

Grid 1 and grid 3 Grid 2 and grid 3 Dt1 and Dt3 Dt2 and Dt3

Drag coefficient (CD) 0.8221 0.5838 0.4393 0.2475
Lift coefficient (CL) 6.0575 5.8059 2.5258 1.1156

FIG. 4. Comparison of our results with those of Yan et al.50 from the transport
equation.

TABLE II. Specifications of governing parameters.

Parameters Specifications

Geometry NACA-0012
Undulatory kinematics Anguilliform and carangiform
Re 500, 1000, and 5000
Sc Water (340) and air (0.7)
f � 0.2–0.6
k 0.75 and 1.05
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Odor concentration refers to the chemical cues released in a fluid
medium, which can indicate the presence of prey, predators, or poten-
tial mates, thus aiding in chemical sensing for navigation, foraging,
and communication. These chemical signals consist of various mole-
cules, such as amino acids, pheromones, and metabolic waste products,
which diffuse through aerial and aquatic environments. After comput-
ing the velocity field ui, the odor transport equation is solved to deter-
mine the instantaneous odor concentration field in the whole
computational domain. The governing unsteady equation for the con-
vection and diffusion of the odorant is provided as follows:

@C
@t

þ ui
@C
@xi

¼ D
@2C
@xi@xi

: (8)

Here, C is the odor concentration, nondimensionalized by the source
odor concentration at the body surface of swimmers, and D is the dif-
fusivity of the odor. To numerically approximate the temporal (first
term on the left side), convective (second term of the left side), and dif-
fusion terms (the only term on the right side) in Eq. (8), we use the
same computational schemes for temporal and diffusion terms that we
employ to compute the analogous terms in the Navier–Stokes equation

FIG. 5. Phase maps illustrating average drag and thrust for both undulating swimmers; (a) and (b) correspond to anguilliform and carangiform swimmers, respectively, at
Re ¼ 500, 1000, and 5000.

FIG. 6. Average drag coefficient values with different f � at Re¼ 500, 1000, and 5000, where (a) and (b) correspond to anguilliform and carangiform swimmers, respectively.
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FIG. 8. Vortex configuration patterns at different time instants during the undulation cycle. The first row corresponds to t=s ¼ 0, the second row to t=s ¼ 0:50, and the third
row to t=s ¼ 1:00. Panels (a), (c), and (e) show vortex patterns for anguilliform swimmers; panels (b), (d), and (f) for carangiform swimmers.

FIG. 7. Vortex configuration at Re¼ 500, 1000, and 5000, where (a) and (b) correspond to anguilliform and carangiform swimmers, respectively.
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[Eq. (7)]. We solve the convective term using the upwind scheme. We
explain the role of convection and diffusion processes in transport of
odor in the flow field using the respective terms in Eq. (8). Our robust
approach enables us to perform multi-physics computational simula-
tions, involving fluid–structure–chemical interactions, with very high
values of Schmidt number accurately and efficiently.

A. Validation and verification

Before performing our multi-physics simulations for the current
work, we carry out extensive sets of grid-independence and time step
convergences studies. For this purpose, we employ a NACA-0012 foil
by prescribing a carangiform waveform over its surface,3 characterized

by an undulation wavelength (k) of 1.05. Please note that k is nondi-
mensionalized by the chord-length of the foil, and the Reynolds num-
ber defined by Re ¼ U1L=� is set as 103. Here, U1 and L denote the
free-stream velocity of the flow and chord-length of the foil, respec-
tively. We conduct these simulations for a Strouhal number St ¼ 0:40.
First, we complete the grid-independence test using three different grid
configurations using a time step (Dt) according to 2000 time steps per
oscillation cycle. Grid 1, grid 2, and grid 3 have sizes of 1597� 1135,
1747� 1201, and 1975� 1273, respectively. Figure 3(a) exhibits com-
parisons between the instantaneous lift and drag coefficients, repre-
sented by CL and CD of the undulating foil for its one undulation
cycle, where s is the time period of the undulation. Here, the profiles
of the force coefficients qualitatively look very similar for the three

FIG. 9. Vortex and odor concentration for anguilliform swimmers, with the first and second columns corresponding to vorticity contours and odor concentration, respectively.
Panels (a) and (b) and (c) and (d) display scenarios with a Re¼ 500 and f � ¼ 0.2 and 0.6, respectively. Panels (e) and (f) and (g) and (h) display scenarios with a Re¼ 5000
and f � ¼ 0.2 and 0.6, respectively.
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grids during the 15th cycle, where the solutions become steady-state
within 5� 6 oscillation cycles.

In order to make an adequate choice of the grid for our next
simulations and to better evaluate the convergence of our results,
we quantify the difference between the three solutions through a
parameter called the standard error of estimate (SEe). It is mathe-
matically defined as

SEe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

ðYobs � YpredÞ2
n� p

s
; (9)

where Yobs represents the observed values, Ypred shows the predicted
values, n is the number of observations, and p is the number of

parameters. Choosing the results obtained from grid 3 as the reference
ones (Ypred), Table I clearly reflects smaller differences between the
results obtained from grid 2 and grid 3 for both CL and CD. Therefore,
we proceed with grid 2 for our next set of simulations. For the time
step independence study, we choose three values of Dt, Dt1, Dt2, and
Dt3 according to 1600, 2000, and 2400 time steps, respectively, in each
oscillation cycle. The results in terms of CL and CD are presented in
Fig. 3(b), where we find the three profiles of each force coefficient to be
very similar. In order to further ensure the convergence of Dt using
the smallest Dt as the reference values (time step 3 in this case), values
of SEe are shown in Table I. It is clear that the difference in results
between the simulations for Dt2 and Dt3 is reduced compared to those
from Dt1 and Dt3. Hence, the remaining simulations for this work are

FIG. 10. Vortex and odor concentration for carangiform swimmers, with the first and second columns corresponding to vorticity contours and odor concentration, respectively.
Panels (a) and (b) and (c) and (d) display scenarios with a Re¼ 500 and f � ¼ 0.2 and 0.6, respectively. Panels (e) and (f) and (g) and (h) display scenarios with a Re¼ 5000
and f � ¼ 0.2 and 0.6, respectively.
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performed using 2, 000 time steps per undulation cycle. For validation
of our computational methodology, we refer the readers to the very
recent work of Farooq et al.29

To validate the accurate functionality of the transport equation
[Eq. (8)], we adopt the route suggested by Lei et al.49 The structure of
the advection-diffusion equation for transport of an odor is the same
as that of the energy equation. In Fig. 4, we present the comparison of
our results in terms of odor concentration (C�, nondimensionalized by
the strength of odor of the source that is the foil in this study) for a 2D
flow around a rotating cylinder with the results obtained by Yan and
Zu,50 who used their computational tool developed based on lattice
Boltzmann method. These results are obtained for Re ¼ 200 and a
reduced frequency of 0.5. A good match between the two instanta-
neous profiles of the dependent parameters vs X� (the x-coordinate

nondimensionalized by radius of the cylinder) demonstrates the effec-
tiveness of our solver.

III. RESULTS AND DISCUSSION

To find answers of specific research questions, defined in Sec. I,
related to coupled vortex dynamics and transport of chemical cues, we
perform simulations for flows and odor dynamics around 2D undulat-
ing bodies. The details of the governing flow, kinematic, and odor-
related parameters are provided in Table II. We run these simulations
using three different values of Re, indicating viscous and transitional
flow regimes.3 Two different waveforms, anguilliform and carangi-
form, are prescribed to define undulation of the body3 at f �, ranging
from 0.2 to 0.6 with a gap of 0.05, as marine animals mostly swim in
this range.3 We define two different fluid media using Sc as 340 (for

FIG. 11. Overlay plots for vorticity and odor concentration are presented for anguilliform and carangiform swimmers in the first and second columns, respectively. Panels (a)
and (b) and (c) and (d) display scenarios with a Re¼ 1000 and f � ¼ 0.3 and 0.5, respectively. Panels (e) and (f) and (g) and (h) display scenarios with a Re¼ 5000 and
f � ¼ 0.3 and 0.5, respectively.
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water) and 0.7 (for air). These specifications make the total number of
simulations as 108 for our present work. It is important to mention
that we employ k ¼ 0:75 for the anguilliform kinematic mode7 and
k ¼ 1:05 for the carangiform one.5

We begin the discussion on our results using qualitative and
quantitative analyses of hydrodynamic performance metrics for both
anguilliform and carangiform swimmers.

In the form of phase maps, Fig. 5 provides distinct combinations
of Re and f � that produce overall drag and thrust forces. The informa-
tion corroborates with the findings of Khalid et al.3 in terms of show-
ing the production of thrust at f � � 0:5. This critical value of Strouhal
number decreases, as we increase Re, slowly for anguilliform swimmer
and more aggressively for the carangiform one. We calculate transient
and time-averaged CD and CL by dividing the corresponding hydrody-
namic forces by dynamic pressure (0:5qU2

1L). We compute the
hydrodynamic forces by integrating pressure and shear stress over the
surface of the undulating foil. Using the time period of an undulation

cycle s ¼ 1
f

� �
, we utilize the following equation:

C ¼ 1
s

ðtþs

t
CðtÞ dt: (10)

Additionally, Fig. 6 presents data for time-averaged CD vs f � for
both swimming modes at the three values of Re. The negative values of
CD correspond to the generation of thrust here. In a way, certain com-
binations of Re and f �, demonstrating CD � 0, exhibit flow and kine-
matic parameters for self-propulsion or free swimming conditions for
the two kinds of swimmers.

To understand the dependence of transport of odor on vortex
dynamics around and in the wake of undulating bodies, there appears
two direct routes: (i) we consider the vortex wake configurations
through the classifications of von Karman vortex street, neutral
wake, and reverse von Karman vortex street51 and (ii) we carefully
observe the classifications of the wake in terms of S and P wakes,52

where S and P are the terms for a single vortex and a pair of vortices,
respectively.

The 2S pattern involves the shedding of a single vortex in each
half oscillation cycle, whereas the 2P pattern involves shedding of a
pair of counter-rotating vortices in each half undulation cycle. The
later choice seems more viable, because our purpose here is not to con-
nect the odor dynamics with the production of drag or thrust forces,
but to explain the transport of chemical cues, apparently dependent on
formation, shedding, and dynamics of vortices. Therefore, we adopt
the second route to further explain our analysis. As evident from Figs.
7(a) and 7(b), most of the parametric space corresponding to both
anguilliform and carangiform swimmers consistently indicates the
production of 2S wake, whereas only the anguilliform swimmer exhib-
its its wake transitioned to 2P patterns at Re ¼ 5; 000. Using the out-
of-plane vorticity (xz), we present these two distinct patterns of wakes
in Figs. 8(a) and 8(b) for the anguilliform and carangiform swimmers,
respectively, for Re ¼ 5; 000 and f � ¼ 0:2, observed at three time
instants: t=s ¼ 0, t=s ¼ 0:50, and t=s ¼ 1:00. The Carangiform
swimmer sheds only a single primary vortex in each half oscillation
cycle, whereas the anguilliform one sheds a pair of counter-rotating
vortices in each half oscillation cycle, as explained by the annotations
in these contour plots.

FIG. 12. Plot for coordinates of the center
of vortices and odor spots for undulating
swimmers are displayed in the first and
second columns for anguilliform and car-
angiform swimmers, respectively. Panels
(a) and (b) correspond to Re¼ 1000 and
f � ¼ 0:3, while panels (c) and (d) corre-
spond to f � ¼ 0:5.
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Because dynamics of the chemical cues are expected to be signifi-
cantly influenced by the vortices generated by the undulating bodies,
the next step is to investigate whether the distribution of odor follows
the same patterns as the vortex dynamics. To explore their relation, we
analyze flow and odor fields under various conditions according to the
governing parameters in this study. Figures 9 and 10 provide side-by-
side comparative contour plots for the transport of vorticity and odor
produced by anguilliform and carangiform swimmers, respectively.
The plots in Figs. 9(a)–9(d) and Figs. 10(a)–10(d) represent the data
for Re ¼ 500 at f � ¼ 0:2 and f � ¼ 0:6. Similarly, the data presented
in Figs. 9(a)–9(d) and Figs. 10(a)–10(d) correspond to Re ¼ 5; 000 at
the same Strouhal frequencies. The first observation from the compari-
son of all the plots relates to the odor fields strongly linked with vortex

dynamics in the wake. It is apparent that odor spots primarily seem to
follow the trajectory of the vortices.

Another observation in the plots of Figs. 9 and 10 corresponds to
strong odor spots quantified as the magnitude of C� for the higher f �

for both Re. We find that odor is transported more strongly and to a
farther distance in the wake of the undulating swimmers if they swim
with a higher Strouhal frequency, irrespective of the Reynolds number.
Based on the magnitude of C�, a comparative look at the two sets of
plots in Figs. 9 and 10 clearly indicate that the anguilliform swimmers is
able to spread the odor more strongly to a farther distance in its wake,
despite the fact that the carangiform swimmer undulates its body with a
higher wave-speed. After establishing a broad connectivity between
odor and vorticity fields around the two undulating swimmers, the next

FIG. 13. Odor dynamics for anguilliform swimmers, with the first and second columns corresponding to convection and diffusion, respectively. Panels (a) and (b) and (c) and
(d) display scenarios with a Re¼ 500 and f � ¼ 0:2 and 0.6, respectively. Panels (e) and (f) and (g) and (h) display scenarios with a Re¼ 5000 and f � ¼ 0:2 and 0.6,
respectively.
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important aspect is that how closely transport of chemical cues is linked
with the dynamics of coherent flow structures. To explore this aspect,
we plot the contours of the two parameters, xz and C�, overlaid on
each other in Figs. 11(a)–11(h). The plots of C� are shown in the form
of solid black lines in all the cases here. It is evident that the not only the
overall trajectory of the odor spots are driven by vortices but also
the periphery of the region with high vorticity is overlapped by that of
the odor cues. Nevertheless, a careful look at inside the zones of higher
activity of vorticity and odor transport in each case shows that the odor
spots very rarely follow the exact paths of the vortices. It means that the
odor spots are misaligned with the coherent flow features.

A better way to further analyze this behavior can be to plot
the x- and y-coordinates of the centers of vortices and odor spots
that is provided in Fig. 12. Employing the methodology introduced

and explained by Khalid et al.,3 we compute these coordinates (X, Y)
of the centers of vortices and spots of odor through a local search to
identify the locations of maximum and minimum vorticity and max-
imum odor concentration. In all the four cases presented here for
different swimming modes and f � at Re ¼ 1; 000, we do not observe
a strongly linked local kinematics of chemical cues with either posi-
tive or negative vortices. The centers of the odor spots do not follow
the cores of the vortices while traversing in the wake even when they
are tracked to a distance of 10c from the trailing edge of the foil.

The next important element of this work is to determine the
influence of convection and diffusion of chemical cues in the spread of
odor in the wake. The interplay between diffusion and convection is
of fundamental significance in shaping the dispersion and detection of
chemical cues in aquatic environments.

FIG. 14. Odor dynamics for carangiform swimmers, with the first and second columns corresponding to convection and diffusion, respectively. Panels (a) and (b) and (c) and
(d) display scenarios with a Re¼ 500 and f � ¼ 0.2 and 0.6, respectively. Panels (e) and (f) and (g) and (h) display scenarios with a Re¼ 5000 and f � ¼ 0.2 and 0.6,
respectively.
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To evaluate the relative influence of these two distinct phenom-
ena on concentration and transport of odor, we employ the unsteady
odorant advection-diffusion equation [Eq. (8)] to evaluate their indi-
vidual contributions. For Sc ¼ 340 for water, our observations from
Fig. 13 for the anguilliform swimmer and Fig. 14 for the carangiform
swimmer identify that as the Reynolds number increases from 500 to
5, 000, convection becomes increasingly dominant in spreading odor-
ants, thereby enhancing the dispersion of chemical signals in the wake.
This rise in the convective process improves the mixing and distribu-
tion of odor molecules, allowing for more effective and widespread
detection of chemical signals far from the body. These observations do

not seem to be influenced by the f � and the type of waveform imposed
on the swimmer’s body. The plots in the right-sided columns of Figs.
13 and 14 demonstrate that the diffusion process significantly dimin-
ishes with the increase in Re, but a higher f � slightly improves its
strength in the wake.

Because most of the previous studies in the literature26,27,53

focused on the phenomenon relevant to Sc ranging up to 100, which
does not correspond to the conditions in water, we make it an integral
part of our present work due to the importance of fluid–structure–
chemical interactions in marine environments. Although undulatory
motion belongs more to fish species propelling in water, we test and

FIG. 15. Side-by-side comparison of odorant dynamics, focusing on concentration (first column), convection (second column), and diffusion (third column). Panels (a)–(f) and
(g)–(l) represent anguilliform and carangiform swimmers, respectively. Panels (a)–(c) and (g)–(i) show water as the medium, while panels (d)–(f) and (j)–(l) depict air as the
medium.
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demonstrate the robustness of our in-house solver by considering Sc
for two media—water and air—to elaborate how convection and diffu-
sion processes are impacted by the Schmidt number and how this
parameter determines the dominance of one phenomenon over the
other. For this purpose, we choose a transitional flow regime with f � of
0.45 for both undulating swimmers as representative cases in Fig. 15.
In aquatic environments like water, where the value Sc is high for
water, convection predominantly drives the dispersion of chemical
cues. The high density and viscosity of water enhance turbulent mix-
ing, thereby promoting effective convective transport while diminish-
ing the relative impact of molecular diffusion. Conversely, Sc decreases
substantially in air due to its lower density and viscosity, making
molecular diffusion more significant in odorant distributions, as illus-
trated in Fig. 15. The reduced convective mixing in the air allows diffu-
sion to play a more prominent role in the spread of chemical signals,
leading to a more gradual and extensive dispersion pattern. We
observed that in air, the impact of odor concentration is stronger due
to the additional effect of diffusion. On the other hand, diffusion has a
minimal effect on odor concentration in water, with convection being
the primary mechanism for odor dispersion. Therefore, in aquatic
environments, the spread of odor is primarily driven by convection,
while in air, both convection and diffusion play significant roles, and
contributions from none of them may be disregarded.

IV. CONCLUSIONS

In this paper, we conduct a comprehensive analysis on the inter-
actions between odor dynamics and vortex flow around undulating
bodies in fluid environments, offering valuable insights into bio-
inspired propulsion and sensing mechanisms based on transport of
chemical cues. We investigate how specifically carangiform and anguil-
liform kinematic modes influence the dispersion of odorants in both
water and air environments. Our findings show that while odor fields
are generally linked with vortex dynamics, odor spots do not consis-
tently follow the exact paths of vortices. Although odor spots tend to
overlap with regions of high vorticity, they are often misaligned with
the coherent flow structures. The centers of odor spots do not consis-
tently align with vortex cores, even when tracked over large distances
from the source, indicating a complex and nonlinear relationship
between odor transport and vortex dynamics. At higher f �, odor is
transported more strongly and over greater distances in the wake, with
anguilliform swimmers spreading odor more effectively than carangi-
form swimmers. Flow conditions and kinematic parameters, such as
Reynolds number and Strouhal frequency, further influence the inter-
connected dynamics of fluid flow and chemical cue transport. Higher
Reynolds numbers and Strouhal numbers enhance convective trans-
port, resulting in more effective odor dispersion. We find that, in water
with its higher Schmidt number, convection is the dominant mecha-
nism for odor dispersion, while in air, diffusion plays a more signifi-
cant role, leading to a slower and broader spread of chemical cues. A
limitation of our current work is that we conduct two-dimensional
analysis of flows and odor fields around undulating bodies at low- and
mid-range values of Reynolds number. Overall, our study advances the
understanding of the interplay between fluid dynamics and chemosen-
sory processes in aquatic locomotion, offering important insights for
the development of efficient bio-inspired robotic systems capable of
operating effectively in diverse environmental conditions. The integra-
tion of odor dynamics with vortex dynamics in fluid flow represents a
novel contribution to the field, with potential applications in designing

advanced underwater robotic systems capable of navigating complex
marine environments.
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