14th International Symposium on Turbulence and Shear Flow Phenomena (TSFP14)
Heidelberg, Germany, July 28-31, 2026

VORTEX-ODOR DYNAMICS FROM BURST-AND-COAST MOTION OF AN
ANGUILLIFORM SWIMMERS

Zahra Maleksabet
Nature-Inspired Engineering Research Lab (NIERL)
Department of Mechanical and Mechatronics Engineering

Lakehead University, Thunder Bay, Ontario P7B 5E1, Canada

Ali Tarokh
Department of Mechanical and Mechatronics Engineering

Lakehead University, Thunder Bay, Ontario P7B 5E1, Canada

ABSTRACT

We investigate the coupling between vortex dynam-
ics and transport of odor for burst-and-coast motion and
continuous undulation of an anguilliform swimmer using
high-fidelity three-dimensional simulations using an in-house
sharp-interface immersed-boundary method-based solver cou-
pled with the transport equation for odor dynamics, which
enables simultaneous analysis of hydrodynamics and scalar
transport. The simulations are performed at a Reynolds num-
ber of Re = 3000 and a Strouhal number of St = 0.40 for a
range of values of duty cycle. Our results show that odor does
not strictly follow vortex topology but resides predominantly
within vortical structures, which confirms strong coupling be-
tween coherent flow features and transport of odor. At low
duty cycle, intermittent vortex generation produces significant
lateral spreading of odor. Nevertheless, the lack of temporal
continuity limits its downstream persistence, resulting in weak
transport. At intermediate duty-cycle values, increased inter-
actions between successively shed vortices enhances both co-
herence and persistence of odor cues, leading to maximum ef-
fectiveness of its transport. On the contrary, continuous undu-
lation produces a stable and streamwise-aligned wake that sup-
ports sustained transport of odor cues in the wake but confines
its spatial distribution in the lateral direction. The present work
provides new insight into the role of intermittent kinematics of
a biological marine swimmer and the results unsteady vortex
dynamics for transporting chemical cues in aquatic environ-
ments.

1 Introduction

Aquatic swimmers experience propulsion by producing
traveling waves along their bodies, which interact with the
surrounding fluid to form coherent vortical structures. These
vortices govern the transfer of momentum between the swim-
mer and the fluid and determine wake topology, hydrodynamic
forces, and propulsion efficiency. Previous studies investigated
vortex dynamics in anguilliform and carangiform swimmers
and showed that morphology and kinematics strongly influ-
enced vortex formation, wake structure, and force production
(Borazjani & Sotiropoulos, 2009; Khalid er al., 2021b,a; Gaz-
zola et al., 2014). These studies demonstrated that anguilli-
form swimmers generated distributed vortical structures along
their entire bodies, whereas carangiform swimmers produced
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concentrated vortices near the posterior region. The organiza-
tion, strength, and convection of these vortices determine hy-
drodynamic performance and propulsion characteristics (Tri-
antafyllou et al., 2000; Sfakiotakis et al., 1999; Lauder &
Tytell, 2005; Fish & Lauder, 2017).

Many biological swimmers employ not only continuous
undulation but also intermittent burst-and-coast motion. In
this mode, swimmers alternate between an active burst phase
and a passive coast phase (Wu, 2011; Dai et al., 2018; Liu
et al., 2025; Li et al., 2023; Yang et al., 2024). A recent
research work showed that burst-and-coast motion modified
vortex topology and wake structure significantly compared to
continuous motion (Maleksabet et al., 2025). That study re-
vealed that smaller values of duty cycle produced bow-shaped
wakes with large lateral spreading, whereas increasing duty
cycle aligned the vortex rows more closely with the stream-
wise direction. These changes in organization of vortices in-
fluenced hydrodynamic forces and wake stability. However,
although vortex dynamics during burst-and-coast motion were
examined in detail using both two- and three-dimensional sim-
ulation frameworks, the influence of this motion on transport
of chemical cues in the wake remains unexplored (Dai et al.,
2018; Akoz & Moored, 2018; Li et al., 2023; Yang et al., 2024;
Liu et al., 2025; Maleksabet et al., 2025).

Chemical sensing plays an important role in navigation,
foraging, and communication for aquatic organisms (Cox,
2008; Bronmark & Hansson, 2012; Montgomery et al., 2014;
Cardé, 2021; Bleckmann et al., 2001). A few recent studies in-
vestigated coupling between vortex dynamics and transport of
odor for continuously undulating swimmers in both two- and
three-dimensional configurations (Kamran et al., 2024, 2025).
These studies showed that odor plumes did not strictly follow
vortex topology but broadly resided predominantly within the
vortical structures, which indicated strong coupling between
coherent flow features and transport of chemical cues. Further-
more, these studies demonstrated that a swimmer’s kinematics
significantly influenced spatial distribution and persistence of
odor in the wake. However, these investigations focused on
continuous undulation and did not consider transport of odor
from a biological swimmer, when it performs burst-and-coast
motion, which produces fundamentally different vortex dy-
namics from those of continuously undulating swimmers that
may play a crucial role in underwater sensing (Bunnell et al.,
2011; Domenici et al., 2011; Cardé, 2021; Anderson et al.,
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2001; Videler, 1993; Lei et al., 2023; Lei & Li, 2023).

The present work extends our previous investigations
(Maleksabet ef al., 2025) by examining coupling between vor-
tex dynamics and transport of odor during burst-and-coast mo-
tion and by comparing it with the phenomenon for a continu-
ously undulating anguilliform swimmer. Burst-and-coast mo-
tion produces highly unsteady intermittent vortical structures,
which influence transport, persistence, and spatial distribution
of odor in the wake. Understanding this coupling provides
insight into how kinematic strategies influence transport of
chemical cues in aquatic environments. Due to its importance
and relevance with respect to underwater biological sensing
mechanisms, we make it the subject of our currently presented
research.

The primary objectives of this work are to address the fol-
lowing questions: (i) how coupling between vortex dynamics
and transport of odor evolves during burst-and-coast motion
compared to continuous undulation, (ii) how duty cycle in-
fluences the strength, persistence, and spatial distribution of
odor in the wake of an anguilliform swimmer, and (iii) which
swimming strategy offers a more favorable balance between
hydrodynamic performance and reduced odor detectability for
design of autonomous underwater vehicles. To address these
questions, we perform three-dimensional simulations using an
in-house sharp-interface immersed-boundary method (IBM)
based solver, VorteXdyn, for the fluid-body-odor interactions.
This computational framework enables us to resolve vortex dy-
namics and transport of odor simultaneously and to identify
the physical mechanisms that govern dispersion of chemical
cues in biologically relevant swimming modes. Our findings
are expected to contribute to the fields of marine biology, envi-
ronmental conservation, and oceanographic exploration, while
also aiding in the development of efficient and adaptive under-
water robotic systems Bianchi et al. (2021); Marras & Porfiri
(2012).

2 Computational Methodology

Here, we use the geometry of a real-like eel (Anguilla ros-
trata), as shown in Fig. 1, to represent the kinematic mode of
anguilliform swimming. It was shown by Khalid et al. (2021b)
that the discretized geometry of the eel could be represented
using 33,112 triangular elements and 16,558 nodes. Gener-
ally, an eel undulates a large portion of its slender body to
generate motion, where the amplitude profile of anguilliform
kinematic is expressed by the following equation (Maertens
et al., 2017; Khalid et al., 2020, 2021b):

X X x\2 X
A(7)=0.0367 0.0323(7) 0.0310(7); 0<X<1
L + )t L <<
1

where, x represents the stream-wise coordinate of each node
used to discretize the 3D model swimmer, and A(x/L) denotes
the local amplitude at a specific position along the swimmer’s
body, nondimensionalized by its total length (L).

For our study, we consider two different motions, contin-
uous and burst-and-coast undulation, as explained by Kamran
et al. (2024, 2025) and Maleksabet et al. (2025), respectively.
For continuous undulation, we model the undulatory motion
using f as the oscillation frequency, A as the wavelength, ¢ as
the time, and A(x/L) as the amplitude profile (Eq. 1):

Figure 1: Computational domain and mesh with bound-
ary conditions, including a zoomed-in view of an eel ge-
ometry with a triangular mesh.
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For burst-and-coast undulation, each swimmer’s body
kinematics follows a wavy motion defined by a traveling wave
function combined with a temporal smoothing function to tran-
sition between the burst and coast phases. This formulation
is primarily based on the approach proposed by Yang et al.
(2024) and also followed by Maleksabet ez al. (2025). Equa-
tion 3 describes the instantaneous local undulatory kinematics
at each point on a swimmer’s body:

S(1)A(x)sin {27:(% - %) - Zﬂ L 0<i<T,
0; T,<t<T
3
A cosine-based smoothing function modulates the undu-
latory kinematics during the burst phase:
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In the equations above, Ty shows the time for the burst
phase in one full burst-and-coast cycle, for which T is the total
period. To make the comparison of the intermittent swimming
with that of continuous undulations, the undulation frequency,
f is defined as the reciprocal of the total time period encom-
passing both the burst and coast phases (f = 1/T). Therefore,
the non-dimensional quantity, duty cycle (DC), represents the
fraction of the time spent for active undulation within a swim-
ming cycle, as shown in Fig. 2. It is defined below (Akoz &
Moored, 2018):

__ Time for active undulation during burst T
" total time for one burst-and-coast cycle T

&)
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Figure 2: The kinematic profiles of the swimmer’s tail
during burst-and-coast motion with different duty cycles

The governing mathematical model for fluid flows is
based on the following non-dimensional forms of the continu-
ity and incompressible Navier-Stokes equations (Mittal et al.,
2008; Farooq et al., 2025):

du;j
du; du; 10 1 9%y
oyt = 2Py Yo h )
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where {i, j} = {1,2,3}, x; represents the Cartesian directions,
u; denotes the Cartesian components of velocity of the fluid,
p is the pressure, and Re is the Reynolds number. We define
it as Re = Us.L/v, where Us shows the free-stream velocity,
and v is kinematic viscosity of the fluid. In this formulation,
f» 1s a discrete forcing term that enables a sharp representa-
tion of the immersed boundary (Mittal et al., 2008; Farooq
et al., 2025). We solve these governing equations using a
sharp-interface IBM on a non-uniform Cartesian grid. Radial
basis functions serve as the interpolation scheme to precisely
identify the immersed bodies (Farooq et al., 2025). A cen-
tral difference scheme is employed for spatial discretization of
the diffusion term, while the Quadratic Upstream Interpola-
tion for Convective Kinematics (QUICK) scheme is used for
the convection term. Temporal integration is performed using
a fractional-step method, achieving second-order accuracy in
both time and space. The wavy kinematics are prescribed as
a boundary condition on the swimmer’s body through a ghost-
cell technique (Farooq et al., 2025), which accommodates both
rigid and flexible structures. Neumann boundary conditions
are applied at the far-field boundaries, except at the left-side
inlet boundary, where Dirichlet conditions specify the inflow.
Further details of this fully parallelized solver and its applica-
tion to various bio-inspired fluid-structure interactions related
problems are provided by Farooq et al. (2025).

Chemical sensing plays a crucial role in navigation, forag-
ing, and communication by diffusion and advection of chem-
ical cues released in the fluid surrounding a swimmer. In
this work, we model the dynamics of odor using the chemical
transport equation to determine the instantaneous odor con-
centration field in the entire computational domain. The gov-
erning equation for the unsteady convection-diffusion of the
odorant is as follows:

9C .9 _ 9°C
o Yox T U oxox
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where, C represents the odor concentration, nondimensional-
ized by the uniform source concentration at the swimmer’s
body surface (Cq = 1), and D denotes the diffusion coeffi-
cient of the odor. The odor field is modeled with a Dirichlet
boundary condition, where a constant concentration is applied
on the fish surface to represent a continuous source of chemi-
cal cues. The temporal term (first term on the left-hand side),
the convective term (second term on the left-hand side), and
the diffusion term (on the right-hand side) in Eq. 8 are dis-
cretized using the same computational schemes applied to the
Navier-Stokes equations (Eq. 7). This robust computational
framework enables multi-physics simulations involving fluid-
structure-chemical interactions, allowing the accurate model-
ing of odor transport in vortex-dominated flows. The interplay
of convection and diffusion processes is analyzed to describe
transport of odor within the flow field, explaining important
physical mechanisms that drive underwater chemical sensing
for biological marine species. To ensure the accuracy and re-
liability of the numerical results, extensive grid-independence
and time-step convergence studies are performed. For verifi-
cation and validation of our computational methodology, we
refer the reader to the studies of Farooq et al. (2025), Kamran
et al. (2024), and Maleksabet et al. (2025).

3 Results and Discussion

To address the research questions, the simulations are per-
formed at Re = 3000 and a Strouhal number (St) of 0.40. We
define the Strouhal number as St = 24, f/U., where A, is
the one-sided peak amplitude at the swimmer’s trailing edge.
Figure 3 shows the topology of vortices using the Q-criterion
along with isosurfaces of non-dimensional odor concentration.
At a low value of duty cycle (DC = 0.2, Fig. 3(a)), vortex ac-
tivity is strong and highly unsteady due to intermittent forcing.
The wake exhibits a bow-shaped structure with significant lat-
eral separation of vortices, consistent with previous observa-
tions by Maleksabet et al. (2025). This lateral separation pro-
motes spanwise spreading of odor, but the distribution of odor
remains weak and fragmented. The interruption of undula-
tion during the coast phase limits sustained transport of odor,
which reduces persistence in the downstream direction despite
the presence of energetic vortices.

As duty cycle increases (DC = 0.4-0.8, Fig. 3(b)—(d)),
vortex structures become more connected and progressively
align in the streamwise direction. The bow-shaped organi-
zation weakens, and the spacing between vortices decreases,
which enhances interaction between successive vortices. This
increased interaction improves transport of odor and results
in larger and more coherent regions of high concentration in
the wake. At the same time, spanwise spreading of odor de-
creases as the wake becomes more organized and less laterally
dispersed. For continuous undulation (DC = 1.0, Fig. 3(e)),
vortex shedding becomes continuous and forms a stable and
nearly aligned wake to the streamwise direction. The odor field
forms a confined and elongated structure downstream of the
swimmer. In this case, spanwise spreading is minimal com-
pared to burst-and-coast motion. This transition in wake topol-
ogy indicates that duty cycle not only alters the strength of the
vortices but also changes how vortices are arranged and how
long they remain dynamically relevant in the wake. At low
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Figure 3: Topology of vortices visualized using the Q-
criterion with a threshold value of 30. Panels (a—e) cor-
respond to duty-cycle values of DC = 0.2,0.4,0.6,0.8,
and 1.0 for an eel.

duty cycle, the interruption of body undulation produces iso-
lated vortical structures that convect away without maintaining
a persistent pathway for transport of odor. As the duty cycle
increases, the reduced temporal gap between successive burst
events allows the newly generated vortices to interact more
directly with the previously formed wake. This process pro-
motes a more continuous transport pathway in the streamwise
direction and enables odor to remain embedded within coher-
ent flow structures over a longer downstream distance. There-
fore, the observed increase in coherence of odor at interme-
diate and high duty-cycle values is associated not only with
stronger advection but also with improved continuity of the
wake.

To understand the hydrodynamic performance, we calcu-
late the cycle-averaged drag coefficient over the last five cy-
cles for the anguilliform swimmer. Figure 4 shows that as
duty cycle increases, the cycle-averaged drag decreases, indi-
cating improved propulsive performance for higher duty-cycle
and continuous undulation. At DC = 1.0, the cycle-averaged
drag approaches a near-balanced condition, which suggests a
condition for self propulsion where thrust and drag are nearly
balanced over a cycle. Contrarily, the cases with lower duty cy-
cles are characterized by intermittent forcing, where the burst
phase generates strong acceleration of the surrounding fluid,
followed by deceleration during the coast phase. This inter-
mittency produces more impulsive force variations, which re-
sults in a higher cycle-averaged drag. As duty cycle increases
from DC = 0.2 to 0.8, the magnitude of these impulsive ef-
fects reduces, and the force response transitions toward a more
continuous and stable behavior. This trend reflects a shift from
highly transient vortex generation at a low duty cycle to more
coherent and sustained vortex shedding at the greater values
of duty cycle. Consequently, although lower duty-cycle cases
generate strong instantaneous vortex activity, they do not pro-
duce superior hydrodynamic performance due to the lack of
temporal and spatial continuity of the wake. This behavior
highlights that hydrodynamic performance improves with in-
creasing duty cycle. From a hydrodynamic perspective, higher
duty-cycle cases are favorable because they reduce fluctuations

in forces and help the swimmer move toward a better thrust-
generating propulsive state.
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Figure 4: Time-averaged drag coefficient of the eel.

To examine the coupling between vortex dynamics and
transport of odor, we analyze the spatial distribution of odor in
the wake. In particular, we consider a cross-sectional plane at
a distance of x/L = 2.5 from the swimmer’s trailing edge, as
shown in Fig. 5, to quantify the spanwise distribution and lat-
eral spreading of odor. This plane allows us to isolate the influ-
ence of vortex structures on the spanwise distribution of odor.
Figure 5 shows that at a low value of duty cycle (DC = 0.2),
odor spreads over a wider spanwise region despite its lower
overall concentration. This behavior is consistent with the
bow-shaped vortex structures observed in Fig. 3, where lateral
separation of vortices promotes cross-stream transport of odor.
As duty cycle increases (DC = 0.4-0.8), the spanwise extent
of odor decreases, while the concentration becomes more lo-
calized and coherent. The reduction in lateral vortex separa-
tion leads to a more confined distribution of odor, indicating a
transition from a laterally dispersed wake to a more organized
flow structure. For continuous undulation (DC = 1.0), odor
is concentrated within a narrow region with minimal spanwise
spread. The distribution appears more compact and aligned
with the centerline, which reflects the absence of intermittent
vortex structures that promote lateral dispersion.

To quantify the observed behavior, we use the effective-
ness of odor, C% proposed by Kamran et al. (2025), as shown
in Fig. 6. The normalized effectiveness of odor is defined as

A; .
— 180 .
off = gy where Ajg, represents the isosurface area of odor

within a given subzone, and Agg, denotes the body area of
the swimmer. We divide the wake region, starting from the
trailing edge of the swimmer, into 10 subregions, each with
a length of 0.5L, which covers the wake up to 5.5L down-
stream. For this analysis, we extract the isosurface correspond-
ing to C* = 0.5 and evaluate its spatial distribution within each
subregion. Figure 6 exhibits that C}; for DC = 0.2 remains
significantly lower than all other cases, including continuous
undulation. This result confirms that strong but intermittent
vortex activity at low duty cycle does not sustain transport
of odor in the downstream direction. As duty cycle increases
(DC = 0.4-0.8), C} increases substantially, particularly in the
near wake. These cases exhibit higher effectiveness of odor
compared to continuous motion, which highlights that a bal-
ance between vortex interaction and intermittency enhances
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Figure 5: Odor plumes on a plane located at a distance
of x/L = 2.5 from the swimmer at different values of
DC for St =0.4.

transport of odor. Our results suggest that an intermediate duty
cycle produces conditions that maximize persistence and spa-
tial coverage of odor. For continuous undulation (DC = 1.0),

¢ decreases gradually along the streamwise direction and re-
mains lower than the intermediate duty-cycle cases. Although
continuous motion produces a stable wake, the reduced span-
wise spreading limits the overall effectiveness of odor distri-
bution. These quantitative results are consistent with the ob-
servations from Fig. 3 and Fig. 5, which showed that lower
duty cycle produces wider but weaker distribution, while inter-
mediate duty cycle enhances both coherence and persistence
of odor in the wake. On one hand, intermittent motion en-
hances lateral redistribution of odor by producing separated
vortical structures and unsteady cross-stream motion. On the
other hand, excessive intermittency shortens the active trans-
port phase and weakens the continuity of odor advection in the
downstream direction. As a result, very low duty-cycle motion
spreads odor over a wider region but does not sustain suffi-
ciently strong concentrations far downstream. Continuous un-
dulation, in contrast, maintains downstream transport but con-
fines the odor field to a relatively narrow region. Intermedi-
ate duty-cycle values seems to provide the most favorable bal-
ance between these two mechanisms by preserving both wake
coherence and sufficient lateral spreading, which explains the
larger values of CZ; observed in these cases.

The combined observations from Figs. 3, 5, and 6 directly
address the primary research questions by clarifying how vor-
tex dynamics govern the transport of odor under different kine-
matic conditions. The results show that coupling between vor-
tex dynamics and transport of odor remains strong across all
cases, as odor consistently resides within vortical structures.
However, the effectiveness of this coupling depends on the
temporal continuity and interaction of these structures. At
low duty cycle (DC = 0.2), strong but highly intermittent vor-
tex generation produces significant lateral spreading of odor.
However, the interruption of undulation limits the persistence
of these structures, which results in weak downstream trans-
port and low effectiveness of odor. As duty cycle increases
(DC = 0.4-0.8), enhanced interaction between successive vor-
tices promotes both coherence and continuity in the wake. This
balance leads to the highest intensity and persistence of odor,
as reflected in the increased values of C. These cases demon-
strate that effective transport of odor requires not only strong
vortices but also sustained interactions between them. For con-
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Figure 6: Effectiveness of odor for different duty-cycle
values for an eel.

tinuous undulation (DC = 1.0), the wake becomes stable and
streamwise-aligned, which supports continuous downstream
transport of odor. However, the absence of intermittency re-
duces lateral dispersion, resulting in a confined distribution of
odor with lower overall spatial coverage compared to inter-
mediate duty-cycle cases. These findings indicate that duty
cycle governs the balance between vortex strength, vortex in-
teraction, and intermittency, which collectively determine the
intensity, persistence, and spatial distribution of odor in the
wake. While lower duty-cycle motion enhances lateral spread-
ing without sufficient persistence, and continuous motion en-
sures persistence with limited spreading, intermediate duty-
cycle provides the most effective combination of both mecha-
nisms.

4 Conclusion

We investigate the coupling between vortex dynamics and
transport of odor for burst-and-coast motion and continuous
undulation in an anguilliform swimmer. The results show that
vortex structures govern transport pathways of odor, while
duty cycle controls their effectiveness by altering vortex in-
teraction and temporal continuity. Low duty-cycle motion
produces strong but intermittent vortices that enhance lateral
spreading but limit downstream persistence of odor. Con-
tinuous undulation produces a stable and streamwise-aligned
wake that supports sustained transport but restricts spanwise
distribution. Intermediate duty-cycle values provide the most
effective balance between these mechanisms by maintaining
both coherence and interaction of vortices, which results in the
highest intensity and persistence of odor in the wake. These
findings demonstrate that transport of odor in unsteady swim-
ming is governed by the interplay between strength of vortices
in terms of size and vorticity magnitude, interference mecha-
nism between them, and intermittency of the undulatory kine-
matics. With respect to the balance between hydrodynamic
performance and reduced odor detectability, continuous undu-
lation provides the lowest drag and therefore the most efficient
propulsion, while producing a relatively confined distribution
of odor. However, it does not minimize odor intensity in abso-
lute terms, as very low duty-cycle motion yields lower overall
odor levels at the expense of persistence and propulsion effi-
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ciency. By controlling kinematic parameters, such as duty cy-
cle, biological marine swimmer may regulate the transport and
detectability of chemical cues while maintaining greater thrust
for effective propulsion. This capability can enhance perfor-
mance and operational safety in applications, such as under-
water exploration, environmental monitoring, and coordinated
navigation in complex aquatic environments.
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