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Abstract  

 This research investigates the interplay between vortex dynamics and odor transport in 

undulatory swimming using high-fidelity computational fluid dynamics (CFD) simulations. 

Building upon initial two-dimensional (2D) analyses, we extend our study to three-dimensional 

(3D) simulations to quantify odor effectiveness and the role of kinematics and morphology in 

chemical dispersion. Our results reveal that odor transport is strongly coupled with vortex 

structures, with convection dominating over diffusion in aquatic environments. Kinematics, 

rather than body shape, primarily dictate odor transport, with anguilliform swimmers generating 

broader and more persistent odor trails than carangiform swimmers. Swapping kinematics 

between Jackfish and Eel models confirms that swimming motion, not morphology, governs odor 

dispersal. Increasing undulation amplitude enhances odor transport by increasing momentum 

transfer, reinforcing the dominance of vortex-driven convection. Expanding our study to fish 

schooling, we analyze odor dispersion across different group configurations. While lateral odor 

spread intensifies with group size, downstream transport remains largely unaffected beyond a 

critical distance. Quantitative analysis shows that odor effectiveness decreases linearly with 

increased schooling, indicating that collective swimming suppresses, rather than enhances, 

chemical cue propagation. These insights advance our understanding of biological chemosensory 

mechanisms and inform the design of bio-inspired robotic systems with enhanced chemical 

sensing and navigation capabilities. 
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Chapter 1: Introduction 

Researchers always get fascinated by how nature designs and adopts a variety of different 

effective strategies for dealing with complex 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 exceptional 

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 understanding the 

biomechanics and hydrodynamics of fish swimming [1], [2]. Previously, research focused 

extensively on analyzing propulsive mechanisms of fish and a range of maneuvers achievable by 

manipulating factors, such as frequency and wavelength [3]. Numerical simulations 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 wavelengths [5]  significantly enhanced 

hydrodynamic thrust for a carangiform swimmer, allowing these fish to conserve energy at an 

optimal wavelength while maintaining high swimming speeds [6]. In another study, Khalid et al. 

[7] reported that anguilliform swimmers were able to attain better hydrodynamic performance 

metrics by performing the wavy motion at a smaller wavelength than their body-lengths. These 

findings demonstrate the diversity and effectiveness of different biological propulsive techniques 
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in different marine animals. Additionally, researchers investigated the influence of body shape 

and adaptive kinematics [8] to gain deeper insights into both propulsion and navigation 

capabilities. Excellent reviews of these research investigations, laying the groundwork for 

hydrodynamic designs of bio-inspired underwater robots were presented by Fish & Lauder [9], 

[10], Lauder [11], Fish [12], Zhang et al. [13], and Raj and Thakur [14]. 

Fish live and propel themselves in challenging marine environments 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 (AUVs) that can mimic these natural abilities. Fish 

employ a diverse approach to gather information about their surroundings, utilizing visual 

inspection, olfaction detection 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]. Besides, 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 olfactory cues, integrated with hydrodynamics, in 

fish swimming remained an entirely unexplored aspect [21], [22]. The interaction between 
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hydrodynamics 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 examining 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 investigations from biologists [21] that fish utilizes chemical cues for directional control 

during navigation in water, this phenomenon was predominantly examined for odor dynamics 

and aerodynamics of flying insects [26], [27], [28]. However, a critical knowledge gap exists 

regarding the potential connection between fluid dynamics and odor dynamics around 

undulating bodies. To address this important aspect related to biological propulsion in our 

present work, we employ computational methods using our in-house solver, developed based on 

Immersed-Boundary Method (IBM) 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 underwater 

robots [31], enabling them to become more efficient, adaptive, and capable of performing 

complex tasks in challenging underwater environments. Mimicking the natural strategies of fish 

and leveraging their sensory capabilities, autonomous robotic systems can be made to respond 

intelligently to environmental cues [32] in diverse aquatic conditions, contributing to marine 

biology, environmental conservation, and oceanographic exploration. Therefore, combining 

vortex dynamics with odor dynamics around undulating bodies fundamentally sets up the novelty 

and the main objective of our current work. 
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To further elaborate on the research questions associated with the primary aim of our 

work, we address the following key aspects: (i) how do odor dynamics couple with vortex 

dynamics around undulating bodies in water? (ii) how do diffusion and convection of odor 

compare in a fluid medium for bio-inspired propulsion? (iii) what roles do the physiology and 

kinematics of biological swimmers play in spreading and suppressing their odors in the wake? (iv) 

how does fish schooling influence the suppression or dispersion of odor in a vortical wake? To 

answer these research questions, we first conduct a two-dimensional Vortex-Odor Interaction 

study, followed by a three-dimensional Vortex-Odor Interaction analysis, and finally, an 

investigation into the influence of fish schooling. This research is structured into three chapters, 

corresponding to Chapters 2, 3, and 4. 

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 

chemical distribution in the fluid environment.    

There are different classifications of marine species based on their physiology and 

kinematics [2]. These include anguilliform, carangiform, sub-caragiform, thunniform, and 

ostraciiform. Our work is focused on two primary modes, including carangiform and anguilliform. 

For two-dimensional Vortex-Odor Interaction, we consider viscous and transitional flow regimes, 

defined through Reynolds numbers (Re) of 500, 1000, and 5000 [3] along with Strouhal number 

()# = 	 !"!"#$#%
), where ! denotes the excitation or flapping frequency of the caudal fin, and /$%&'  is 
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the maximum one-sided oscillation amplitude of the caudal fin, ranging from 0.2 to 0.6. Here, we 

characterize fluid media, water and air, through Schmidt number ()0 = (
)), which is the ratio 

between kinematic viscosity (1) of a fluid and diffusivity (D), of an odor.  Even though fish 

primarily inhabit aquatic environments, testing the solver's robustness in both water and air is 

essential for comprehensive validation and verification. For three-dimensional Vortex-Odor 

Interaction, our simulations focus on transitional flow regimes with a Reynolds number of 3000 

and Strouhal numbers (St = 0.25	456	0.40) combined with the Schmidt number to characterize 

odor transport in water. These investigations offer valuable insights into how swimmer 

kinematics, flow conditions, and medium properties influence the distribution of chemical cues. 

Understanding the relationship between vortex dynamics and odor transport has significant 

implications for underwater sensing and robotics. By mimicking the natural strategies of fish, bio-

inspired robotic systems can integrate hydrodynamic and chemical sensing capabilities to 

perform complex tasks in challenging aquatic environments. This work advances the state of the 

art by addressing the role of both 2D and 3D vortex dynamics in odor dispersal and offering a 

comprehensive framework for multi-physics simulations. Our findings are expected to contribute 

to the fields of marine biology, environmental conservation, and oceanographic exploration, 

while also aiding in the development of efficient and adaptive underwater robotic systems [31], 

[32]. 

To elaborate our approach of performing two-dimensional (2D) simulations before 

moving onto 3D simulations in this work, we emphasize that recent advances in experimental 

[35], [36] and computational methods [37], [38] enabled scientists to capture and analyze 

complex three-dimensional (3D) flow features around these remarkable biological species, 
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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 simulations, one can consider the extraction of flow fields along the 

mid-planes of virtual swimmers with infinitely wide bodies. Past research work [39], [40], [41] 

also investigated the conditions under which conclusions from 2D simulations could apply to 3D 

flows. For instance, Liu et al. [39] conducted both 2D and 3D simulations for flows around a 

tadpole, finding minimal vertical crossflow 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 2D and 3D analyses. More 

recently, Zurman-Nasution et al. [41] used an oscillating NACA0016-shaped wing at Re = 5300 to 

determine the range of Strouhal numbers where 3D vortex features become significant, 

concluding that flow over pitching wings remained mainly 2D for Strouhal numbers up to 0.60. 

These findings directly justify our computational approach for this study. 
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Research Objectives: 

The following are the primary objectives of this research: 

- To investigate how vortex dynamics influence odor transport in underwater sensing 

scenarios. 

- To analyze how the nature of the fluid medium (e.g., water vs. air) affects the diffusion 

and convection mechanisms governing odor dispersion. 

- To determine whether fish schooling behavior amplifies or suppresses the effectiveness 

of odor signals. 
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Chapter 2: Numerical Methodology 

The mathematical model for fluid flow is based on the following non-dimensional forms 

of the continuity and incompressible Navier-Stokes equations[29], [48]. 

78*
79*

= 0	(1) 

78&
7# + 8*

78&
79*

= −
1
=
7>
79&

+
1
?+

7+8&
79*79*

+ !,(2)	

where @, B = 1,2,3,  9& 	shows Cartesian directions, 8&  denotes the Cartesian components of the 

fluid velocity, > is pressure, and Re represents Reynolds number. For the current numerical 

formulation, the term !, 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 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 (QUICK) 

scheme. The integration with respect to time is carried out through a fractional-step method, 

ensuring 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 technique[29], [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 
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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. 

Odor concentration refers to the chemical cues released in a fluid medium, which can 

indicate the presence of prey, predators, or potential mates, thus aiding in chemical sensing for 

navigation, foraging, and communication. These chemical signals consist of various molecules, 

such as amino acids, pheromones, and metabolic waste products, which diffuse through aerial 

and aquatic environments. After computing the velocity field 8& , the odor transport equation is 

solved to determine the instantaneous odor concentration field in the whole computational 

domain. The governing unsteady equation for the convection and diffusion of the odorant is 

provided below: 

7E
7# + 8&

7E
79&

= F
7+E
79&79&

(3) 

where E is the odor concentration, nondimensionalized by the source odor concentration at the 

body surface of swimmers, and F is the diffusivity of odor. To numerically approximate the 

temporal (first term on the left side), convective (second term of the left side), and diffusion 

terms (the only term on the right side) in Equation. 3 using the same computational schemes for 

temporal and diffusion terms that we employ to compute the analogous terms in the Navier-

Stokes Equation 2. 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 Equation 3. Our robust approach enables us to perform multi-physics computational 

simulations, involving fluid-structure-chemical interactions, with very high values of Schmidt 

number accurately and efficiently.  
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A. Kinematic Modes 

For our extensive research, 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 

attached to their bodies [44]. The amplitude of the carangiform profile, where the chord 

represents a fish’s backbone, is described by the following relation [3], [5], [45]: 

/ G
9
HI = 0.02 − 0.0825 G

9
HI + 0.1625 G

9
HI

+
; 0 <

9
H < 1(4) 

where 9 denotes the stream-wise coordinate of each node used to discretize the model 

swimmer, and /(9/H) shows the local amplitude at a given spatial position along the swimmer's 

body, nondimensionalized by its total length (H). This body length is equal to the chord of the 

foil for our 2D, and 3D simulations. Here, the coefficients are calculated based on the data 

provided for a steadily swimming saithe fish, which is a carangiform swimmer [46] with local 

amplitudes of /(0) = 0.02, /(0.2) = 0.01, 456	/(1.0) = 0.10. Limiting the maximum 

amplitude of the trailing-edge to 0.10 for the two swimmers, we define the amplitude envelop 

of anguilliform kinematics using the following relation [3], [7], [47]: 

/ G
9
HI = 0.0367 + 0.0323 G

9
HI + 0.0310 G

9
HI

+
; 	 0 < 9/H < 1(5) 

Using ! being the oscillation frequency and # as the time, the undulatory motion in both 

the cases is modeled by the following mathematical form:  

P G
9
HI = / G

9
HI Q@5 R2S G

9
T − !#IU

(6) 
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B. Flow domain and Geometry 

To support the evolving scope of this research, we defined different flow domains and 

geometric configurations tailored to each phase of the investigation. These configurations were 

designed to match the increasing complexity of our study—from two-dimensional analysis of 

solitary swimmers to fully three-dimensional simulations involving multiple swimmers in 

schooling formations. Each setup captures the essential fluid-structure and chemical interaction 

mechanisms required to investigate the research objectives. 

1. 2D Flow Domain and Geometry: Solitary Swimmer 

For 2D simulations, we use the NACA0012 foil to model the bodies of swimmers, with the 

chord representing a swimmer's spine during static equilibrium. The swimmer is positioned in a 

rectangular virtual tunnel, as illustrated in Figure 1, with dimensions of the flow domain set to as 

34H × 18H. Please note that the Figure 1 is not intended to be according to a scale but rather to 

highlight the geometric details. 

 

Figure 1 Flow domain and the boundary conditions for 2D 
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We design the mesh with two distinct regions, as depicted in Figure 2, a finer region and 

a coarser region. The finer region is generated 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 (ϕ), which is linearly spaced between 0 and 1, according to the number 

of elements in the coarse region. To achieve non-uniformity and smooth gradation, we modify 

this meshing parameter using the following formulation: 

X = (1 − X) ⋅ (1 + X)(1) 

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: 

9- = Z6./ − 6.![ ⋅ X + 6.!(2) 

where (6./) is the spacing between elements in the coarse region, and (6.!) is the spacing 

between elements in the finer region. This formulation ensures a smooth and gradual change 

from fine to coarse grid cells. 

 

Figure 2 Flow domain and non-uniform Cartesian grid for 2D 
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2. 3D Flow Domain and Geometry: Solitary Swimmer 

Moving our research from 2D to 3D simulations, we use the real geometries of a Jackfish 

and an eel, as shown in Figure 3a-Figure 3b, to represent two wavy kinematic modes: carangiform 

and anguilliform, respectively. Carangiform swimmers, such as Jackfish, possess prominent 

caudal fins attached to their bodies [44], while anguilliform swimmers, like eels, undulate a large 

portion of their slender bodies to generate movement. In this work, the total height and width 

of the Jackfish are 0.3021L and 0.1481L, respectively, where L is the total length of the fish. The 

area of its body is 0.4479H+. It is important to note that median fins, such as the dorsal and anal 

fins, are not considered in this study, as their total effect is less than 5% of the forces, as 

discussed by Liu et al. [53]. The total height and width of the eel are 0.0884L and 0.0605L, 

respectively whereas the body has a surface area of 0.1739H+. The geometry of the Jackfish is 

comprised of the trunk and caudal fin[5], where the trunk is discretized using 22,712 triangular 

elements and 11,358 nodes, while the caudal fin alone consists of 2,560 triangular elements and 

1,369 nodes. The eel’s geometry is represented using 33,112 triangular elements and 16,558 

nodes[7]. 

Each swimmer is positioned in a virtual tunnel to simulate flows over it, with the flow 

domain dimensions illustrated in Figure 3c. The dimensions of the flow domain are set to 

10H	 × 4H	 × 4H, where L represents the total length of the swimmer. We use the same approach 

as aforementioned (Chapter 3: Two-Dimensional Vortex-Odor Interaction) [49] to design the non-

uniform mesh with two distinct regions, as shown in Figure 3c: a finer region and a coarser region. 
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Figure 3 Physiological model of (a) Jackfish, (b) Eel, and (c) Virtual tunnel, non-uniform Cartesian 

grid, and the boundary conditions for simulating flows 
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3. 3D Flow Domain and Geometry: Fish Schooling 

For fish schooling, we use four different configurations of fish, as shown in Figure 4. These 

configurations include an individual fish, known as Mono-Fish (Figure 4a), and a group of fish, 

referred to as Bi-Fish (Figure 4b), Tri-Fish (Figure 4c), and Quad-Fish (Figure 4d). We use the real 

geometries of an eel and a jackfish to represent two wavy kinematic modes: anguilliform and 

carangiform, respectively[49]. 

 

Figure 4 Geometry of eel and jackfish in the first and second rows, respectively, with four different 

configurations of fish 

Each swimmer is positioned in a virtual tunnel to simulate flows over it, with the flow 

domain dimensions illustrated in Figure 5. The dimensions of the flow domain are set to 

10H × 4H × 4H, where L represents the total length of the swimmer.  We use the same approach 

as Kamran et al. [49] to design the non-uniform mesh with two distinct regions, as shown in 

Figure 5: a finer region and a coarser region. In this work, we use a grid with 30 million nodes and 

perform simulations using 2000-time steps per undulation cycle.  
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Figure 5 Computational domain and mesh with boundary conditions, including an expanded 

image of Quad-Fish (jackfish) 
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C. Verification 

i) Two-dimensional Verification: 

Before performing our multi-physics simulations for the current work, we carry out an 

extensive set 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 (T) of 1.05. Please note T  that is nondimensionalized 

by the chord-length of the foil, and the Reynolds number defined by Re = ^0H/_ is set as 101. 

Here, ^0 and L denote the free-stream velocity of the flow and chord-length of the foil, 

respectively. We conduct these simulations for a Strouhal number ()# = 	 !"!"#$#%
) St = 0.40. First, 

we complete the grid-independence test using three different grid configurations using a time-

step (Δ#)	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 6a exhibits comparisons between the instantaneous lift and drag coefficients, 

represented by E2and E) of the undulating foil for its one undulation cycle, where τ is the time-

period of the undulation. Here, the profiles of the force coefficients qualitatively look very similar 

for the three grids during the 15th
 cycle, where the solutions become steady state within 5-6 

oscillation cycles. In this study, we focus on global aerodynamic characteristics—specifically drag 

and lift coefficients—as indicators for grid convergence. Although velocity profiles can be used 

to study localized flow behavior, they are often limited to pointwise or region-specific analysis 

and may not represent the full domain behavior. Since our objective is to validate grid 

independence for the entire computational domain and the resultant force effects on the body, 



Chapter 2. Numerical Methodology                                                                        

         

 

18 

                                                     

 

we rely on the evolution of E2and E), which effectively capture the integrated influence of the 

flow field. 

 

Figure 6 Results for convergence of (a) grid size and (b) time-step size for 2D 

 

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 ()*3). It is mathematically defined as: 

)*3 = b∑Zdobs − dpred[
+

5 − >
(9) 

where (dobs) represents the observed values, (dpred) 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 Zdpred[, Table 1 clearly reflects smaller differences between the results 

obtained from Grid 2 and Grid 3 for both E2 and E). Therefore, we proceed with Grid 2 for our 

next set of simulations. For the time-step independence study, we choose three values of 
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Δ#, Δ#4, Δ#+, 456	Δ#1, according to 1600, 2000, and 2400 time-steps, respectively, in each 

oscillation cycle. The results in terms of E2and E) are presented in Figure 6b, where we find the 

three profiles of each force coefficient to be very similar. In order to further ensure the 

convergence of Δ# using the smallest Δ# as the reference values (Time-step 3 in this case), values 

of )*3  are shown in Table 1. It is clear that the difference in results between the simulations for 

Δ#+	456	Δ#1 is reduced compared to those from Δ#4456	Δ#1. Hence, the remaining simulations 

for this work are performed using 2,000 time-steps per undulation cycle. 

Table 1 Comparison of )*3 	for grid-convergence and time-step independence tests for 2D 
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ii) Three-dimensional Verification: 

For three-dimensional analysis similar approach was used. We perform extensive grid-

independence and time-step convergence studies. For this purpose, we use the geometry of a 

Jackfish with prescribed carangiform kinematics [3] characterized by an undulation wavelength 

(λ) of 1.05. Reynolds number is set to 3000, and Strouhal number (St fg	! ∗) is 0.40. The grid-

independence test is conducted using three grid configurations and a time-step (Δ#) 

corresponding to 2000 time-steps per oscillation cycle. The grid sizes are defined as 

505 × 209 × 209	(hg@6	1), 553 × 217 × 217	(hg@6	2), 456	601 × 225 × 225	(hg@6	3), 

corresponding to approximately 20 million, 25 million, and 30 million mesh nodes, respectively.  

Figure 7a shows the comparison of instantaneous lift and drag coefficients (E2and E)) for 

one complete undulation cycle, where $ is the time-period of the undulation. The force 

coefficient profiles for the three grids are qualitatively similar during the 15th
cycle, after steady-

state conditions are achieved within 5–6 oscillation cycles.  

 

Figure 7 Results for convergence of (a) grid size and (b) time-step size for 3D 
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To evaluate grid convergence and select an appropriate grid for further simulations, we 

calculate the standard error of estimate ()*3), defined as aforementioned[49]. Using the results 

from Grid 3 as reference Zdpred[, shows smaller differences between the results obtained from 

Grid 2 and Grid 3 for both E2and E). Consequently, we select Grid 2 with 25 million nodes for 

subsequent simulations. 

For the time-step convergence study, we test three time-step sizes, Δ#4, Δ#+, 456Δ#1, 

corresponding to 1600, 2000, and 2400 time-steps per oscillation cycle. The results of E2456E) 

are shown in Figure 7b for three simulations. The force coefficient profiles are very similar for all 

three time-steps. Using the smallest time-step size (Δ#1) as the reference, Table 2 illustrates that 

the differences in results are smaller between Δ#+ and Δ#1 than that between Δ#4 and Δ#1. 

Therefore, the remaining simulations in this work are performed using 2000 time-steps per 

undulation cycle.  

Table 2 Comparison of )*3  for grid-convergence and time-step independence tests for 3D 
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D. Validation 

To validate the accurate functionality of the transport equation (Equation 3), we adopt 

the route suggested by Lei et al. [50]. The structure of the advection-diffusion equation for 

transport of an odor is the same as that of the energy equation. In Figure 8, we present the 

comparison of our results in terms of odor concentration (E∗, 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 et al. [51], who used their computational tool developed based 

on Lattice-Boltzmann method. These results are obtained for Re = 200 and a reduced frequency 

of 0.5. A good match between the two instantaneous profiles of the dependent parameters 

versus i∗ (the x-coordinate nondimensionalized by radius of the cylinder) demonstrates the 

effectiveness of our solver. To support this qualitative agreement with quantitative evidence, we 

compute the Root Mean Square Error (RMSE) between our results and those from Yan et al. [51], 

obtaining a value of 0.1948. This level of error is reasonable given the methodological differences 

between the two approaches: our solver is based on the immersed boundary method (IBM), 

while the reference study employed the Lattice-Boltzmann method (LBM). Despite these 

differences in numerical formulation, the comparison confirms the validity and accuracy of our 

solver. Furthermore, our IBM-based computational framework has undergone extensive 

validation in recent work by Farooq et al. [29], further supporting its reliability in solving similar 

transport problems. 
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Figure 8 Comparison of our results with those of Yan et al. [51] from the transport equation  

 

In addition, we validated our three-dimensional simulation results against the data 

reported by Khalid et al.[45], who used a non-membranous undulatory swimmer body in their 

simulations. As shown in Figure 9, we compare the time evolution of drag coefficients (E)) for 

two elongation ratios, T =	0.95 and T =	1.1, at Re = 3000 and f* = 0.4. The oscillatory trends in 

our results closely match those of Khalid et al [45]. Minor discrepancies can be attributed to the 
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difference in body geometry—our swimmer model is membranous with zero thickness, while the 

reference study used a non-membranous body, which affects the wake structure.  

 

 

Figure 9  Comparison of our results with those of Khalid et al. [45]
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Chapter 3: Two-Dimensional Vortex-Odor Interaction for 

Solitary Fish 

This chapter investigates the coupling between vortex dynamics and odor transport 

around undulating bodies in two-dimensional fluid environments, using an in-house Immersed 

Boundary Method (IBM) solver. Simulations are performed for carangiform and anguilliform 

swimmers in both water and air, highlighting the influence of waveform and medium properties 

on chemical cue dispersion. Results reveal that odor transport is largely governed by convective 

mechanisms in water and by a combination of convection and diffusion in air. Odor fields show 

partial overlap with vortex structures, but the alignment is not exact, indicating a complex 

transport relationship. The findings contribute to the foundational understanding of 

chemosensory-driven propulsion and serve as a baseline for more advanced three-dimensional 

studies. 

- Flow Configuration and Governing Parameters 

To find answers to specific research questions, defined in ‘Chapter 1: Introduction’, 

related to coupled vortex dynamics and transport of chemical cues, we perform simulations for 

flows and odor dynamics around 2D undulating bodies. The details of the governing flow, 

kinematic, and odor-related parameters are provided in Table 3. We run these simulations using 

three different values of Re, indicating viscous and transitional flow regimes [3]. Two different 

waveforms, anguilliform and carangiform, are prescribed to define undulation of the body [3] at 
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!∗, 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 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 λ	= 0.75 for the anguilliform kinematic mode [7] and λ	= 1.05 for the carangiform 

one[5]. 

Table 3 Specifications of governing parameters for 2D 

 

- Analysis of Wake and Vortex Evolution 

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, Figure 10 provides distinct combinations of Re and !∗ that produce overall drag 

and thrust forces. The information corroborates with the findings of Khalid et al. [3] in terms of 

showing the production of thrust at !∗ ≥ 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 (E))456(E2) by dividing the corresponding 

hydrodynamic forces by dynamic pressure (0.5ρ^0+ H). We compute the hydrodynamic forces by 
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integrating pressure and shear stress over the surface of the undulating foil. Using the time-

period of an undulation cycle Gτ = 4
!I, we utilize the following equation: 

E =
1
$ l E(#)

$67

$
 6#(10) 

 

Figure 10 Phase maps illustrating average drag and thrust for both undulating swimmers, (a) and 

(b) correspond to anguilliform and carangiform swimmers, respectively, at Re = 500, 1000, and 

5000 

Additionally, Figure 11 presents data for time-averaged E)n+gQ8Q!∗ for both swimming 

modes at the three values of Re. The negative values of E) corresponds to the generation of 

thrust here. In a way, certain combinations of Re 456	!∗, demonstrating E) ∼ 0, exhibit flow and 

kinematic parameters for self-propulsion or free-swimming conditions for the two kinds of 

swimmers. These critical points help identify flow-kinematic regimes where the swimmer can 

sustain motion without external force input, and they serve as physically meaningful benchmarks 

for comparing different swimmer styles and flow conditions. These critical points—where E) 
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transitions from positive (drag-dominant) to negative (thrust-dominant)—serve as benchmark 

indicators. They allow us to identify the specific kinematic and flow conditions under which 

different kinematic types (e.g., anguilliform and carangiform) can sustain forward motion 

autonomously. Therefore, they are not just numerical values, but physically meaningful markers 

for understanding and comparing swimming efficiency, propulsion mechanisms, and the 

effectiveness of different undulatory styles. 

 

Figure 11 Average drag coefficient values with different !∗ at Re = 500, 1000 and 5000 where (a) 

and (b) correspond to anguilliform and carangiform swimmers, respectively 

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 street [5] and (ii) we carefully observe the classifications of the wake in terms 

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

respectively. 
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In unsteady flows generated by undulating swimmers, the structure of the wake—

specifically how vortices are formed and shed—plays a critical role in influencing odor dispersion. 

Two common classifications used to describe wake patterns are 2S and 2P. The 2S wake pattern 

involves the shedding of one vortex per half oscillation cycle, meaning that over a full cycle, two 

single vortices are shed—one from each side of the swimmer. In contrast, the 2P wake pattern 

involves the shedding of a pair of counter-rotating vortices in each half cycle, leading to a more 

complex and energetic wake structure.  

The later choice seems more viable, because our purpose here is not to connect 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 Figure 12a and Figure 

12b, most of the parametric space corresponding to both anguilliform and carangiform 

swimmers consistently indicates the production of 2S wake, whereas only the anguilliform 

swimmer exhibits its wake transitioned to 2P patterns at Re = 5,000. This shift in wake structure 

suggests an increase in vortex interaction and fluid agitation, which likely leads to enhanced odor 

dispersion downstream. These observations emphasize the importance of wake topology in 

determining how effectively chemical cues are distributed in the swimmer’s wake. 
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Figure 12 Vortex configuration at Re = 500, 1000 and 5000 where (a) and (b) correspond to 

anguilliform and carangiform swimmers, respectively. 

Using the out-of-plane vorticity (ω8), we present these two distinct patterns of wakes in 

for Re = 5,000 and f ∗= 0.2, observed at three time instants:	#/τ = 	0, #/τ = 	0.50, 456	#/τ =

	1.00. The contour plots illustrate two distinct wake patterns. For the carangiform swimmer, a 

single dominant vortex is shed during each half of the oscillation cycle, consistent with the 2S 

classification. This pattern suggests a more streamlined and energy-conserving propulsion style, 

with minimal vortex interactions in the wake. In contrast, the anguilliform swimmer exhibits the 

formation and shedding of a pair of counter-rotating vortices during each half-cycle, 

corresponding to a 2P wake pattern. This more complex vortex structure indicates stronger fluid 

agitation and a greater degree of mixing in the wake. The annotations in Figure 13 highlight the 

placement and orientation of these vortices, making the difference in vortex shedding behavior 

between the two swimmer types visually and quantitatively apparent. 
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Figure 13  Vortex configuration patterns at different time instants during the undulation cycle. 

The first row corresponds to # $s  = 0, the second row to # $s  = 0.50, and the third row to # $s  = 1.00. 

Panels (a), (c), and (e) show vortex patterns for anguilliform swimmers; panels (b), (d), and (f) for 

carangiform swimmers. 
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- Odor Transport Dynamics 

Because dynamics of the chemical cues are expected to be significantly 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. Figure 14 and Figure 15 provides side-by-side comparative contour plots for the 

transport of vorticity and odor produced by anguilliform and carangiform swimmers, 

respectively. The plots in Figure 14a-Figure 14d and Figure 15a-Figure 15d represent the data for 

Re = 500 at !∗= 0.2 and !∗= 0.6. Similarly, the data presented in Figure 14e-Figure 14f and Figure 

15e-Figure 15f correspond to Re = 5,000 at the same Strouhal frequencies. The first observation 

from the comparison 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 Figure 14 and Figure 15 corresponds to strong odor 

spots quantified as the magnitude of E∗ for the higher !∗ 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 E∗, a comparative look at the two sets of plots in Figure 14 and Figure 15 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. 
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Figure 14 Vortex and odor concentration for anguilliform swimmers, with the first and second 

columns corresponding to vorticity contours and odor concentration, respectively. Panels (a), (b) 

and (c), (d) display scenarios with a Re = 500 and !∗ = 0.2 and 0.6, respectively. Panels (e), (f) and 

(g), (h) display scenarios with a Re = 5000 and !∗ = 0.2 and 0.6, respectively. 
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Figure 15 Vortex and odor concentration for carangiform swimmers, with the first and second 

columns corresponding to vorticity contours and odor concentration, respectively. Panels (a), (b) 

and (c), (d) display scenarios with a Re = 500 and !∗ = 0.2 and 0.6, respectively. Panels (e), (f) and 

(g), (h) display scenarios with a Re = 5000 and !∗ = 0.2 and 0.6, respectively. 
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After establishing a broad connectivity between odor and vorticity fields around the two 

undulating swimmers, the next 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, ω8	456	E∗, overlaid 

on each other in Figure 16a-Figure 16h. The plots of E∗ 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 sports 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, 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 Figure 17. 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 maximum odor concentration. In all the four cases presented here for 

different swimming modes and !∗ at Re=1,000, we do not observe a strongly linked local 

kinematics of chemical cues with either positive 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. 
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Figure 16 Overlay plots for vorticity and odor concentration are presented for anguilliform and 

carangiform swimmers in the first and second columns, respectively. Panels (a), (b) and (c), (d) 

display scenarios with a Re = 1000 and !∗ = 0.3 and 0.5, respectively. Panels (e), (f) and (g), (h) 

display scenarios with a Re = 5000 and !∗ = 0.3 and 0.5, respectively. 
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Figure 17 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 carangiform swimmers, 

respectively. Panels (a) and (b) correspond to Re = 1000 and !∗ = 0.3, while panels (c) and (d) 

correspond to !∗ = 0.5 
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- Role of Convection and Diffusion in Odor Transport 

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. 

To evaluate the relative influence of these two distinct phenomena on concentration and 

transport of odor, we employ the unsteady odorant advection-diffusion equation (Equation 3) to 

evaluate their individual contributions. For Sc = 340 for water, our observations from Figure 18 

for the anguilliform swimmer and Figure 19 for the carangiform swimmer, identify that as the 

Reynolds number increases from 500 to 5,000, convection becomes increasingly dominant in 

spreading odorants, thereby enhancing the dispersion of chemical signals in the wake. This rise 

in the convective process improves the mixing and distribution 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 !∗ and the type of waveform imposed on the 

swimmer's body. The plots in the right-sided columns of Figure 18  and Figure 19 demonstrate 

that the diffusion process significantly diminishes with the increase of Re, but a higher !∗ slightly 

improves its strength in the wake. 
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Figure 18 Odor dynamics for anguilliform swimmers, with the first and second columns 

corresponding to convection and diffusion, respectively. Panels (a), (b) and (c), (d) display 

scenarios with a Re = 500 and !∗= 0.2 and 0.6, respectively. Panels (e), (f) and (g), (h) display 

scenarios with a Re = 5000 and !∗= 0.2 and 0.6, respectively. 
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Figure 19 Odor dynamics for carangiform swimmers, with the first and second columns 

corresponding to convection and diffusion, respectively. Panels (a), (b) and (c), (d) display 

scenarios with a Re = 500 and !∗ = 0.2 and 0.6, respectively. Panels (e), (f) and (g), (h) display 

scenarios with a Re = 5000 and !∗ = 0.2 and 0.6, respectively. 
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Because most of the previous studies in literature [26], [27], [52] 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 demonstrate the robustness of our in-house solver by 

considering Sc for two media - water and air — to elaborate how convection and diffusion 

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 !∗ of 0.45 for both undulating swimmers as representative cases in Figure 20. 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 

mixing, thereby promoting effective convective transport while diminishing 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 illustrated in 

Figure 20. The reduced convective mixing in the air allows diffusion 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. 
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Figure 20 Side-by-side comparison of odorant dynamics, focusing on concentration (first column), 

convection (second column), and diffusion (third column). Panels (a) through (f) and (g) through 

(l) represent anguilliform and carangiform swimmers, respectively. Panels (a) to (c) and (g) to (i) 

show water as the medium, while panels (d) to (f) and (j) to (l) depict air as the medium. 
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In this chapter, we performed two-dimensional simulations to analyze the relationship 

between vortex formation and odor dispersion around undulating swimmers. Although odor 

fields are often associated with regions of high vorticity, their paths do not consistently align with 

coherent vortex structures, revealing a non-linear interaction. Anguilliform swimmers generated 

broader and more persistent odor trails compared to carangiform ones, especially at higher 

reduced frequencies. Convective transport was dominant in water due to high Schmidt numbers, 

while diffusion had a greater role in air. Reynolds and Strouhal numbers were found to critically 

influence odor transport dynamics. 
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Chapter 4: Three-Dimensional Vortex-Odor Interaction for 

Solitary Fish 

This chapter investigates the role of swimming kinematics and body morphology in the 

transport of chemical cues within the wake of solitary swimmers using high-fidelity three-

dimensional simulations. By applying a sharp-interface immersed boundary method coupled with 

an odor transport model, we simulate carangiform and anguilliform motions, i.e., jackfish and eel 

geometries at a Reynolds number of 3000. Results show that odor plumes are strongly coupled 

with vortex structures, with kinematics—rather than morphology—being the primary driver of 

chemical dispersion. Anguilliform motion leads to broader and longer-lasting odor trails and 

increasing undulation amplitude further enhances odor spread due to stronger convective 

momentum transfer. These findings advance our understanding of underwater chemical sensing 

and offer practical insights for the design of autonomous underwater robots capable of efficient 

odor-based navigation. 

- Flow Configuration and Governing Parameters 

Extending our research from Two-Dimensional to Three-dimensional, we perform 

simulations of fluid flows and odor dynamics around 3D undulating bodies. The governing flow, 

kinematic, and odor-related parameters used in these simulations are summarized in Table 4. 

The simulations are conducted within a transitional flow regime [3], with two distinct waveform 

patterns, including anguilliform and carangiform, over the bodies of the two swimmers [49]. 
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These waveforms are prescribed across a Strouhal number (!∗) = 0.25 and 0.40, consistent with 

the typical swimming patterns of marine animals [3]. For this study, we limit the governing 

parameters to those most relevant for 3D flows, as a detailed parametric analysis has already 

been performed and presented in our recent 2D study [49] (mentioned in Chapter 3: Two-

Dimensional Vortex-Odor Interaction). It is worth noting that the undulation wavelength is set to 

λ = 0.80 for the anguilliform kinematic mode [7] and λ = 1.05 for the carangiform mode [5]. 

Table 4 Specifications of governing parameters for 3D 

 

 

- Coupled Vortex–Odor Dynamics 

We begin our discussion by presenting the vortex topology and odor dynamics around 

the jackfish with carangiform motion and the eel with anguilliform motion at Re = 3000 and !∗ = 

0.40. For this purpose, we employ the Q-criterion to visualize 3D vortices [54]. The Q-criterion is 

defined as Q = 0.5(|Ω|+ − |w|+), where Ω represents the antisymmetric part and S represents 

the symmetric part of the velocity gradient tensor. Regions with Q > 0, where the rotation rate 

dominates the strain rate, indicate distinct coherent vortices. This tool enables us to identify 

different vortical structures around the body and in the wake. 

Figure 21 shows the Q-criterion, visualized in light grey with a value of 10, alongside the 

non-dimensional odor concentration (E∗) at three levels: E∗= 0.8 (blue), E∗ = 0.6 (purple), and 
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E∗ = 0.4 (pink). Here, the swimmer's body serves as the source, where E∗ = 1. Two key 

observations emerge from these plots in Figure 21. First, the odor plumes not only strictly follow 

the vortex topology but also reside within it, indicating a strong coupling between the flow 

structures and odor transport. Second, the Eel with anguilliform kinematics produces stronger 

and farther-reaching odor plumes compared to the Jackfish with carangiform kinematics. These 

findings align with the results of Kamran et al.[49], with one notable exception. The overall 

trajectory of odor spots and coherent flow structures were not always precisely aligned in our 

previously reported 2D simulations, and a phase shift between the two fields was evident. This 

phase shift is absent in our current work as it incorporates 3D effects, which capture more 

complex interactions between odor dynamics and vortical structures.

 

Figure 21 Vortex topology visualized using the Q-criterion with a value of 10, at three different 

Odor concentration levels. The simulations are performed at Re = 3000 and !∗ = 0.4. The first 

and second columns represent the results for jackfish (carangiform) and eel (anguilliform) 

swimmers, respectively. 
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To further analyze this behavior, we quantify the results presented in Figure 22. We divide 

the wake region, starting from the trailing edge, into 10 subzones, each with a length of 0.5L, 

thereby covering the total wake region up to 5.5L downstream of the swimmer. For this analysis, 

we extract the isosurface of odor concentration at E∗ = 0.5, as concentrations below this 

threshold do not fall within the odor detection limit and have a significantly reduced effect. Data 

is collected at eight timesteps per oscillation cycle, and time-averaged, with the areas of the 

extracted isosurfaces of odor, normalized by the swimmer’s body area. This normalization allows 

for a direct comparison of how effectively the odor is dispersed in their wakes by the two 

swimmers with different undulating kinematics. The normalized odor effectiveness is 

mathematically defined as: 

E3!!∗ =
/&9:
/!&9;

(3) 

where /&9: is the isosurface area of odor within a given subzone, and /!&9; is the swimmer's body 

area. 

 

Figure 22 Odor effectiveness in the wake of Jackfish and Eel: (a) actual and (b) opposite kinematics 
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From Figure 22a and the observations from Figure 21, we note that E3!!∗  for the eel with 

anguilliform kinematics is significantly higher than that of the jackfish. Although the odor source 

area of the Jackfish is larger than that of the Eel, implying a potentially higher odor concentration 

in its wake, our results contradict this intuition. This discrepancy raises the question: why does 

the Eel produce a more effective odor plume despite having a smaller source area? To address 

this, we run additional simulations in which the kinematics are swapped between the two 

swimmers, assigning anguilliform kinematics to the Jackfish and carangiform kinematics to the 

Eel. Following the same procedure to compute E3!!∗ , the results are plotted in Figure 22b. These 

findings clarify that it is not the swimmer's physiology, but rather its kinematics, that play a 

dominant role in spreading odor in the wake that is an important insight for underwater sensing 

techniques. 

To further strengthen our argument, we address another key research question: how do 

kinematics influence decay of odor in the wake? To investigate this, we perform additional 

simulations by varying the magnification of undulation by ±50%. Specifically, we adjust the 

amplitude profile for each swimmer's kinematics by scaling the amplitude equations for 

carangiform motion (Equation.4) and anguilliform motion (Equation.5) to achieve the desired 

magnification. The modified amplitude profiles are obtained by multiplying the original equations 

by scaling factors of A = 0.5 (50% decrease in magnification) and A = 1.5 (50% increase in 

magnification), while A = 1.0 represents the original undulation. Figure 22 exhibits the resulting 

odor concentration isosurfaces at C* = 0.5 for the undulatory swimmers, Jackfish and Eel, at these 

three levels of amplitude magnification. 
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We observe that as the amplitude magnification increases from A = 0.5 to A = 1.5, the 

odor concentration becomes more intensified, indicating that vortex activity diminishes odor 

dispersion in the wake. This behavior is also evident in Figure 21. To quantify this effect, we 

compute E3!!∗ 	for different magnifications of undulation, as shown in Figure 24. The results 

demonstrate that the odor effectiveness for the Eel (Figure 24b) is nearly twice that of the 

Jackfish (Figure 24a). 

 

Figure 23 Odor plumes for jackfish (first column) and eel (second column) with a different 

magnification of undulation 
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Figure 24 Odor effectiveness with a different magnification of undulation: (a) Jackfish and (b) Eel 

 

Additionally, as seen in Figure 23 and Figure 24, the odor concentration tends to settle 

within a region up to 2.5L downstream. The differences in undulation patterns between the two 

swimmers further highlight the observed trends. For the Jackfish, where undulation is primarily 

concentrated in the posterior region (mainly the tail), the odor effectiveness decreases 

exponentially in the wake. In contrast, for the Eel, which exhibits undulation along its entire body, 

the maximum odor effectiveness at A = 0.5 and A = 1.0 follows an exponential decay, whereas at 

A = 1.5, the decay starts occurring at a farther downstream location, approximately at a distance 

of 2L from the swimmer. Finally, for both swimmers, the maximum odor effectiveness is observed 

at A = 1.5. This is because the increased magnification of undulation amplitude leads to greater 

work done on the surrounding fluid, thereby increasing momentum transfer and enhancing odor 

transport in the wake. 
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- Role of Convection and Diffusion in Odor Transport 

An important aspect of this study is to determine the influence of convection and 

diffusion components on the transport of chemical cues in the wake[49]. To evaluate these 

effects individually, we discretize the advection-diffusion equation (Equation.3) and analyze the 

contributions of the convection and diffusion terms separately. The convection term (the second 

term on the left-hand side) is discretized using a QUICK scheme to ensure stability in the presence 

of advection-dominated flows, while the diffusion term (on the right-hand side) is discretized 

using the Crank-Nicolson scheme to capture the finer gradients of diffusive transport accurately. 

To gain a more detailed understanding of these mechanisms, we plot top views and z-axis slices 

(mid planes) of the flow field for both convection and diffusion, as shown in Figure 25 and Figure 

26.  

 

Figure 25 Influence of convection for Jackfish (first column) and Eel (second column) with a 

different magnification of undulation 
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At a 50% increased magnification of undulation (A = 1.5), convection (y/) significantly 

dominates the wake dynamics for both the Jackfish and Eel, leading to an intensified odor 

concentration in the downstream region. The amplified motion results in higher momentum 

transfer to the surrounding fluid, which in turn accelerates the convective transport of odor.  This 

observation aligns with the results in Figure 25 and Figure 26, where the stronger undulatory 

motion enhances odor transport in the wake. In contrast, at a lower undulation magnitude (A = 

0.5), the reduced body motion leads to lower momentum transfer to the surrounding fluid. As a 

result, convection plays a less dominant role, and diffusion (F∗) becomes more significant, 

particularly in the crossflow direction. It means that instead of being advected efficiently 

downstream, the odor disperses more laterally due to molecular diffusion. This diffusive 

transport causes the chemical cues to spread transversely rather than forming a concentrated 

wake structure, leading to a lower net odor transport in the downstream direction. 

A noteworthy observation is that while diffusion plays a role in transverse dispersion, its 

overall effect is minimal compared to convection. It is primarily due to the high Schmidt number 

(Sc) for water, which indicates that the relative importance of molecular diffusion is much smaller 

than that of convection in aquatic environments. Consequently, the primary transport 

mechanism for odor in the wake of undulating swimmers is dominated by convective processes, 

especially at higher undulation amplitudes, while diffusion provides a secondary effect, primarily 

contributing to the lateral spread of odor. 
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Figure 26 Influence of diffusion for Jackfish (first column) and Eel (second column) with a different 

magnification of undulation 

 

This chapter presents a detailed analysis of three-dimensional odor transport in the wake 

of undulatory swimmers, focusing on the effects of kinematics and morphology. Through 

simulations of carangiform and anguilliform motions in jackfish and eel models, we show that 

swimming kinematics are the dominant factor influencing chemical cue dispersion, while 

morphological differences play a lesser role. Kinematic-swapping experiments reinforce this 

conclusion, with the odor distribution pattern following the imposed motion profile rather than 

the body shape. Enhanced undulation amplitude results in greater momentum transfer and more 

effective odor propagation. The odor field remains closely aligned with vortex structures, 

highlighting the dominance of convective transport over diffusion. 
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Chapter 5: Three-Dimensional Vortex-Odor Interaction for Fish 

Schooling 

This chapter investigates the collective effect of fish schooling on odor dispersion using 

three-dimensional computational fluid dynamics simulations. Multiple swimmers, modeled with 

anguilliform and carangiform kinematics, are analyzed across four schooling configurations: 

Mono-Fish, Bi-Fish, Tri-Fish, and Quad-Fish. The Q-criterion is used to visualize vortex structures 

alongside iso-surfaces of odor concentration. Results show that increasing the number of 

swimmers enhances lateral odor dispersion, while downstream propagation remains relatively 

unchanged beyond a spacing threshold. Quantitative analysis of normalized odor effectiveness 

indicates a linear increase in odor strength with the number of swimmers at any wake location.  

- Flow Configuration and Governing Parameters 

We extend our research evolution from 3D solitary fish to multiple fish, commonly 

referred to as fish schooling. The simulations take place within a transitional flow regime at a 

Reynolds number (Re) of 3000 [3], with two distinct undulating waveform patterns: anguilliform 

and carangiform, applied to the bodies of the two swimmers[49]. These waveforms are 

prescribed for !∗ = 0.40, consistent with the typical swimming patterns of marine animals. It is 

important to note that the undulation wavelength is set to T/H	 = 	0.80 for the anguilliform 

kinematic mode [7]and T/H	 = 1.05 for the carangiform mode [5].   
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- Coupled Vortex–Odor Dynamics 

We begin our discussion by presenting the vortex topology and odor dynamics around 

the eel with anguilliform motion and the jackfish with carangiform motion Re = 3000 and !∗ = 

0.40 in four different configurations. For this purpose, we employ the Q-criterion to visualize 3D 

vortices[54].  Figure 27 and Figure 28 show the Q-criterion, visualized in light gray with a value of 

10, alongside the non-dimensional odor concentration (C*) at C* = 0.5 (pink). The swimmer's 

body acts as the source, where C* = 1. 

 

Figure 27 Vortex topology visualized using the Q-criterion with a value of 10, and odor 

concentration level at 0.5 for different configurations of eel 

From Figure 27, we observe that as the configuration transitions from Mono-Fish to Quad-

Fish, odor plumes in the lateral direction produce a stronger effect. However, in the downstream 

region, the odor dispersion does not have a significant effect, regardless of whether it is a Mono-

Fish, Bi-Fish, Tri-Fish, or Quad-Fish, despite each configuration having a greater number of odor 

sources than the previous one. Similar results are observed for the jackfish in Figure 28. 
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Figure 28 Vortex topology visualized using the Q-criterion with a value of 10, and odor 

concentration level at 0.5 for different configurations of jackfish 

To further analyze this behavior, we quantify the results presented in Figure 29. We use 

the same methodology as mentioned in Chapter 4: Three-Dimensional Vortex-Odor Interaction. 

to quantify the results by calculating the normalized odor effectiveness. 

It is important to note that we normalize by the swimmer’s body area Z/!&9;[, specifically 

using the area of the Mono-Fish, to ensure consistent quantification. From Figure 29a–b, we 

observe that E3!!∗  for the eel and jackfish increases linearly. Additionally, from Figure 29b, we 

note that for the jackfish, after 3.5L, the influence of fish schooling becomes equivalent to that 

of an individual fish. These findings clarify that for fish schooling configurations, the strength of 

odor increases linearly with the number of fish at any location in the wake.  
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Figure 29 Odor effectiveness in the wake of (a) an eel and (b) jackfish 

 

In this chapter, we explored the influence of fish schooling on odor transport through 

high-fidelity 3D simulations involving multiple undulating swimmers. As the number of swimmers 

increased, lateral dispersion of the odor field was significantly amplified, whereas downstream 

propagation reached a saturation point beyond a certain distance. Quantitative results showed 

a consistent linear increase in odor signal strength across all wake locations with each added 

swimmer. Notably, for carangiform swimmers, the contribution of additional swimmers beyond 

3.5 body lengths became negligible in the downstream region.  
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Conclusions 

This research began with a two-dimensional analysis of odor transport and its interaction 

with vortex dynamics around undulating swimmers, specifically comparing carangiform and 

anguilliform kinematic modes. Through these simulations, we observed that while odor fields 

often overlap with regions of high vorticity, they do not consistently follow vortex paths or align 

with vortex cores, revealing a complex, non-linear relationship between odor dispersion and 

vortex structures. Our results showed that at higher reduced frequencies (!*), odor is carried 

further downstream, with anguilliform swimmers achieving more effective dispersion due to 

their larger undulation amplitudes. Flow parameters such as Reynolds and Strouhal numbers 

were also found to significantly impact transport dynamics, where higher values enhanced 

convective transport. Importantly, we observed that in water—due to its higher Schmidt 

number—convection dominated odor dispersion, whereas in air, diffusion played a more 

prominent role, resulting in broader and slower-spreading odor plumes. Although limited to two-

dimensional flows and moderate Reynolds numbers, this stage of the work provided foundational 

insights into the interplay between fluid dynamics and chemosensory transport. 

Building upon the 2D findings, we extended our investigation to three-dimensional 

simulations using real geometric models of biological swimmers: the anguilliform Eel and the 

carangiform Jackfish. These high-fidelity simulations allowed us to analyze both the 

hydrodynamic and chemical wake structures in more realistic settings. Our results demonstrated 

that it is the swimmer’s kinematics—rather than body morphology—that primarily dictate the 

structure and persistence of odor plumes. Kinematic-swapping experiments, where the motion 

patterns were exchanged between the two geometries, confirmed that the swimming motion 



 

         

 

 

                                                     

 

governs chemical dispersion. We also found that increasing undulation amplitude leads to 

greater momentum transfer into the fluid, resulting in more effective odor transport. These 

findings not only validate our earlier 2D observations but also emphasize the dominant role of 

convection in aquatic odor dispersion. This understanding directly informs the design of 

underwater robotic systems capable of enhanced chemical sensing and navigation. 

Finally, we expanded our study to explore fish schooling and its collective effect on odor 

transport. By simulating multiple swimmers in formation, we discovered that adding more 

swimmers increased lateral spreading of odor, while downstream propagation remained 

relatively constant beyond a certain spacing threshold. A key observation was the linear increase 

in odor signal strength with the number of swimmers, at any location in the wake. Overall, our 

research bridges the gap between vortex dynamics and chemical transport across multiple scales, 

offering new directions for bio-inspired propulsion, sensory modeling, and robotic applications 

in complex aquatic settings. 
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Future Recommendations 

The following directions are recommended for future research based on this study: 

• High Reynolds Number Simulations: Future work should perform simulations at higher 

Reynolds numbers to better capture turbulent effects and understand odor transport 

under more realistic aquatic conditions. 

• Experimental Validation: Physical experiments are recommended to validate the 

computational models developed in this study, helping to improve the accuracy and 

reliability of odor dispersion predictions. 

• Broader Swimming Mode Analysis: In addition to the carangiform and anguilliform 

modes explored here, future studies should consider sub-carangiform, thunniform, and 

ostraciiform swimming to provide a more holistic view of how propulsion mechanics 

affect fluid-odor interactions. 

• Impact of Kinematic Variations: Further analysis is needed to understand how variations 

in undulatory kinematics influence odor plume formation and dispersion across different 

swimming strategies. 

• Applications in Bio-Inspired Robotics: Insights from these extended investigations can 

inform the development of underwater robots capable of efficient chemical plume 

tracking, contributing to advancements in bio-inspired propulsion, underwater 

navigation, and environmental monitoring. 
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