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Abstract

Small animals’ locomotion, such as swimming, flapping, walking, and gliding motivated many
bio-inspired robots. The flying snake happens to be a very unique species and a good representa-
tive of gliders. This research conducts a comprehensive numerical analysis on the aerodynamic
phenomena of flying snakes, particularly focusing on their unique mode of locomotion known
as aerial undulation. By simulating the flow dynamics around a bio-inspired snake-like model,
this study extends the understanding of how Chrysopelea, the flying snake, utilizes a combi-
nation of horizontal and vertical undulations during gliding to manipulate airflow and enhance

aerodynamic performance.

Employing an advanced incompressible flow solver with immersed boundary method and Tree-
Local Mesh Refinement (TLMR), the research meticulously investigates the effects of angle of
attack (AOA), undulation frequency, and Reynolds number on the formation of complex vortex
structures, including leading-edge vortices (LEV), trailing-edge vortices (TEV), and tip vor-
tices (TV). The study reveals that horizontal undulations at an optimal 45° AOA significantly
enhance lift, primarily through the modulation of LEVs. Furthermore, variations in undula-
tion frequency and Reynolds number are shown to influence the stability of vortex structures

and lift production, respectively. In exploring vertical bending locomotion, the paper highlights



v

how changes in vertical wave undulation amplitudes and dorsal-ventral bending affect the aero-
dynamics, demonstrating that certain configurations can significantly augment lift and gliding
efficiency. Additionally, the investigation into two-dimensional cross-sectional interactions of
snake body segments uncovers the pivotal role of vortex-body interactions in modulating aero-
dynamic forces, offering insights into the potential for tailoring body posture for improved flight

stability and efficiency.

By presenting the complex flow mechanisms and aerodynamic benefits of snake-like undulating
and bending motions, this research provides a foundational basis for future explorations into
more complex locomotion patterns of gliding animals. Moreover, the findings have implications
for the design of bio-inspired robotic systems, potentially leading to the development of more
efficient and maneuverable aerial vehicles. The synthesis of numerical simulations with detailed
aerodynamic analyses opens new avenues for understanding the physics of natural gliders and

translating these insights into innovative technological applications.
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1 Introduction

1.1 Motivation and goals

Gliding is a type of aerial locomotion allowing significantly enhanced horizontal mobility for
some animals in exchange for potential energy or wind energy [1]. More animals have evolved
the ability of gliding, including mammals, frogs, lizards, snakes, ants, fish, and squid. In com-
parison, active flight is relatively uncommon among animals, occurring only in four groups:
birds, bats, insects, and extinct pterosaurs [2]. Each gliding animal has evolved unique struc-
tures to improve gliding performances, such as the enlarged pectoral and pelvic fins of flying
fish [3], the patagial skins of mammals [4], [5], the enlarged feet skin of frogs [6], and the
strong muscle and ligament extended membrane wings of Draco lizards [7]. The flying snake
is a unique species and a good representative of gliders. As a member of limbless reptiles, it
does not create bilateral wings or stretch its skin as a flight membrane. Instead, they rotate
and expand their ribs to flatten their body [8], applying undulating motion and passing trav-
eling waves down the body, similar to the postural adjustment mechanism of some ants and
lizards [9]-[11].In socha et al.’s early study[12], it has been identified that the glide trajectory
of C. paradisi is characterized by an initial ballistic dive, transitioning into a phase where the

glide path becomes increasingly horizontal. During the dive, the snake adopts a wide ’S’ shape
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in planview, commencing aerial undulation where high-amplitude traveling waves move pos-
teriorly along the body. This aerial undulation, especially noticeable in the mid-glide phase,
features the front part of the body approximately parallel to the ground, while the rear part

moves vertically in a cyclic manner.

FIGURE 1.1: Examples of shape and posture changes in representative terrestrial

gliders during the early portion of the trajectory, in the non-equilibrium descent

phase, just after takeoff. Courtesy of National Geographic Television. Adapted
and modified from Socha et al. [2].
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1.2 Aerodynamics of the flying snake

The aerodynamic performance of various gliding animals has been widely studied, from the
dexterous maneuvers of flying squirrels to the expansive glides of birds and insects. By employ-
ing a combination of direct observation, high-speed videography, and advanced computational
fluid dynamics, we uncover the complex interplay between body morphology, glide dynamics,
and aerodynamic forces that govern gliding flight. The grey flying squirrel engage in non-
equilibrium gliding, characterized by dynamic velocities, forces, and force coefficients, often
generating lift surpassing the requirement for body weight balance[13]. Bats employ unique
flight mechanisms such as using a leading edge vortex for enhanced lift during slow speeds and
an inverted wing posture during upstrokes to support their weight.They also have adapted wing
structure for specialized features and control mechanisms that likely contribute to flight perfor-
mance, particularly in manoeuvrability[ 14].Tree frogs employ two primary turning mechanisms
during gliding: banked turns and crabbed turns. They exhibit marginal aerodynamic stability,

with slight stability in pitch and roll motions but a slight instability in yaw motion [15].

Appealingly, unlike most gliders with mainly static postures, the flying snake exhibits signifi-
cant body motion, akin to small flapping animals [11]. From a fluid dynamics standpoint, natu-
ral flyers experience low-speed and small-size operations in a low Reynolds number (Re) regime
where viscous and inertial forces are crucial. The flow is highly unsteady, with lift production
and vortex structure manipulation characterizing flight control pressure force [16].Yeaton et
al.[17]summarized a new reduced-order gliding model incorporates self-similarity in motion
equations, emphasizing how lift and drag alone can shape glide trajectories, without assuming

equilibrium.Pitch angle emerges as a critical control parameter in this model, influencing glide
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angle and speed by altering lift and drag forces. Recent research, including flow visualizations
and force measurements, has revealed that insects and hummingbirds utilize unsteady aerody-
namic mechanisms for high lift generation required for their flight [18]-[21]. High-lift aerody-
namic mechanisms include delayed/absence-of stall indicated by the presence of a leading-edge

vortex (LEV), wake-capture, wing-body, and wing-wake interactions [22]-[24].

Eldredge et al. [25] summarized the physics of LEV formation under various canonical wing
motions, revealing intricacies in LEV strength influenced by translation speed and other param-
eters [26]-[29]. This work aims to uncover some mysteries of snake gliding by investigating
the link between snake gliding behaviors and its aerodynamic performance, focusing on lateral

undulation motions, vertical bending adjustments, and other kinematic aspects.

1.3 Undulation enables and stablizes snake gliding

Additionally, Yeaton et al. [30] conducted experiments on seven snakes over 36 trials and
reported that the vertical wave undulation had a high amplitude of up to 30°. They also observed
a body angle in the vertical plane termed dorsoventral bending that changed throughout each
flight trajectory, starting from a positive angle where the head was higher than the rest of the
body and ending with a negative angle where the head dived below the tail, leading to potential
interactions between the body segments. A study by Miklasz et al. [31] found that when snakes
glide, the front and back sections of their body tend to align in a tandem formation. They placed
a second snake foil downstream of the first to investigate this phenomenon. The experiments
found that the lift increases by 26% for the downstream foil, and the lift-to-drag ratio (L/D)

increases by 54% when it is located at a vertical and horizontal distance of —0.9 and 3 chord
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lengths. In their study, Jafari et al. [32] analyzed the interaction between two bodies for the
2D cross-sectional shape of a flying snake. They found that the performance of a tandem foil
system is highly dependent on their relative positions, as the L/D could either decrease by 10%
or increase by 12%, and the vortex-body interaction is found to be the main determinant of the
aerodynamics in this tandem-body system. This interaction subsides in strength as the staggered
downstream body exceeds three chord lengths apart from the upstream body. Gong et al. [33]
examined the movement of the posterior foil in response to vertical bending motion. They
reported a heaving motion on the posterior body when a vertical wave undulation is applied,
resulting in a constant distance change for the trailing foil over a motion cycle. By adjusting
the amplitude and frequency of this heaving motion, the downstream foil is able to capture the
upstream vortices and take advantage by increasing the lift generation and the L/D. Thus, the

tandem-body system can be further improved when the vertical motion is considered.

Stability is a critical aspect of the aerodynamic performance and maneuverability of flying
and gliding animals. . For insects, stabilization control is generally performed by their reflex
control systems because it demands very fast responses, while maneuver control and steady-
state control are performed intentionally [34]-[37]. The hovering flight with stability control has
been widely studied and the mechanism has been revealed, including lateral motion, flapping
counter-torque and aerodynamic damping, etc[38], [39].Certain bird species adapt to varying
aerodynamic demands by altering their wing shapes, inspiring a novel morphing wing design
for drones featuring artificial feathers capable of rapid geometric adjustments and achieving roll

control through asymmetric adjustment of the wing configuration[40].

Similarly, a wide range of species from flying squirrels to gliding lizards and, notably, the
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intriguing flying snakes have also evolved unique adaptations that enable them to glide through

the air, navigating and adjusting their flight paths with remarkable precision. Flying squirrel

Previous work done by Jafari et al.[41] explored the pitching stability by introducing two-
dimensional theoretical models to examine the pitch stability of these serpents. The models
incorporate previously recorded force coefficients to depict the aerodynamic forces, with mass

variation simulating the undulating motion.

The phenomenon of rolling stability, in particular, plays a pivotal role in their ability to maintain
a desired orientation and counteract disturbances that might cause them to veer off course. In the
natural world, the ability to glide from one point to another is not merely a feat of distance but
a complex interplay of aerodynamic forces and control mechanisms. Gliding animals leverage
their body morphology, adjusting their shape and posture in mid-air to manipulate aerodynamic
forces to their advantage. The concept of rolling stability is central to this process, as it deter-
mines an animal’s capacity to sustain a stable glide without succumbing to unwanted rolling

motions that could lead to a loss of control.

Understanding the principles of rolling stability in gliding animals is not only fascinating from a
biological standpoint but also holds significant implications for the field of bio-inspired design.
By studying how these animals achieve and maintain rolling stability during flight, researchers
can uncover insights that may inform the development of advanced aerial vehicles and robotics,
drawing inspiration from nature’s own solutions to the challenges of aerial maneuverability and

stability.
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1.4 Intra-body interaction

During the process of aerial gliding, the flying snakes Chrysopelea exhibit a tendency to adopt
a foil-foil interaction configuration as well. As a highly specialized gliding species, flying
snakes utilize a distinct form of locomotion that involves bending their bodies to create a large
amplitude undulating motion (Figure 1.2 (a)). The curved position creates an S-shape, allowing
the anterior and posterior sections of the snake’s body to align in a tandem formation. (Figure
1.2 (b)). Miklasz et al. first mentioned this formation and studied the interaction between the
bodies using two in-line simple cylindrical foils[31].From their research, it was found that the
lift on the downstream foil varies depending on the vertical displacement between the snake’s
anterior and posterior sections. Later on, a higher resolution of snake cross-sectional shape has
been reported and investigated both experimentally [42] and numerically [43]. The shape of the
cross-section is a semi-triangle with a flat ventral surface and rounded edges at both ends (See
Figure 1.2), which was proven to play a significant role in generating lift. Based on this shape,
the interactions between the tandem body segments has been further investigated by Jafari et
al. [32]. Their study covered a wide range horizontal (called as "the gap") and vertical (called
as "the staggered") distances. Furthermore, different combination of the orientation (the AOA
of the airfoil) between the two foils were studied. Their results revealed that the the maximum
value of the average lift-to-drag ratio reached 2.2 and was almost 10% higher compared with
the maximum lift-to-drag ratio of a single airfoil. This optimal tandem arrangement modified
the separated flow and the wake size, leading to enhanced lift in cases where the wake vortices

are formed closer to the models.

Nevertheless, it should be noted that previous research has left certain unanswered inquiries
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that still require resolution. First of all, the range of relative position between the anterior and
posterior bodies has not been fully investigated. In the previous studies done by Miklasz et
al. and Jafari et al., all the posterior body was placed below the anterior body. However, from
the 3D reconstruction of flying snake gliding presented in Figure 1.2 (b), which was originated
from the video of real snake gliding from [30], it has been observed that the posterior bodies
can be lifted higher than the anterior body. This type of configuration in the vertical direction
is prooven to be caused by the vertical bendingt of the undulation motion. According to Yeaton
et al.’s model [30], the vertical bending consists of a sinusoidal wave (called "vertical wave"

and a up-and-down motion of the posterior body (called ‘“dorsal-ventral bending”). It can be
observed that there are various arrangements for tandem bodies caused by these motions. We
presented the perspective view of one timeframe when the snake is performing aerial gliding in
air and chose three vertical planes which is parallel to the incoming flow. In red and light gray
planes, the posterior body is placed slightly below the anterior one. However, in the blue plane,
there appears three cross-sections simultaneously, while the middle cross-section is above the
head cross-section. This shows the aforementioned cases where the posterior body is higher
than the anterior body, which has yet to be thoroughly investigated. Secondly, in Figure 1.2 (c¢)
we presented a series of timeframes of the light gray vertical plane using the side view. The
anterior body stays still while the posterior body is dynamically moving with the pitching-down
motion. This reflects the aforementioned dorsal-ventral bending motion and the underlying flow
physics in this phenomenon remain unexplored. Some preliminary results studying the dynamic
motion of the posterior body have been presented in the work done by Gong et al. [33] with
heaving motion, but the pitching motion which affects the angle of attack of the posterior body

is under-investigated.
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(b) L ©

FIGURE 1.2: (a) The snake applies undulating motion and forms an "S" shape

in the aerial gliding[30]. During gliding, their anterior and posterior body create

the tandem configuration[8]; (b) Perspective view of the 3D flying snake model

with several slice cuts showing different tandem snake airfoil configurations. (c)

Side view of the flying snake motion during gliding, indicating the pitching angle
change of the posterior body.
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1.5 Current Objects

The two most distinctive features of flying snake gliding are the flattened body and large-
amplitude lateral undulation. Prior experimental and computational studies have shed light
on the aerodynamics of flying snakes. Miklasz et al. [31] studied the effect of cross-sectional
body shapes, and Holden et al. [42] experimentally analyzed a specific body shape derived from
stereo imaging of flying snakes. Their results indicated significant lift capabilities and maxi-
mum lift-to-drag ratios at certain angles of attack (AOA). Krishnan et al. [43] further explored
these findings through Computational Fluid Dynamics (CFD), revealing critical insights into

lift performance and vortex structures.

In addition to these studies, the 3D kinematics of gliding flying snakes in natural settings have
been examined. Socha et al. [8] and Yeaton et al. [17] have provided detailed analyses of
the snake’s gliding trajectories, postural changes, and aerodynamics, including a mathematical

model for aerial undulation.
Drawing from these preliminary findings, we formulate our research questions as follows:

Q #1: What is the fundamental lift generation fluid dynamic mechanism in a 3D flying snake
model with large-amplitude horizontal undulation? The S-shape posture induced by horizontal

waves creates a unique vortex formation essential for lift generation.

Q #2: How does a flying snake improves its aerodynamic performance and gliding efficiency

through vertical body bending?
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Q #3: Is there potential self-interaction between body segments in a tandem flying snake con-
figuration, and how can it be advantageous aerodynamically? The interaction between snake
body segments, especially in tandem configurations, remains a relatively unexplored area that

could unveil complex aerodynamic interactions.

Q #4: How does a flying snake control its aerodynamic force moments, aiding maneuverabil-
ity through undulation motion? Understanding the control mechanisms of flying snakes can

provide insights into their exceptional maneuverability and stability during gliding.

This research aims to address these questions through detailed 2D and 3D computational stud-
ies, employing high-accuracy numerical simulations to explore the aerodynamics of flying
snake gliding under various conditions.To answer the previous mentioned questions, we con-
ducted a few studies to answer the aerodynamic performance and flow fields of these 2D and 3D
flying snake will be compared and analyzed in detail to unveil the underlying physical mecha-

nisms.

Object 1: Effect of 3D formation and horizontal undulation motion

This work focuses on the impact of three-dimensional formation and horizontal undulation
motion on the aerodynamics of gliding snakes. Using a computational model based on the

snake’s cross-sectional shape and kinematics, this project aims to:

* Analyze vortex dynamics in static and undulating snake models to compare their aerody-

namic performance.
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* Identify fundamental flow phenomena and lift enhancement mechanisms in models with

horizontal undulation.

» Explore how angle of attack, undulation frequency, and Reynolds number affect the aero-

dynamic performance.

Object 2: Effect of vertical bending undulation

This work examines the role of vertical bending undulation, including dorsal-ventral bending

with various amplitudes and dynamic motions, in flying snake gliding:

* Quantify the impact of vertical wave undulation on the gliding performance, particularly

focusing on modified body width.

* Identify flow phenomena related to dorsal-ventral bending and uncover fundamental mech

anisms enhancing gliding efficiency.

Object 3: The rolling control in snake gliding

This work examines the rolling motion and the control with the horizontal and vertical undula-

tion and the static stability control in flying snake gliding:

* Identify the rolling moment performance in static flying snake and examine the effect of

shape

* Identify the role of horizontal undulation and how it affects the vortex dynamics.
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* Identify flow phenomena related to vertical wave undulation and uncover fundamental

mechanisms enhancing rolling stability.

Object 4: The intra-body interactions between the body segments

This work also investigates the tandem configuration observed in flying snakes vertical bending
motion, where the anterior and posterior bodies are aligned in line. Using 2D numerical models

of snake cross-sectional airfoils, the study aims to:

* Analyze the effect of spatial arrangement on tandem snake airfoils’ aerodynamics.

» Study vortex-body interactions when heaving and pitching motions are applied to the

posterior body, identifying performance enhancement mechanisms.

* Investigate the impact of motion amplitude and frequency on the aerodynamics of the

posterior body and its interaction with vortex formation.

1.6 Outline of the dissertation

Chapter 2 is the methodology section, which describes details of the computational fluid dy-
namics techniques and reconstruction of flying snake modeling. Section 2.1 and 2.2 introduces
the immersed boundary reconstruction method as well as the solver validation. Section 2.3 in-
troduces the joint- based kinematics reconstruction and section 2.4 provides case setup for the
methodology. And section 2.5 defined some parameters applied in the performance study. The

results of Chapter 2 can be found in the following publication:
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* Zhang, W., Pan, Y., Gong, Y., Dong, H., & Xi, J. (2021, August). A Versatile IBM-Based
AMR Method for Studying Human Snoring. In Fluids Engineering Division Summer

Meeting (Vol. 85284, p. VOO1T02A039). American Society of Mechanical Engineers.

Chapter3 presents the simulation result of the horizontal-undulating model. The baseline case
is chosen at AOA = 35°, Reynolds number Re = 500, and f = 1. In Section 3.1, we first discuss
the effect of shapes in static snake models with the detailed analysis of aerodynamic perfor-
mance and vortex structure. In section 3.2, we will discuss the baseline moving case’s perfor-
mance and wake structures. Also, the comparison between the static models and the baseline
case will be discussed. Finally, three parametric studies of the effects of AOA, the undulation
frequency, and the Reynolds number will be presented in Section 3.3 to section 3.5.The results

of Chapter 3 formed the basis of the following publications:

* Gong, Y., Wang, J., Zhang, W., Socha, J. J., & Dong, H. (2022). Computational analysis
of vortex dynamics and aerodynamic performance in flying-snake-like gliding flight with

horizontal undulation. Physics of Fluids, 34(12), 121907.

* Gong, Y., Wang, J., Socha, J., & Dong, H. (2022). Aerodynamics and flow characteristics
of a flying snake gliding with undulating locomotion. In ATAA SCITECH 2022 Forum (p.

1054).

Chapter 4 presents the simulation results for the vertical-undulating model. In Section 4.1, we
will examine the aerodynamic performance of the baseline case, along with the vortex structures
that lead to the change in performance. In Section 4.2, we will compare different vertical wave

undulation amplitudes. In Section 4.3, we will conduct a parametric study to investigate the
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effects of dorsal-ventral bending with varying amplitudes. In Section 4.4, we will bring the
detailed analysis to the rolling moment control and the effect of horizontal shape, horizontal
and vertical undulation motion. The results of Chapter 4 formed the basis of the following

publications:

* Gong, Y., Huang, Z., & Dong, H. TVertical Bending and Aerodynamic Performance in

Flying Snake-Inspired Aerial Undulation. Bioinspiration & Biomimetics (Under Review).

Chapter S investigates the tandem configuration observed in flying snakes vertical bending mo-
tion.Section 5.2 presents the aerodynamic performance of a solitary flying snake airfoil. The
results validated our solver, and we confirmed that the choice of AOA=35°as the baseline case
corresponds to the highest lift production. In section 5.3, the aerodynamic performance and
wake structures of a two-foil system are studied with the configuration range of 3¢ < Ax < 4c¢
and —2¢ < Ay < 2c . In section 5.4, the effect of Reynolds number is investigated. The aerody-
namic performance is provided with the same range at Re=500. The vortex wake and interaction
is presented and discussed in detail for a chosen configuration with different Reynolds number.
In section 5.5, the effects of pitching motion with different pitching amplitudes and frequencies
are discussed in section 5.4.In section 5.6, the aerodynamic performance and flow structure is
studied with the effect of heaving amplitude and frequencies. The results of Chapter 5 formed

the basis of the following publications:

* Gong, Y., & Dong, H. (2023). Computation study about the interaction between the
tandem flying snake airfoils with dynamic motion. In AIAA SCITECH 2023 Forum (p.

2460).
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* Gong, Y., He, A. & Dong, H. Numerical analysis of the interaction between two tandem

flying snake foils with pitching motion. Target: Biomemetics MDPI. (Under process)

Chapter 6 summarizes the conclusions of the current computational studies and points toward

future work.
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2 Methodology

2.1 Numerical Method

In this study, the 2D unsteady viscous incompressible Navier-Stokes equations, written in index

form as

%:O; %+8uiuj_ dp 1 ou?
8x,-

o " ox, ~ ox | Reomox, 1)

govern the flow. In the equations, p is pressure, u; denotes Cartesian velocity components, and
Re is the Reynolds number, given by the equation Re = % An in-house immersed bound-
ary method-based finite difference flow solver is employed to solve the equations, which are
discretized spatially using a cell-centered collocated arrangement of the primitive variables
and integrated in time using a fractional step method, which is second-order accurate in time.
The convection and diffusion terms are solved using an Adams-Bashforth scheme and implicit
Crank-Nicolson scheme, respectively. The immersed boundary method utilizes a ghost-cell
method to employ a complex interface boundary over a stationary Cartesian grid. A schematic

is shown in Fig. 2.1. The process begins with identifying each cell on the cartesian grid. Fluid

cells are cells with the center outside the body, and solid cells are made of cells completely
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FIGURE 2.1: Schematic of Ghost Cell Immersed Boundary Method.

inside the body and not adjacent to the boundary. Ghost cells have a cell center inside the body
and have neighboring cells outside the body. In order to preserve the boundary condition and
maintain second order accuracy, a line is extended from the ghost cell through the boundary nor-
mal to the interface. An image point is defined as equidistant to the boundary intercept as the
ghost cell center. An interpolation process is then used to calculate the values at the image point
from the surrounding fluid cells, which is then used to obtain the value on the ghost cell. This
method allows for simulation of complex moving boundaries on a stationary grid, without the
computationally expensive re-meshing required by commercially available CFD solvers. It has
been successfully employed in previous biological swimming studies [44]-[49], insect and bird
flying[50]-[53], bio-inspired canonical problems [54]-[57], and has been previously validated

extensively [46], [55], [58]. More details can be found in [59], [60].
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2.2 Solver Validation

2.2.1 2D validation

The force and flow validation are critical for evaluating the performance of the snake gliding.
Here we provided a validation in Figure 2.2 to compare with the previous studies done by

Holden et al. [42] with 2D flying snake cross-section.

We applied the same geometry of the cross-section shape as their 2D and our 3D study and it
was also scaled such that the chord length ¢ = 1. For the mesh setup, we applied the same mesh
size (Ax = Ay = 0.004) as that used in [43]. The uniform flow velocity was set to be Us, = 1
and the flow comes from +x direction as shown in Figure 2.2(a). More details about the chord
length and AOA are presented in Figure 2.2(b). For this validation study, we first picked the
case at Re = 1000, AOA = 35° and presented the spanwise vorticity contour of flow past the foil

in Figure 2.2(c). The contours are in good agreement with the Figure 8(c) in [43].

We also performed the simulation at Reynolds number 500 for 50 time units until it reached
steadiness. The time-averaged lift and drag coefficients with AOA change (within the range
of 0° to 45° at the increment of 5°) are presented in Figure 2.2(d). The results showed good

agreement between the current solver and previous work.

2.2.2 3D revolving wing model

To further validate the computational solver for snake study, body-body interacting flows, the
experimental work of Dewey et al. [61] is reproduced using the solver to verify its accuracy. In

this experiment, the aerodynamic efficiency observed in insects is partly ascribed to the creation
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FIGURE 2.2: (a)The schematic of the computational domain and boundary con-

ditions is depicted. (b) Application of Adaptive Mesh Refinement (AMR) blocks

and the setup of the airfoil shape and Angle of Attack (AoA) are presented. (c)

Vorticity contour at Reynolds number (Re) of 1000 from the current solver is

compared with the simulation work by Krishnan et al. [43]. (d) Time-averaged

lift and drag coefficients for Re=500 at various AoA from the current solver and
the simulation work are shown.
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and sustenance of a stable vorticity zone, known as the leading-edge vortex (LEV), which is
critical for flight. A theory positing the stability of LEV involves a spiraling axial flow within
the vortex core, which dissipates energy to the tip vortex, thus establishing a leading-edge spiral
vortex akin to the aerodynamic patterns observed in delta wing aircraft. Notably, this spiraling
flow is prominent in the flapping wings at higher Reynolds numbers (Re), approximately 5000,
but such structures are not discernibly replicated at lower Re, specifically around 100.. Digital
particle image velocimetry (DPIV) is also used to produce a vortex field and cycle-average

velocity.

The results from the experimental data along with the computational comparison from our
solver are shown in Fig. 2.3. In Figure 2.3(b), we present the revolving wing lift produc-
tion from the start and the lift coefficient for experimental data is given by the points, along
with the computational data shown by the lines. From this, we see that almost every data point
is within the experimental error. This confirms the validity of our solver in calculating the
hydrodynamic performance in multi-foil interacting systems. Figure 2.3 (c1) and (c2) contain
the vorticity from the experimental data and the computational data. From the figure, both the
leading-edge vortex structure of the experimental and computational data match very closely,
further validating our computational solver for wake analysis in 3D moving body interacting

flows.

2.3 Flying snake kinematics reconstruction

The snake model herein adapts a joint-based hierarchical skeletal structure that is bound to a

polygonal-mesh skin using the 3D modeling software Autodesk Maya® (Autodesk Inc., Mill
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(b) -, T ()

Current Solver

FIGURE 2.3: (a) Experimental setup with wing shape from [61]. (b) Lift pro-
duction results somparison for Re=120, AOA= 50 o. (c1) and (c2) Vorticity for
experimental results (top) and the computational results (bottom).
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Valley, California, U.S.) [62], as shown in Figure 2.4(a). The undulatory motion is decomposed
into the joint rotations and is then applied to the joints along the snake body to realize the
gliding kinematic. This technique has been successfully applied in the previous work [50], [63].
The gliding snake kinematic can be decomposed into the horizontal undulation and the vertical
undulation as reported by Yeaton et al. [30]. The horizontal decomposition is realized through
applying a horizontal bending angle (0) to each of the body segments, which has been evaluated
in our previous study, and the vertical undulation is realized through the vertical bending angle

(y). The bending angle definitions are illustrated in Figure 2.4(b).

(a) (b)

Y
x| — . . =
\44/2 Body vector Vy, _F:T)]ectwn of Vy

FIGURE 2.4: (a) Skeletal structure for the snake model. (b) Definitions of the hor-

izontal (0) and vertical (y) bending angles. (c) Schematic of the skeletal structure

that controls the kinematics. Vj stands for the global coordinates of discrete body

segments. [, is the length of each segment and s; represents the accumulative arc
length of the snake.

Figure 2.4(c) shows the schematics for the skeletal structure that controls the flying snake glid-
ing kinematics. Previously, Jafari et al. proposed a n-chain model to control the snake motion

during gliding[64].The snake was modeled as an articulated chain of airfoils connected with
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revolute joints. This was implemented either by directly prescribing the joint angles as periodic
functions of time (kinematic undulation), or by assuming periodic torques acting at the joints
(torque undulation). Similary in our model reconstruction, the rotation of each joint is depen-
dent on the local body arc length sz, and it is approached by the summation of finite numbers
of distances between joints. Therefore, the global coordinate for each joint’s location can be

expressed as:

=

k(%65 Vi 2) Z (2.2)

where §k represents the coordinate of the k-th joint (k = 1,2,...,N, where N is the total joint
number), /; represents the segment length between two neighboring joints, and ‘7]- is the unit
vector describing joint orientation. The multiplication of / j‘7j represents the displacement added
by the j-th joint and the summation adds up to be the position of the current joint. Thus, we can

calculate the arc length sy (until the k-th joint) of the snake body using the following summation:

k
sk=Y_ |l;Vjl (2.3)
j=1
The joint direction Vi in equation (1) is described with the following unit vector:

Vi = cos(wp) cos(6y), — sin(yy), cos(yy) sin(6)T (2.4)

where 6; and y; represent the horizontal and vertical bending angles of the k-th joint at the
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snake body. These bending angles by definitions are functions of time for each joint along the

body, and they are calculated as:

2
Ok (Sk,t) = By sin {g cos ( 72‘/9 Sk — 271'f9% + ¢9)1 (2.5)

2TVy

t
Vi(sk,1) = Y cos ( Sk — 27Ffwf + ¢w) + llvaSzk (2.6)

Equations 2.5 and 2.6 describe the change in horizontal and vertical undulation angles on the
k-th joint at a given time ¢, over a motion cycle period of T. 6,, and y,, represent the maxi-
mum horizontal and vertical bending angle, respectively. Vg, fg, and ¢g are the wave number,
undulatory frequency, and the phase shift that are related to the horizontal motion, and vy, fy
and @y are those related to the vertical motion. s is the accumulative body arc length. In the
previous study by Gong et al., when only considering the horizontal undulation, the optimal
aerodynamic performance was found with 6,, = 93° and vg = 1.4. These parameters were kept
constant in the current study to analyze the impact of vertical undulations. The relation between
the horizontal and vertical motion with regard to the wave number and undulatory frequency is
described as fy = 2fg, and vy, = 2vp, according to Ref.[30]. Furthermore, the effect of the full
body pitching motion described by Yeaton et al. is also studied herein. This is realized through
including an additional term, ypy, to Equation 2.6, which allowed for a vertical offset along the

length of the body, L.

Figure 2.5 illustrates the three-axis-view schematics to describe the setup for the flying snake
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FIGURE 2.5: Three-axis-view schematics of the flying snake model under dif-

ferent parameters. Red and blue circles indicate the head and tail tip of the

model, respectively. The configurations are: (a) without vertical wave undula-

tion (y;,, = 0°), (b) with a vertical wave undulation amplitude at y;,, = 10°, and

(c) dorsal-ventral bending amplitudes at ypy = 5° and —5° applied to the config-
uration in (b).
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model with different vertical bending patterns. The head and tail of the model are marked with
red and blue dots, respectively. The horizontal undulation model is presented in Figure 2.5
(a) as a reference. The baseline case for studying the effect of vertical wave undulation is set
with v, = 10° and ypy = 0°, depicted in Figure 2.5 (b). The top view maintains an S-shaped
posture similar to the pure horizontal undulation configuration, but the front view exhibits an "8"
shape on the snake body, with the side view showing a neutral model position without dorsal-
ventral bending. Figure 2.5 (c) demonstrates configurations considering dorsal-ventral bending
with maximum amplitudes of ypy = 5° and —5°. While the top views are akin to previous
configurations, the side views display the tail-down/up motion corresponding to positive and

negative Ypy values, respectively.

The uniform incoming flow acting on the twisted snake body creates different angles of attack
at various locations, introduced by the vertical wave undulation. The study adapts the effective
angle of attack (eAOA), calculated as the difference between the angle of attack (AOA) and
the local pitch angle (o), with the chord-line direction defined as the snake body width. The
local pitch angle (o) is the angle between the chord-line and the horizontal plane, as shown in

Figure 2.6(a).

To link the local pitch angle (o) with horizontal undulation, curvature (k) is used to describe
the horizontal shape of the snake, as depicted in Figure 2.6(b). The curvature at a point on the
midline curve, defined as the reciprocal of the radius () of the inscribed circle, is expressed as
K= % The relationship between x and oy is illustrated in Figure 2.6 (c), with k and o shown
in black and blue lines, respectively. A dashed line at k¥ = 0.1 highlights the region where

curvature is below 0.1 in grey, indicating that body parts with lower curvatures have higher local
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pitch angles, with straighter body segments exhibiting higher o and curved sections showing

lower o.
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FIGURE 2.6: Definitions of (a) the angle of attack (AOA), the effective angle of

attack (eAOA), and the local pitch angle (&), and (b) the snake curvature based

on the inscribed circles. (c¢) The k and oy, curves as a function of body location,

in black and blue lines, respectively. The corresponding locations indicated in (b)
are also displayed.

2.4 Case Setup

The schematic of the computational domain is depicted in Figure 2.7 (a). A domain size of
80c x 100c x 100c¢ with an x-y-z coordinate system is established, featuring a minimum grid
spacing at A = 0.164c, as shown in the dense dark blue region in Figure 2.7 (a). Employing a
tree-topological local mesh refinement (TLMR) technique allows for further refinement of the
mesh around the flying snake model with efficient computational resource utilization [65]. As

detailed in the zoomed-in schematic of Figure 2.7 (a), a larger parent mesh refinement block
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(light blue) encompasses the wake region to enable a semi-dense grid spacing at A = 0.082c,
and a smaller block (orange) surrounds the snake model to capture the near-body vortices with
a dense grid spacing at Api, = 0.041c¢, resulting in a total grid count of 10.4 million. This
mesh refinement approach has been previously applied in bio-inspired flight studies [66]. An
incoming flow velocity is imposed in the x- and y-direction at an angle of attack (AOA) of 35°,

with homogeneous Neumann boundary conditions applied at the remaining boundaries.

o

C, _coarse
C, _base

C, _dense

FIGURE 2.7: (a) Cartesian grid setup and nested topological local mesh refine-

ment (TLMR) blocks with specified boundary conditions. The zoom-in figure

highlights the relativity of the blocks. (b) Results from the mesh independence

study displaying instantaneous C;, and Cp for a dense grid (A = 0.035¢, 13.98

million grids), a coarse grid (A = 0.082¢, 3.02 million grids), and a base grid
(A =0.041c, 10.39 million grids) utilized for subsequent analyses.

A grid-independent study was conducted utilizing three grid sizes: A = 0.082¢ (coarse), A =
0.041c (base), and A = 0.035¢ (dense). The lift and drag coefficients, C; and Cp, defined as the
lift and drag forces normalized by % pUZ2cL, are employed to assess the mesh sizes. The force

coefficients over a motion cycle are illustrated in Figure 2.7 (b), where the solid line represents
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Cr, and the dashed line denotes Cp. The peak difference in C; and Cp between the base grid
and the dense grid are 1.8% and 0.05%, respectively, while the cycle-averaged lift and drag
coefficient differences between the base and dense mesh are both under 0.1%. Consequently,
it is concluded that the base mesh suffices for the computations, and the analyses herein are

executed using the base mesh.

2.5 Performance Definitions

To solve for the aerodynamic forces, lift force F; and drag force Fp, the solver directly integrates
the projected surface pressure and shear force over each body. Lift force is defined as the sum
of force parallel to the incoming flow direction and the drag force is perpendicular to the flow
direction. The resulting force coefficients Cr,, Cp, are computed by

£ Fp

CL=-—"t —Cp=—2 .
L7 05pU2cL " T 0.5pU2cL

2.7)

The total power is defined as the rate of the output work done by the flying snake to complete

its motion. It is given mathematically by

Py = j{(—l’ni + Tijnj) Au;dsS, (2.8)
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where 7 is the unit normal to the surface, and Ay; is the velocity of the element dS relative to its
surrounding fluid in the i-th direction. The coefficient of power can then be calculated as

Py

Coyp = ~———r. 2.9
PP 0.5pU3¢ 29)
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3 Effect of 3D formation and horizontal

undulation motion

3.1 Aerodynamic performance and wake structures of the

steady cases

While aerial gliding, its body applies undulating motion and passes traveling waves down the
body(Figure 3.1 (a)). The changing body shape will provide impact on the snake performance.
To start with, we studied the flying-snake 3D model with several different static horizontal
wave shape profiles. Initially, the aerodynamics performance, surface pressure results, and
three-dimensional vortex structures of the baseline model are analyzed and compared. Then we
studied the effects of the wave shapes by choosing several different timeframes’ static snake

postures.

3.1.1 Problem definition

Figure 3.1 (b) shows one of the models generated with a set of specific parameters: Opyax = 93°,

vog=14, f=1,t/T =0 (T = 1/f). The maximum horizontal bending angle 6,, and spatial
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period number Vg is a set of parameters observed in real flying snake gliding experiments. The
curvature K of the snake is also defined with the osculating circle of the midline curve. This

concept is used for the discussion of different snake shapes.

The equation and parameters describing vertical bending are not introduced in this study so that
the effect of the pure horizontal body shape can be studied. Figure 3.1(c) shows no vertical (in

Y direction) deformation. This steady shape is set up as starting case (Case 0) in our simulation.

In Figure 3.1 (d), the cross-section shape of the flying snake body was shown. It was originated
from high-speed video and also applied in previous experiments and numerical study [42]. Its

chord length is defined as C and the body length is also defined as L = 35¢. This body-chord

ratio is measured from the video [2].

(a)

FIGURE 3.1: (a) Body wave shape of flying snake Chrysopelea paradisi in ventral

view; (b) Top view of the reconstructed 3D model using the math equation; (c)

Side view of the model; (d) Cross-sectional geometry applied in the snake body
model [2].
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To further study the effect of snake wave shape, a phase shift is introduced through changing
different time . Given the symmetry of the wave function, only the first half of the undulation
motion is adopted to create different static shapes models with /7 = 0.1,0.2,0.3,0.4. The
corresponding phase change will be —0.27, —0.47, —0.67, —0.87 as shown in Figure 3.2 (a)-
(d) (As our Case 1 to 4).
(a) rU (b) [U © (d) ﬂ
Case 1 Case 2 Case 3 Case 4

FIGURE 3.2: Static cases with different wave shapes corresponding to time at
t/T=0.1, 0.2, 0.3 and 0.4.

3.1.2 Aerodynamic Performances

Figure 3.3 shows the instantaneous lift and drag coefficient for the starting case 0. To reach a
steady state, the force history is presented between the non-dimensional time t = 140 — 160.
Normalized time 7* is calculated with freestream velocity U and chord length ¢ (t* = tU/c).
Time-averaged force coefficient is also calculated within this timeframe to eliminate the influ-
ence of the initial condition. From the time history, we can observe the oscillation caused by
the vortex shedding and regeneration process on the surface, which will be discussed in a later

section.
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FIGURE 3.3: The instantaneous lift coefficient on the flying snake at non-
dimensional time 140 to 160.

140

3.1.3 Vortex Structure Near the Body

Figure 3.4 illustrates the vortex structure around and at the wake of the computational model
in gliding. The snapshot of the vortex is taken at a local lift peak. The iso-surface structures
are visualized using the Q-criterion with a value of 200. The main feature on the body that can
be identified is the edge vortices (EV) generated on the straight part of the body. Topologi-
cally speaking, the straight tube hints at 2D leading-edge vortices (LEV) expanding it spanwise
(the third dimension in space). Similarly, trailing-edge vortex tubes (TEV) can also be observed
below the LEV. Interaction between each plane may merge into different structures such as hair-

pin vortices. This process and structure were investigated and reported in the three-dimensional



Chapter 3. Effect of 3D formation and horizontal undulation motion 36

flow around a flat plate by Taira et al..[67], especially with larger aspect ratios.The tip vortex
(TV) is also a prominent vortex structure observed at the head. The blue contoured, counter-
clockwise rotating TV shares a similar vortex loop structure at the head (tip) as the simulation

done by Taira et al.[67] with low-aspect-ratio wings or Li et al.[68] with revolving wings.

One unique vortex structure observed in the current snake model is the side (edge) vortices
(SV). SVs are generated on the turning curved part of the snake body. They share some similar
topology shape as the TV since they are all formed on the edge of the model. However, SV
is more complicated than the TV. Due to the turning of the body, this particular section can be
treated as a wing with span-wise flow only. The flow passes along both leading and trailing
edges with a velocity perpendicular to the cross-section. The spinning vortex loop pairs with
a curved shape comes from the vortex loops generated on both sides of the body and merged
together. EV, TV, and SV are formed on different parts of the snake model, interacting with

each other all the time, contributing to a complicated wake topology.

Surface Pressure

Leading-edge vortices (LEV) and trailing-edge vortices (TEV) are observed on the body of the
snake. The presence of LEV and TEV creates regions of low and high pressure, respectively,
generating a pressure differential along the entire body. This differential contributes to lift
generation. Figure 3.5 (a) displays the pressure coefficient difference between the dorsal and
ventral surfaces of the body. A relatively darker region of high-pressure difference ACp on
the leading edge of the dorsal surface indicates the location of leading-edge vortices. This

observation aligns with Figure 3.5 (b), which shows the lift distribution C;, along the body.
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FIGURE 3.4: (a) Perspective view of wake structure of the baseline case at peak

lift distribution. The iso-surfaces are plotted using Q-criterion with Q =200 and

flooded by X-vorticity wy; (b) Vortex structure near the snake body at peak lift

distribution. Z-vorticity @y is applied to visualize the vortices on six slices cutting
through the body. @y and @ are all normalized by U /c.

Areas of high pressure produce greater lift, depicted by deep red zones on the leading edge,
whereas green zones, more prevalent at the head, tip, and turning sections of the body, suggest

that tip vortices (TV) and side vortices (SV) have a lesser impact on lift generation.

3.1.4 Effect of Body Shapes

This section discusses the impact of varying body shapes on aerodynamic performance. Figure
3.6 presents the cycle-averaged lift coefficient results, highlighting that the body shape in Case 2
achieves the highest lift during gliding. To understand the influence of body shape, we calculate
the curvature k of the snake model’s midline. Defining sections of the body with a curvature
greater than 0.2 (k > 0.2) as significantly curved, we observe a general trend where less curved

bodies tend to generate higher lift. Detailed data is presented in Table 3.1.

Further validation of our hypothesis is provided in Figure 3.7, comparing Case 2, which yields
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FIGURE 3.5: (a) Pressure difference (ACp) between the dorsal and ventral sur-
face.(b) Lift coefficient (Cp) distribution along the body.

maximum lift and has the least curved body (41.3%), against Case 3, which results in 2.8%
less lift due to a longer curved body (45.7%) as the head undergoes a U-turn. To elucidate the
differences in lift, we examine the wake structures for these two cases in Figures 3.7(a) and 3.7
(b). In Case 2, the extended straight body fosters a LEV tube on the dorsal surface, significantly
enhancing lift generation. Case 3’s body shape is unique as the head’s turning motion allows
the tip vortex (TV) to merge with the side edge vortex (SV), both of which contribute less to
lift compared to the straight LEV. This hypothesis is further supported by the lift distribution
contours in Figures 3.7(c) and 3.7(d), where the larger red regions in both cases indicate higher
lift associated with steady LEV tubes along the straight body segments. The orientation of the
head in Case 2, perpendicular to the incoming flow, contrasts with its parallel alignment in Case
3, causing the previously red region on the head to turn green, indicating a reduction in lift

distribution.
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FIGURE 3.6: Time-averaged lift (Cr) and drag (Cp) coefficients of different cases.

Case 0 1 2 3 4
C 1.0436 | 1.0588 | 1.0968 | 1.0657 | 1.0482
Cp 0.7332 | 0.7267 | 0.7672 | 0.7500 | 0.7311
Curved Body Portion (k > 0.2) | 51.1% | 45.7% | 41.3% | 45.7% | 52.2%

TABLE 3.1: Aerodynamic performances and curved body portion for different
shapes.

3.2 Aerodynamic performance and wake structures of the

baseline moving case

Next, we will present the simulation result of the horizontal-undulating model. The baseline
case is chosen at AOA=35°, Reynolds number Re=500 and fg = 1. We will discuss its perfor-
mance and wake structures. Also the comparison between the static models and the baseline

case will be discussed. Finally, three parametric studies of the effects of AOA, the undulation
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FIGURE 3.7: (a) and (b) show the perspective view of wake structure of Case 2
and 3 at peak lift timeframe; (c) and (d) show the lift coefficient (Cy) distribution
along the body of the two cases, respectively.

frequency, and the Reynolds number will be presented in later sections.

To reach stable periodic states, at least four undulatory cycles are conducted in all simulations.
Figure 3.8 (a) shows the instantaneous lift coefficient history of one undulating period. Given
the mathematical model, it is known that the snake’s horizontal undulation can be divided into
2 symmetric strokes. According to the equation of the kinematics, the snake head’s position
locates in the midplane at the beginning. Its motion can be divided into the first half stroke with
the head pointing from right to left (R-L) and the second half pointing from left to right (L-R).

Predictably, 2 repeating cycles will appear in the lift force history corresponding with R-L and
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L-R strokes, so in later discussions, we will be mainly focusing on the first (R-L) stroke.

In the R-L stroke lift force history, it can be observed that there is one lower peak (ii), one
higher (maximum) peak(iv), and a trough (iii). And the symmetric kinematics explains why the
peaks share similar amplitude in the L-R stroke. The cycle averaged lift is computed to be (Cy)

=0.919.

Figure 3.8(b) gives a detailed description of the vortex topology in the R-L stroke. The 3-D
vortex structures are visualized by the iso-surface defined by Q-criterion with Q=120 showing
the cyan iso-surface. In the flow equation, the velocity gradient Vv can be decomposed into two
parts as follows:

Vii= = (Vi+(V9)T) +% (Vv—(V9)7) =5+Q, 3.1)

| =

where S and Q are the symmetric and antisymmetric part known as the vorticity tensor.Then the
Q-criterion is directly derived based on the second invariant Q of the velocity gradient tensor

given in the following expression:

(121> = 1Is1) (3.2)

| =

0=

where Q > 0 represents the existence of a vortex[69].From the perspective view of the wake
structure, small vortices including the leading-edge vortices (LEVs) and trailing-edge vortices
(TEVs) can be seen generating on the snake body surface, which will play the main role in
lift generation. LEV is observed generating on the edge facing the incoming flow (known as

leading-edge) and the TEV is generated on the other edge.
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FIGURE 3.8: Flow information for the baseline case (AOA=35°, Re=500 and
fo =1). (a) The instantaneous lift coefficient history. (b) Three-dimensional wake
structures of flying snake model in the R-L stroke at (i) t/T=0.00, (ii) t/T=0.17, (iii)
t/T=0.23 and (iv) t/T=0.34 respectively, from a perspective view. The iso-surface
of the wake structures is visualized by Q-criterion with the value of Q=120. The
solid arrow indicates the directions of trailing edge vortex tubes (TEV) and the
dashed line arrow indicates the directions of leading-edge vortex tubes (LEV).The
head turning motion in this stroke is indicated with blue arrow.
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At t/T=0.00 (Figure 3.8-b (1)), the starting stage of the R-L stroke, the LEV1 and TEV1 can be
identified clearly at the leading edge and the trailing edge of the snake body. The front part of
the body elongates with the process of undulation, while the LEV1 is developed and attached to
the body. With alonger LEV1 attached to the snake body, an increasing trend in the lift is shown
from the start until t/T=0.17. The TEV1, on the other hand, shed off the trailing edge quickly.
Either LEV1 and TEV1 forms a vortex tube as shown in Figure 3.8-b(ii), as evidence of the
time evolution of vortex-shedding combined with snake body undulation. Similar 2D vortex-
shedding process has been presented in the work done by Krishnan et al. [43]. In their flow-
past-airfoil studies, it is predictable that an LEV will be generated, developed, separated, and
shed off the dorsal surface of the foil. This process can be treated as a reduced-dimension model
compared with the 3D flying snake gliding. In the 3D model, with the snake head undulating
and moving in the direction perpendicular to the flow velocity, wherever it shows up, the LEV
will start the generation process automatically. The head is still generating vortices while the
following part of the straight snake body already starts experiencing vortex-shedding at the
same time. Thus, a 3D oblique vortex tube is formed as the consequence of the head moving

and the snake body afterward.

At t/T=0.23, as shown in Figure 3.8-b (ii1), the part of LEV1 generated by the earlier head begins
the process of separation and shedding off the body while the 2nd LEV (LEV2) is generated on
the straight body at its early stage. A furcation showed in the LEV1 also indicates the gradual
process of wake separation, which corresponds with the slight lift drop. TEV2 is also forming
simultaneously on the trailing edge at the same time. The hint of TEV2 can be observed in

Figure 3.8-b(iv). In Figure 3.8-b(iv), at t/T=0.34 where the highest lift shows up during the R-L



Chapter 3. Effect of 3D formation and horizontal undulation motion 44

stroke, the newly generated LEV2 is fully attached to the snake body and generates considerable
lift. Detailed force distribution along the snake body will be presented in a later discussion.
The turning motion velocity vector is parallel to the flow vector plane. Following the velocity
direction, the edge vortices formed and attached on both sides of the head will also be dragged
into the parallel direction to the incoming flow. From the 3D wake topology information in
Figure 3.8-b (iv), a pair of spinning tubes can be observed and treated as an extension of TEV1

and LEV1.

After the lift reaches the peak at t/T=0.34, LEV2 will experience the same vortex-shedding pro-
cess as LEV1 and the same lift drop occurs. At t/T=0.50, where the snake’s undulation moves
to the axial symmetrical position at the start of the first stroke, the lift falls back to another local
trough. Then the second half-stroke (L-R) will start and repeat a similar process as described
earlier. Predictably, a pair of similar LEV and TEV as LEV1 and TEV1 will appear at the axial
symmetric position as well. Another feature worth noticing is that, although the leading and
trailing edge flipped after the head made the U-turn and begin moving rightwards, topologically
the newly generated LEV is linked to the previous TEV. and merged to a continuous vortex tube
(same with LEV1 and TEV3). Still, we identify them by the generation position on the snake

surface and thus named them separately.

The correlation between the formation of LEV?2 and the lift enhancement is observed in the R-L
stroke especially from t/T=0.23 to t/T=0.34 with an increase in the lift of 25.1% (instantaneous
Cr, increase from 0.870 to 1.088). To explore the cause of lift enhancement, detailed analyses
on the vorticity of LEV were conducted at t/T=0.23 and t/T=0.34, as presented in Figure 3.9.

Figure 3.9 (a) and (b) compare the spanwise vorticity contour on slices cutting through the
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snake's straight body between the two timeframes mentioned above. The LEV is shown in blue
color contour and TEV in red, which is showing their direction as well. The slices 1-4 are
located at Z = 3c, lc, -1c, and -3c, based on the center of the mass coordinate system where
the center of mass is located at the origin point. Transparent Q-iso-surfaces are also displayed

along with the vorticity slice cut, to illustrate the significance of leading-edge vortices.

Figure 3.9 (c) and (d) are the corresponding 2D vortex contours on each slice at 2 different
times. The LEV1 is shown in all slices colored in blue. From slice 1 to 4, a complete 2D
vortex generating-shedding process is reproduced. In slice 1 the LEV1 is generating and closely
attached to the snake body while the TEV1 is fully developed and about to shed off the trailing
edge. All along to slice 4, a clear LEV1 shedding is observed and the new TEV?2 is generated.
In Figure 3.9 (d) slicel, after t=0.11T, the LEV1 attached to the body begins to shed off. This
process is also observed in slice 2 and 3, while in slice 3 the LEV1 is completely shed off the
body and a new LEV?2 is generated on the surface body. In later sections, we will discuss more

details about the LEV's role in lift maintenance.

The main theory of lift generation and maintenance is caused by the pressure difference on dor-
sal and ventral surfaces. Figure 3.9 (e) and (f) show the pressure iso-surface at the 2 timeframes.
It’s easy to observe and define the dorsal surface as a low-pressure region (suction surface) and
the ventral surface as a high-pressure region (pressure surface). The pressure difference con-

tributes to both the lift and drag force on the snake body.

Figure 3.10 shows the lift distribution over the cycle along the body. More lift is generated

on the anterior body compared with the lateral body. The overall trend of the lift distribution
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FIGURE 3.9: Comparison of instantaneous vortex structure at t/T=0.23 (lift
trough) and t/T=0.34 (lift peak), (a) and (b), respectively. (c) and (d) show the
2D spanwise vorticity contour (showing LEV1, LEV2 and TEV1, TEV2) on the
anterior snake body at the corresponding timeframes. The slice-cuts are located
atz/c=-3, -1, 1, and 3. (e) and (f) show pressure coefficient iso-surface visualized
by Cp = —0.4(blue) and Cp = 0.4(red) at the two timeframes, respectively.
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is affected by the motion of horizontal undulation, showing a traveling wave passing down
the body. One unique feature of the lift appears at t/T =0.34. Another local lift peak arises,
generating extra lift which is also reflected in the lift force history in Figure 3.8 (a). This feature
indicates that within the whole undulation motion, the vortex structure near the anterior body

would be focused and analyzed in detail.
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FIGURE 3.10: Lift distribution over the cycle along the body. Dash-dot-dot line
and short dash line indicate the time with the trough(t/T=0.23) and peak(t/T=0.34)
overall value, respectively.

In Figure 3.11, the two timeframes indicated with dashed lines are further investigated. Figure
3.11 (a) and (b) show the LEV on each slice cut on the anterior body at t/T=0.23(trough) and
t/T=0.34(peak), respectively. The circulation peak corresponds with the higher lift generation.
It’s observed that the circulation at slice 1 appears to be one high peak, which both in t/T=0.23
and t/T=0.34 indicates the existence and attachment of LEV1 since it’s closer to the head and

the vortex hasn’t been shed off. This observation can be proved with the calculation of I" in

Figure 3.11 (c). The decrease of circulation at slice 2 also indicates the development of LEV1
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and possible vortex-shedding. The difference between lift-peak and lift-trough happens at slice
3 and 4, which can be reflected by local circulation. The newly generated LEV?2 is responsible

for the circulation increase which is not generated yet at t/T=0.23.

In order to give another picture to illustrate the lift generation, we focus more on the overall lift
distribution on the snake body. Figure 3.11 (d) and (e) are the lift coefficient surface contour
at trough and peak. The red region indicates the strong LEV generated on the dorsal surface
of the body. It's easy to identify the LEV1 at t/T=0.23 with a red region near the head region.
At t/T=0.34, both LEV1 and LEV?2 can be observed near the anterior body. Another feature
that needs attention is the lift-concentration region at the curved body. At the second and the
third portion of curved body (the head region at the current timeframe is considered as the first
turning segment), the LEVs are generated and maintained on the dorsal surface. This can be
explained similarly as LEV1 that at the curved body, the LEV is forced to be maintained on the

body surface longer due to the flow around it instead of naturally being shed off.

Figure 3.11 (f) shows the local lift distribution along the body to further illustrate the region of
lift generation. At t/T=0.23, 3 major peaks can be identified at around s=0.05, 0.4 and 0.75.
These correspond with the three red zones in Figure 3.11 (d). At t/T=0.34 when the maximum
lift is generated, the fourth peak of lift shows up at around s=0.3, indicating the appearance of
LEV2. The other three peaks maintain and shift to the location at s=0.15, 0.5, and 0.85. The

generation LEV?2 does a major contribution to lift increase.

A previous study done by Gong et al. [70] showed some preliminary understanding of static

snake models. They have a similar wave shape as the dynamic models yet their motion is
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FIGURE 3.11: (a) and (b) are the perspective views of the snake with 2D span-

wise LEV vortices on slice-cuts at t/T=0.23 (lift trough) and t/T=0.34 (lift peak),

respectively; (c) Normalized circulation II'l of LEV at the anterior body on dif-

ferent slice-cuts at t/T=0.23 and 0.34. IT" is normalized by UL; (d) and (e) are the

top view of the snake showing the lift coefficient surface contour at t/T=0.23 (lift

trough) and t/T=0.34 (lift peak), respectively; (f) Local lift coefficient distribution
along the body at t/T=0.23 and 0.34.

excluded so they keep steady at certain positions. Similar vortex structures were observed
in steady models. The LEV is still playing the dominant role in lift generation. The static
model with a maximum portion of the straight body will generate the longest LEV tubes, thus
contributing to most lift generation. However, the conclusion is different when introducing the

dynamic motion.

For comparison, we created two static models which are achieved by setting the undulation
frequency fyp = 0. The different positions can also be reproduced by applying phase change
¢0g = 0. Figure 3.12 shows the flow feature of the static snake model. The static undulation

position at t/T=0.00 and t/T =0.34 were chosen to conduct the simulation. Figure 3.12 (a) and
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(b) give the vortex structure at the lift peak. From the vortex structure, we observe parallelly
generated leading edge vortex tubes. This feature also corresponds with the lift distribution on
the surface in Figure 3.12 (c¢) and (d). The lift on static cases is more equally distributed along
the leading edge. At position t/T=0.34, another obvious feature is the tip vortex (TV) generated
on the dorsal and ventral surface of the tail. Due to the shear layer of the tip vortices, position
B has a lower cycle-averaged lift than position t/T=0.00. To further illustrate the difference
between static and undulating models, Figure 3.12 (f) shows the cycle-average value contour of
the lift coefficient along the snake body. The steep increase and decrease of the lift at 0% SVL
(head) and 100% SVL (tail) are due to tip vortices. Static cases at t/T=0.00 and t/T=0.34 give
a more equally distributed lift along the body, with several local troughs indicating the curved
segments where the lift is less generated. The baseline undulating case shows a concentrated lift
generation area at the anterior part of the snake where a peak of lift can be observed between
0 —20% SVL. According to the contour distribution, the undulation provides a more equally
distributed lift compared with static cases, which have a significant lift decrease at the curved
body. The concentrated force at the anterior body would provide a torque with respect to the
body's center of mass that helps the head pitch. The lift concentration will be discussed in our
study about the effect of AOA, Reynolds number and undulating frequencies and we will more

focus on the anterior body of the snake.
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FIGURE 3.12: (a) and (b) show the vortex structure at static position A (same

shape as t/T=0) and B (same shape as t/T=0.34) and the LEV and TEV on 2D slice

cuts, respectively. (c) and (d) show the lift distribution contour on the contour

when they are at peak lift production. The cycle-averaged lift distribution on the

model dorsal surface is shown with the baseline case (el), static position A (e2)

and B (e3); (f) shows the corresponding normalized lift distributions along the
body (from snout to vent, SVL).

3.3 Effects of the Angle of Attack

In this section, we would focus on the effects of the angle of attack (AOA) on the aerodynamic
performance and wake structures of the flying snake. To better illustrate the effect on the aero-
dynamic force, Figure 3.13(a) shows the cycle-averaged values for different AOA including the
lift and drag coefficients from 0° to 60° with an increment of 10° (2 more intersect points were
added at 35° and 45° to capture the maximum lift). In the curve, there is an increase in the lift
before AOA 45° and a decrease afterwards. The drag force curve appears to be a monotonic
increasing trend within the current range. The result is partly consistent with the previous 2D

studies [42], [43] about the lift and drag trend. The stall happens at a critical AOA and the flow
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separation begins. Further details will be discussed on why the lift peak is achieved at 45° with
the value of C;, =0.964 instead of 35° as previously shown in Krishnan et al.’s work [43]. This

AOA is also within the range of other gliding animals such as lizards which also applies average

AOA at 40.4° +£5.7° [71].
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FIGURE 3.13: (a) Cycle-averaged lift and drag coefficients at various AOAs; (b)
Lift-to-drag ratio and cot(y) (glide angle function) (c)Instantaneous lift coefficient
at AOA 20°, 35°, 45°, and 60°, respectively.
Figure 3.13(b) shows the lift-to-drag ratio (Cr)/(Cp) at different AOAs. At 20° the lift-to-drag
ratio reaches its peak. The black dashed line is the coz(7y) function. According to the discussion

by Socha [8], they used the minimum glide angle to compute the glide ratio for the trajectory,

while the glide angle can be defined with [72]

L/D = cot(y) (3.3)

The equation shows that at the equilibrium gliding state, the glide ratio is equivalent to the
lift-to-drag ratio, and also equal to the cotangent of the glide angle. In our current study, the
lift-to-drag ratio curve correlates with the cotangent function perfectly at a relatively higher

AOA (>30°). At lower AOA (<20°), the lift-to-drag ratio has a positive correlation with AOA
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while the glide angle does not. One possible explanation for this phenomenon is to treat the
simulation as a quasi-equilibrium gliding status. Different AOAs correspond with a short period
on the gliding trajectory. At higher AOAs, the force generated on the surface body would only
be provided to balance the gravity. Yet at lower AOAs, less lift is provided compared with drag
so that the resultant force will provide less force to balance gravity and a resistance force in the

horizontal direction.

Figure 3.13 (c) is the instantaneous lift coefficient at AOA 20° (with maximum lift-to-drag
ratio), 35° (the baseline case), 45° (with maximum cycle-average lift), and 60° (with minimum
drag-lift ratio after stall) within 1 repeating undulation cycle. Similar to the baseline case, the
lift coefficients reach the first trough at around t/T=0.20, and then begin to increase until the
peak shows up at around t/T=0.34. The similar trend of the lift curve reveals the fact that lift
generation has a strong relation with temporal undulation position and there exists a universal

lift generation mechanism with horizontal undulation motion.

Figure 3.14 (a)-(c) shows the vortex structure, the lift coefficient contour on the dorsal surface,
and pressure iso-surface around the body (light blue at Cp=-0.4 and light red at Cp=0.4) at
AOA 20°, 45° and 60°, respectively. These snapshots are chosen at the highest instantaneous
lift, similar to the way we analyze the baseline case. The universal lift and drag generation
mechanism keeps the same. The high-pressure and low-pressure regions which can be identified
with the pressure iso-surface plot provide the suction and lift force on the dorsal and ventral
surface. The pressure difference would contribute to a total force, and could be projected on the

lift(perpendicular to flow velocity) and drag (parallel to flow velocity) direction.
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FIGURE 3.14: Comparison of flow structures at different AOAs (20°, 45°, and

60°), including vortex structure and 2D spanwise vortices on slice-cut [(al)—(c1)],

lift coefficient surface contour [(a2)—(c2)], and pressure iso-surface visualized by

Cp =-0.4 (blue) and Cp = 0.4 (red) [(a3)—(c3); (d) normalized circulation of LEV

at anterior snake body on different slice-cuts at t/T = 0.34 (peak lift) with AOA

20°, 35°, 45°, and 60°; (e) normalized circulation of LEV at anterior snake body
on different slice-cuts at t/T= 0.23 (trough lift) with AOA 35° and 45°.
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LEV formation plays an important role in lift production. Starting from a lower AOA(20°),
LEV1’s shear layer is closely attached to the anterior surface body. At the critical AOA (45°),
the LEV1 and LEV2 can be clearly shown in the slices with 2 corresponding lift concentrations
occurring on the surface. The LEVs are strong and attached to the leading edge which leads to
high performance in lift generation. In comparison, at higher AOA (60°), due to the separation
of LEV, the strength of LEV decreases, and lower lift can be generated. This also corresponds

with the lift contour where the less red area can be observed on the anterior body

Figure 3.14 (d) shows the circulation of the LEV on the anterior snake body at AOA 20°,
35°(baseline case), 45°, and 60°. The circulation is normalized by UL. The universal troughs
at z/c=1 are observed, indicating the transition region between LEV1 and LEV2, two relatively
higher circulation sections at both ends. This proves that the 2 LEV vortex tube generation
is not affected by the change of AOA. However, the circulation will be changed at different
AOAs and its trend corresponds with the lift coefficient, increases at lower AOA, and begins to
decrease after a critical point. Interestingly, the circulation at AOA 45° is slightly lower than
that of AOA 35°. For the two chosen AOAs, the average circulation values of all 4 slices are
IT/UL| (AOA 35°)=0.06780 and |I'/UL| (AOA 45°)=0.06870. This result corresponds with
the finding in the instantaneous peak lift coefficient. From Figure 3.13(c), it is found that
CL— peak(AOA 35°)=1.0881 while Cp_ pear (AOA 45°)=1.0854. AOA 45° outreaches the cycle
averaged lift coefficient due to a higher trough lift. In Figure 3.14(e) the normalized circulation
is specifically calculated at AOA 35° and 45° at their first lift trough, which is around t/T=0.23.
There is no surprise that despite the similar mechanism of a single LEV1 generating lift while

LEV2 is not formed yet at this time frame, a significant increase in circulation on each slice can
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FIGURE 3.15: (a)-(d) cycle-average C;, contour on the straight body’s surface

at AOA 20°, 35°, 45°, and 60°, respectively; (e) C distribution along the body

at t/T=0.34, at four different AOAs, respectively. (f) Normalized cycle-averaged
chord C;, distribution along the body at different AOAs.

be observed comparing AOA 45° with AOA 35°.

Figure 3.15 (a)-(d) shows the cycle-average lift coefficient contour along the body at AOA =
20°, 35°, 45°, and 60°. The concentration of lift coefficient at the anterior snake body can
be easily observed at different AOAs. Furthermore, the increase and decrease of the red area
correspond with the trend of the lift coefficient. The location of strong LEV generation can
be further illustrated in Figure 3.15 (e). At peak lift moment, the variation of AOA does not
significantly affect the mechanism of LEV1 and LEV2 development on the anterior body. The
turning body sections, which correspond with s/SVL = 0.5~0.6 and 0.8~0.9, also show evidence
of local lift peak which indicates the turning to be the main lift generation area. Figure 3.15 (f)

shows the normalized lift distribution, which is defined as the ratio of the local lift coefficient
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and the overall averaged lift coefficient (C;/Cy) along the body, all along the body. There is
a peak lift distribution observed at the head of the snake body, and the peak value increases
with the increase of AOA. This phenomenon can be interpreted as the consequence of the LEV

constantly produced at the head of the body.

3.4 Effects of undulation frequency

In this section, we examine the effect of undulation frequency. According to previous experi-
ments, snake undulation has a specific range of frequency fg from 1Hz to 2Hz in nature [30].
In the simulation, we will use the similar concept of reduced frequency (f, also referred as fre-
quency in the following discussion) as study of spanwise oscillating gliding plate [73], which

in our study is normalized with the body length L and flow speed U,

f=feL/U 3.4

Figure 3.16 (a) shows the cycle-averaged values including the lift and drag coefficients for
different f. The overall trend is observed as a monotonically increase in drag coefficient and
a monotonically decrease in lift coefficient. The lift-to-drag ratio result is presented in Figure
3.16(b). The overall trend of the ratio is to decrease with the increase in frequency. Within the
natural frequency range, the overall aerodynamic performance decreases when the undulation

gets more intense.

Figure 3.16(c) is the instantaneous lift coefficient corresponding to undulating frequencies
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FIGURE 3.16: (a) Cycle-averaged C; and Cp, at different undulating reduced fre-

quencies. (f=0.889, 1, 1.143, 1.333,1.667 and 2, corresponding with simulation

period of T=9/8, 1, 7/8, 3/4, 2/3 and 1/2); (b) Lift-to-drag ratio at different undu-

lating frequencies; (c) Instantaneous force history during a repeating undulating
cycle at corresponding frequencies.

within a repeating undulation cycle. Trough and peak happen at similar times indicating the
similar lift generation mechanism due to the undulating phase and is rarely affected by fre-
quency change. Yet at higher frequencies (f =1.667 and 2), the trough is significantly lower
than that of lower frequencies, which leads to a drop in the overall lift coefficient. It is notice-
able that the L-R and R-L stroke peak values are slightly different and similar phenomenon is
also observed in the effect of AOA study. The difference between two strokes is less than 1%
is for most cases. For some cases with highly unstable flow separation, the two strokes may
experience LEV and TEV shedding at different time scales, which will cause asymmetric force

production.

The first row in Figure 3.17 ((al) - (d1)) show the vortex structure at the frequency of 1.143,
1.333, 1.667, and 2. The general trend is that the frequency increase leads to the instability of
the vortex structure. The snake undulation provides a wave propagating backward on the body.
With a higher undulation frequency, the body possesses a faster motion both in X (incoming

flow) and Z (transverse flow) directions. This leads to a larger transverse speed and a relatively
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small local incoming flow speed. The increase in speed leads to several vortex features. From
the 2D Z-vorticity (®z) contour slice-cuts we can tell that higher frequency corresponds with a
larger local angle of attack. At lower frequencies (f=1.143 and 1.333), the local AOA is smaller
so that the LEV1 is more stable and more attached to the surface. While at higher frequencies,
the LEV1 is nearly perpendicular to the chord-wise direction which indicates that it separates
from the body at an earlier stage. Another feature is that at f=1.143, LEV2 is still able to be
observed at z/c=-3, yet when the frequency increases, LEV2 is no longer seen on the anterior
body. This phenomenon can also be explained by the undulating motion. According to the
vortex time-evolution process described in the baseline case, there is less time left for the vortex
shedding and regeneration process when the transverse flow speed is larger. A similar effect
also happens when the local incoming flow speed is lower so that the LEV generation process
is slower. The third feature is the unsteadiness of the whole vortex tube. On the outer surface
of each turning position, there appears a spinning vortex tube linking TEV which is caused by
the turning and attachment of the body. At higher frequencies with higher local transverse flow
speeds, the spinning vortex tubes tend to detach from the outer surface due to larger centrifugal
force, which will lead to a decrease in lift generation in related regions. Finally, the whole
vortex structure tends to break down and develop smaller structures due to the unsteadiness of

the flow.

The second row in Figure 3.17 ((a2) - (d2)) present the lift coefficient contour on the dorsal
surface of the snake body which corresponds with the aforementioned lift concentration feature.
At the region around z/c =-3, a shallow red region is observed at z/c =-3 (slice 4). At higher

frequencies, there are no significantly seeable red regions at slice 4, which indicates that LEV2
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FIGURE 3.17: Comparison of flow structures at t/T=0.34 with different undulat-

ing frequencies f= 0.889 (al), 1.143 (bl), 1.333 (c1) and 2 (d1). C,, contour on

the surface of the snake model body at four frequencies are shown respectively in
(a2), (b2), (c2) and (d2).

is not generated at the corresponding region. Another significant difference that can be observed
is the blue region on the dorsal surface. The Blue region provides a negative lift that appears
at the outer surface of the turning body. This result provides support for the detachment of

spinning vortex tubes.

Figure 3.18 (a) shows the normalized circulation of LEV at the anterior snake body on dif-
ferent slice cuts at t/T=0.34 (peak lift) with various frequencies. The development of LEV2
can be clearly observed when the frequency changes from 0.889 to 1.142. At higher frequen-
cies, the peak vanishes due to the instability and insufficient time for LEV2 generation. Yet
from Figure 12 (a) the peak lift coefficient (at around t/T=0.34), the maximum is (Cr_pea)
(f=1.143)=1.095 and the minimum is (Cp_ peak) (f=2.000)=1.025. Although the LEV2 is not
observable in high-frequency undulation, the peak lift decreases only by 6%. The reason why

the snake can maintain a high lift will be discussed with further information in Figure 14 (b)
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FIGURE 3.18: (a) Normalized circulation of LEV at anterior snake body on
different slice-cuts at t/T=0.34 (peak lift) with various frequencies. (b) Cy, dis-
tribution along the body at t/T=0.34, with five frequencies, respectively. (c)-(f)
cycle-average Cy, contour on the straight body surface at four frequencies respec-
tively; (c) Normalized cycle-averaged C;, distribution along the body at different
frequencies.
and (¢).

Figure 3.18 (b) shows the lift distribution along the body at t/T=0.34(peak lift), with different
frequencies. It’s still easy to observe that at the portion of the curved body, which corresponds
with s/SVL = 0.5~0.6 and 0.8~0.9, there are still local (Cr) peaks. And the local peak value is
higher at a higher frequency, which would compensate for the missing LEV2 to some extent.
This phenomenon can be explained by the fact that higher local speed during turning motion
will help the spinning vortex tubes get attached to the inner surface tighter, providing higher lift

in the local region.

Another feature noticeable is the concentration of lift on the head region. Figure 3.18 (c) shows
the cycle-averaged lift along the body with normalized value. With the increase of frequency,
a higher peak of lift can be seen at the head region at s/SVL=0.05~0.1. This phenomenon may
indicate that higher undulation frequency generates higher torque on the anterior body which

may help the snake pitch and increase its maneuverability. Further study needs to be conducted
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before concluding.

3.5 Effect of Reynolds Number

This section mainly focuses on the simulation results for different Reynolds numbers. Reynolds
number indicates the viscous force effect of flow. Previous studies have been conducted to
illustrate the effect of the Reynolds number on 2D snake-shaped airfoils [43], 3D revolving
wings [68], or hummingbird [51]. The general conclusion is that a higher Reynolds number
leads to a more complicated vortex structure but stronger vortices. Figure 3.19 (a) shows the
vortex structure at Re=1000 with iso-surface value Q=200. As expected, the LEV1 and LEV2
identified in the baseline case (Re=500) are also observed on the anterior snake body. As the
Reynolds number increase, the vortex becomes stronger indicated by a thicker iso-surface. The
instability of the vortex also increases with the Reynolds number increase. Compared with the
smooth and steady LEVs at Re=500 and Re=1000 the vortices developed smaller and more
complex structures. The vortex tubes appeared to be broken down and unsteady and tended to

interact with each other.

Figure 3.19 (b) shows the effect of the Reynolds number on the lift coefficient. It can be seen
that all force history lines followed a similar pattern. Considering the symmetric motion of
the snake body, we observe the first half cycle as a featured period. Similar to the baseline
case, the lift coefficient trough and peak appear synchronously, indicating once more that the
lift generation mechanism is only related to the undulation position and is not significantly
affected by the Reynolds number. However, it is seen that as the Reynolds number increase,

the aerodynamic performance improves by generating more lift. The cycle-averaged lift values
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FIGURE 3.19: (a) Vortex structure and 2D spanwise LEV and TEV vortices on

slice-cut at Re=1000. (b) Instantaneous force history curve during a repeating

undulating cycle at corresponding Reynolds number (Re=250, 500, and 1000).

(c). Normalized circulation of LEV at anterior snake body on different slice-cuts
at t/T=0.34 (peak lift) at corresponding Reynolds number.

are (C1)=0.8719 at Re=250 and (C)=0.9242 at Re=1000. This also corresponds with previous

findings on the strengthening of vortices.

Figure 3.19 (c) further illustrates this finding by showing several slice cuts of the LEVs and
their normalized circulation on the anterior body. The overall trend of circulation is increasing
with the Reynolds number. 2 peaks of circulation at both ends indicate the coherence of LEV1
and LEV?2 identified in the baseline case. The generation of LEV2 is not strongly affected by
Reynolds numbers despite the fact that at lower Reynolds numbers LEV2 is weaker than that in

higher Reynolds numbers (Re=500,1000).

Furthermore, the Reynolds number effect is reflected on the components of viscous force and
pressure force in lift and drag. The following Table 3.2 shows that with the increase of Reynolds
number, the viscous force contributes less in the lift generation, which is consistent to our

knowledge in Reynolds number study.
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Re | 250 | 500 | 1000
CLpressure/CL(%) 98.96 99.57 99.81
Clviscous/CL(%) | 1.04 | 0.43 | 0.19

TABLE 3.2: Percentage of pressure force and viscous force in lift generation for
different Reynolds number.

3.6 Discussion:The comparison between 2D and 3D models

Based on our study, we have expanded our study based on the 2D cross-sectional shape to the 3D
steady horizontal shape, then further with the horizontal undulation motion. For comparison,
we evaluate the force coefficients in different conditions in Table3.3. According to the data, the
3D steady formation will reduce the lift production by about 40% compared with the 2D cross-
sectional shape model, and the horizontal undulation will further more reduce the lift production
by 16.4%. This phenomenon is predictable due to the finite shape of the model and the tip and
side vortices (TV and SV) cannot maintain as high lift as the LEV. And for future flying snake
robot design, this data can be applied as a guidance to evaluate the force production and gliding
performance. In the following chapters, we will compare the aerodynamic performances with

more complicated undulation motion then discover the compensation in controlling with such

motion.
Case | G | ¢ | L/D
2D cross-sectional shape 1.8355 | 1.1353 | 1.6167
3D static model: Case 2 1.0968 | 0.7672 | 1.4296

3D horizontal undulating baseline case | 0.9170 | 0.6894 | 1.3301

TABLE 3.3: Cycle average lift coefficient and drag coefficient at 2D, 3D static,
and 3D horizontal moving.
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3.7 Conclusions

In this chapter, we numerically investigate the 3D flying-snake-inspired horizontal undulating
locomotion during aerial gliding. The geometry of the snake model is reconstructed based on
the realistic cross-sectional shape of a snake body, and the motion of the undulation based on
the mathematical equation is applied to the model. The main focus of this paper is to examine
the force generation mechanism with such motion and the three-dimensional vortex dynamics.
Various parameters that would lead to the change of lift force generation on the body have been
studied, including the angle of attack (AOA), undulation frequency, and the Reynolds number

(Re).

The undulation motion is symmetric based on the prescribed equation, which brings a sym-
metric lift coefficient history. Thus, the L-R and R-L strokes can be treated equally. On each
stroke, the lift contour map showed evidence that the high lift region passes both downwards
the body and along with time. This time-evolution process of lift generation is formed due to
the introduction of horizontal undulation. The high lift areas are mostly located at the curved
portion of the body, which is different from the previous finding that without any motion, the
lift generates more on straight parts of the static models. This lift distribution may indicate the
fact that undulation improves the rolling stability of the flying snake while gliding by providing

torque on lateral sides.

The horizontal undulation creates a series of major vortex structures, including Leading Edge
Vortex (LEV) and Trailing Edge Vortex (TEV) on the snake model during the gliding. In each

stroke, there is a prominent peak and trough which is universally observed no matter how the
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flow parameters vary. Detailed vortex dynamics analysis reveals that the formation and devel-
opment of the LEV on the dorsal surface of the snake body plays an important role in producing
lift. Another noticeable feature is that at 7 /T = 0.34, the lift generation over the body reaches
its peak. This is caused by the LEV?2 generated at the anterior body, raising the instantaneous

lift by 30%.

Further analysis with respect to different AOAs shows that the overall cycle-averaged lift reaches
its peak value at 45°, which possesses a similar pattern as the previous 2D study with a 10° peak
shift. The cycle-averaged lift coefficient at 45° AOA is 4.8% higher than at 35°. The increase
of stall AOA (delayed stall) is caused by the 3D body effect and the presence of spanwise flow.
The strength and the stability of LEV changing with AOA are the key reasons to explain the
change in force production. Furthermore, the coincidence between lift-to-drag ratio and cotan-
gent AOA at higher degrees (> 30°) shows that equilibrium status can be more easily reached
since the resultant force is used to balance the gravity (vertical to snake plane). Similarly, the in-
crease of LEV strength in the Reynolds number effect can also explain the overall lift generation

increases with the Re.

The effect of undulation frequency is reflected in changing the local body speed, which will
affect the vortex formation near the snake body. The overall cycle-averaged lift generation
reaches the peak at f = 1.143. At higher frequencies, LEV2 is more difficult to generate on
the anterior body. However, the lift loss due to the insufficiently developed LEV?2 at higher
frequencies will be partly compensated by the lift concentration on the curved portion body.
Thus, the average lift C; at f = 2.000 is reduced by only 3.35% compared with Cy at f =

1.143. Another feature noticeable is that there is more lift concentrated on the head at a higher
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frequency, which might indicate the snake’s ability to generate higher pitching torque. These
findings are expected to extend the understanding of horizontally undulating motion in flying
snake aerial gliding and to provide some fundamental knowledge for the optimal design of

gliding snake robots.
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4 Effect of vertical bending undulation

In this section, the simulation results for the vertical-undulating model are presented. The main
purpose of this study is to thoroughly explore the effects of vertical bending on the gliding aero-
dynamics displayed in the aerial undulation of flying snakes. Furthermore, to understand the
flow mechanisms of lift production and gliding efficiency. The wake structure and flow around
the snake are visualized with a direct-numerical simulation (DNS) computational fluid dynam-
ics (CFD) solver. An in-depth exploration is undertaken to evaluate the varying effectiveness
achieved through different vertical bending methods, including the vertical wave undulation and
the dorsal-ventral bending. In Section 4.1, we will examine the aerodynamic performance of
the baseline case, along with the vortex structures that lead to the change in performance. In
Section 4.2, we will compare different vertical wave undulation amplitudes. In Section 4.3, we
will conduct a parametric study to investigate the effects of dorsal-ventral bending with varying

amplitudes.And the conclusions are summarized in Section 4.4.

4.1 Baseline case

Figure 4.1 (a) plots the instantaneous force coefficients of the baseline case from one steady un-

dulating cycle. Clear symmetry in force productions can be observed as the vertical undulation
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motion is included, which is similar to our previous work on the pure horizontal motion [10].
From figure 4.1 (a), a peak lift production can be found at #/T = 0.41 in its right-to-left (R-L)
stroke, rising from a global trough atz/T = 0.21. The drag generation shares a similar trend as
lift production, despite that its trough and peak time around 0.027 ahead of the lift. In addition,
it is worth mentioning that the change in drag production over a cycle is lower than that in lift

production, implying the undulatory motion relates closely to the lift production.

The instantaneous 3D wake structures of the flying snake in the R-L motion are visualized
through the iso-surface of Q-criterion [74]. Figure 4.1 (b) — (e) plot these flow features at
different time instants at /7 = 0.0,0.21 (global trough lift production), 0.41 (global peak lift
production) and 0.50 to show the vortex development corresponding to the lift generation. The

process will be repeated for the second half of the cycle since the motion is symmetric.

From figure 4.1 (b), a pair of vortex tubes of LEV and TEV (denoted as LEV| and TEV ) have
been generated near the leading edge and the trailing edge of the anterior body at the early stage
of vortex generation at t/T = 0.0. It can be observed that the LEV is of higher strength than
the TEV, such that the lift production is higher than the drag generation as shown in figure 5
(a). The LEV is shown to be attached to the snake’s head as it crosses through the incoming
flow, and it is shed as it proceeds further into the motion cycle. Figure 4.1 (c) shows the near-
body vortex dynamics at 7/T = 0.21, where a LEV detachment can be observed, while the head
portion generates a lower strength LEV compared to the previous time instant at /7 = 0.0. The
lowered LEV formation suggests a lower lift production at the time instant, which corresponds
to the lift trough shown in figure 4.1 (a). As mentioned previously, the lift peaks att/T = 0.41

rising from the lift curve trough, and the corresponding vortex topology is shown in figure 4.1
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FIGURE 4.1: (a) The instantaneous force coefficients as a function of time in one
undulatory cycle. The right-to-left (R—L) motion is shown in grey. 3D wake struc-
tures of the flying snake model in the R-L stroke at (b) ¢ /T = 0.00, (¢) /T =0.21,
(d)t/T =0.41, and (e) t/T = 0.50 are presented in perspective view, respectively.
The wake structures are visualized by Q-criterion at a value Q = 800 (in trans-
parent white) and at 1200 (in blue). The solid arrow indicates the directions of
trailing-edge vortex tubes (TEV), and the dashed line arrow indicates the direc-
tions of leading-edge vortex tubes (LEV).
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(d). The previous pair of LEV and TEV is now denoted as LEV; and TEV;, and they begin to
form and gradually increase until they reach their peak value, as shown in Figure 5(d). Then
the pair of vortex tubes begin to shed from the anterior body which is located at the symmetric
position as the initial time. At¢/T = 0.50 as shown in Figure 4.1 (e), the newly formed vortex

tube pair is denoted as LEV/ and TEV.

t/T=0.41

FIGURE 4.2: (a) The instantaneous lift coefficient history during one undulatory

cycle. The same figure is referenced twice for emphasis. (b) and (c) represent the

vortex structure at /T = 0.21 and ¢ /T = 0.41, respectively. (1) — (3) corresponds

to the XOY plane slice cut at z/c = —3, 0, and 3, respectively. The spanwise
vorticity contour is presented with the legend listed below.

To capture the vortex formation in detail, the slice-cuts of the vorticity contours located at the
XOY planes (whose location is z/c = —3, 0, and +3, respectively, with z/c = 0 meaning the

slice-cut is located at the center of mass in the Z direction) were presented in Figure 4.2. The
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locations where the slices were made are indicated in the schematics to the left of each slice-
cut. The trough and peak lift production timeframes have been chosen (1/7 = 0.21 and 0.41)
for comparison. Atz/T = 0.21, which corresponds with Figure 4.2 (al) to (a3), LEV| can be
identified. The slice at z/c = —3 (Figure 6(al)) shows a small LEV|, whereas the slice-cut at
z/c = 0 shows a developed LEV at the straight part of the body. The slice-cut at z/c = +3
shows a strong LEV; formation at the U-turn of the body, while the drag-producing TEV has
low strength. At a later time instant, 7/7 = 0.41, the head has made the U-turn and formed a new
leading-edge vortex noted as LEV’ in Figure 4.2 (b1). Meanwhile, LEV has been developed
yet still remains attached to the surface. While at the slice-cut at z/c = 3 (Figure 4.2 (b3)), the
new LEV has been formed, which is noted as LEV,. The attachment of LEVs throughout the

body sections among all slice-cuts results in higher lift production at this time instant.

The overall vortex generation shares a similar pattern as in previous work done by Gong et
al. [10]. However, due to the existence of vertical wave undulation, there is still some slight
difference in the vortex formation process caused by the kinematics change. Comparing with
pure horizontal undulation, the introduction of vertical wave undulation changes the local pitch
angle. The straight body makes the cross-section pitch forward and leads to a smaller effective
angle of attack (eAOA). The reduction of eAOA weakens the LEV vortex formation and reduces

the lift production.

4.2 Effect of the vertical wave undulation

In this section, we will discuss how the amplitude of vertical wave undulation affects the aero-

dynamic performance and vortex structures of flying snakes during gliding.
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4.2.1 Aerodynamic performance

In Figure 4.3, the cycle-averaged aerodynamic performances are presented as a function of the
vertical wave undulation amplitude y,,. Figure 4.3(a) gives the general trend of cycle-average
force performance change, including lift and drag coefficient C; and Cp. It was found that the
lift performance reaches a peak at y;, = 2.5° and the C; is 11.3% compared with our baseline
case (y;,, = 10°). Even compared with the pure horizontal case (y;, = 0°), the optimal Cy, case
(W = 2.5°) is also 1.5% higher. The general trend of Cy, after v, = 2.5° is decreasing with
the increase of amplitudes. Meanwhile, Cp reaches the peak value at ¥, = 2.5° and shares the

same changing trend as Cy.

Figure 4.3(a) also shows the change in cycle-averaged power consumption. From the results,
it is shown that the Cpy shows the same trend as the Cy. It reaches a peak when it increases
to Y, = 2.5°, which is 0.7% higher than the pure horizontal case (y;,, = 0°) and 8.7% higher
than the baseline case (Y, = 10°). The general trend is synchronized with the lift coefficient
and can be explained with the force production. When experiencing larger force on the body,
to maintain the same undulatory locomotion, the snake tends to consume more energy during

gliding.

Figure 4.3(b) shows efficiency ratios including the lift-to-drag ratio L/D, lift-power ratio Cr, /Cpw
and drag-power ratio Cp/Cpw which is defined as in chapter 2.5. It was found that the lift per-
formance reaches a peak at y,, = 2.5° and the maximum L/D shows up at y,,, = 5°. Compared
with our baseline case y;,, = 10°, the Cy increases 11.3% at peak value and L/D increases

4.3%. However, compared with the pure horizontal case (¥, = 0°), a small y;, will slightly
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Cycle-averaged aerodynamic performance of the snake model with

different vertical wave undulation amplitudes (y;,). (a) Lift, drag, and power

coefficients; (b) Lift-to-drag ratio, lift-power ratio, and drag-power ratio.
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increase the performance by 1.5% for Cr and 4.8% for L/D. When v, increases beyond 5°,
the trend of the performance decreases at higher amplitudes. From the figure, it is observed that
Cr/Cpw has the same trend as L/D. It reaches peak value at y;, = 5°, which is 1.2% higher
than the pure horizontal case (y,, = 0°) and 2.8% higher than the baseline case (v, = 10°).
On the contrary, Cp/Cpwy follows the reverse trend as Cy /Cpy. It reaches its minimum value
at ¥, = 5°, which is 3.4% lower than the pure horizontal case (¥, = 0°) and 1.4% lower than
the baseline case (y,, = 10°). However, when it passes 10°, the Cp/Cpw keeps descending. In
general, smaller vertical wave undulation amplitudes (2.5° to 5°) increase the cycle-averaged

aerodynamic performance, while at large amplitudes (> 10°) will decrease the performance.

In Figure 4.4(a), the lift coefficient history of one steady undulating period with different v,
is shown. Despite the similarity of force production trend, the significant difference occurs at
t/T = 0.41 when lift reaches peak value. We subtracted the trough (at7/7 = 0.21) and the peak
(atz/T = 0.41) value of lift production in Table 4.1. For comparison, the Cr(t/T = 0.41) value
of v, = 2.5° is 15.8% higher than that of v, = 10° and 51.1% higher than that of y,,, = 20°.
On the contrary, the trough value of Cr(t/T = 0.21) of y,, = 2.5° is only 17.3% and 24.1%
higher than that of y;,, = 10° and 20°. The dramatic difference in the peak value indicates that
the vortex structures near the snake body will be the most different at 7/7 = 0.41, which will

be chosen as the key frame in our later discussion.

Vi (°) | Cr Trough (t/T =0.21) | Peak (1/T = 0.41)

2.5 0.8035 1.2771
10 0.6851 1.1028
20 0.6477 0.8452

TABLE 4.1: Instantaneous lift coefficient at peak and trough value for different
vertical wave undulation amplitudes at 2.5°, 10°, and 20°.
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In Figure 4.4 (b) and (c), the instantaneous drag and power coefficients are presented. With the
same trend as lift, they also show maximum difference at 7/7 = 0.41. More detailed explana-
tions for this phenomenon are provided in the following sections, and the vortex dynamics are

interpreted in an effort to understand the mechanism for the performance difference.

(a)m» ) i (b) 1 (0)1.4» _______ lll;;:'nzzzlg:

12k [ Yy = 20°

FIGURE 4.4: Instantaneous aerodynamic performance of the snake model with
different vertical wave undulation amplitudes v, at 2.5°, 10°, and 20° over one
undulatory cycle. (a) Lift coefficients; (b) Drag coefficients; (c) Power coefficient.

4.2.2 Surface Pressure and Force Distribution

Figure 4.5 (a) shows the local lift distribution along the body at the key frame (/7 = 0.41) to
analyze the high and low force regions on the body. From the curve, we observe that the 10% to
25%, 45% to 60%, and 80% to 100% portions along the body tend to provide a similar amount
of lift for different y,. The significant difference occurs between the 25% to 45% and 60% to
80% regions where the local peak value has been reduced by 200% (Cy,,,, (Wn = 2.5°) = 0.06

VS Cry (Wim = 20°) = 0.02). This indicates a large portion of lift loss in these two regions.

Correspondingly, in Figure 4.5 (b) — (d), the contours of pressure coefficient difference ACp
between the top and bottom surfaces are presented for different y;,. It’s observed that the lift
loss region is located in the straight portion of the body. The red zone of the lift generation
becomes shallower as the Y, increases, while the force production near the curved portion of

the body remains high. This lift loss contributes to the decrease of the lift coefficient for the
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overall performance, and the fact that the force difference occurs on the straight portion of the

body may indicate that they share the same mechanism in vortex generation.
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FIGURE 4.5: (a) Lift distribution along the body at /T = 0.41 at different ver-

tical wave undulation amplitudes v, at 2.5°, 10° and 20°.; (b) — (d) ACp contour

on the surface of the snake model body at the different amplitudes, respectively.
It is worthy to note that the way a snake distributes its lift along the body may suggest a possible
strategy for controlling its movements while gliding. Although undulating in a way that causes
large vertical waves may result in a loss of lift and reduced efficiency, it has been observed in
nature that undulatory motion can involve large vertical deformations. From the contours of
the pressure force, it can be predicted that at higher y;,,, more force will be concentrated on the
lateral sides of the body, particularly in the case of a curved body, to create a larger force arm.

This may be a way to balance the rolling force moment and stabilize the snake’s posture while

it is gliding through the air.

4.2.3 Vortex Dynamics and Flow Analysis

In this subsection, we will go into a detailed analysis of the effect of vertical wave undulation
amplitudes. According to the previous discussion, we picked the key timeframe at /T = 0.41

for detailed analysis to reveal the flow physics and flow change process for two different y,.
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Figure 4.6 shows the instantaneous vortex structure at /7 = 0.41 with different v, of 2.5° and
20°, as well as the 2D span-wise vorticity at the slice-cuts located at the XOY planes (whose
location is z/c = —3, 0, and +3, respectively). The vortex structure shows the same pattern
as in Figure 4.1. From the perspective view of the wake structure in Figure 4.5 (a) and (b),
vortices including leading-edge vortices (LEVs) and trailing-edge vortices (TEVs) can be seen
generating on the snake body surface. The peak lift generation corresponds to the timeframe
when the longest LEV tube is formed and attached to the leading edge of the snake body. This

feature holds true when y,,, increases.

Figures 4.6 (c1), (d1), and (c3), (d3) show the slice-cuts near the lateral edge of the body, which
cut near the curved portion of the body. From Figure 8 we already know that the force maintains
high in these regions. The 2D span-wise vorticity contour shows that the LEV, generated keeps
attached to the leading edge of the body. The TEV, forms a pair on the trailing edge of the
body and it brings a high-pressure region to the ventral surface of the body. The midplane
slice-cut has been presented in Figure 4.6 (c2) and (d2). Due to the large amplitude vertical
undulation, the cross-section of the snake experiences a large local pitch angle forward. Based
on the previous study by Gong et al. [10], at smaller angles (< 45°), the lift production will
decrease when the angle of attack (AOA) reduces. Here in the mid-part of the body, where the
snake has a small curvature and straight body, the reduction of local AOA causes the weaker
vortex formation. In Figure 4.6 (c2) LEV; remains attached to the body, while in Figure 4.6
(d2) LEV; has been shed off the leading edge. To sum up, the vortex formation is highly related
to the effective angle of attack (eAOA), thus significantly impacting the lift generation in the

near area. For y,, = 2.5°, the eAOA near the straight portion of the body is the optimal and
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brings maximum lift production. The lateral sides of the body are less affected by the local
eAOA due to the body turning; the snake tends to keep the local pitch minimized to maintain a

smooth transition.
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FIGURE 4.6: Comparison of instantaneous vortex structure at /7 = 0.41
with different bending amplitudes v, of 2.5° and 20° for (a), (b) respectively.
(c1)—(c3), (d1)—(d3) show the 2D spanwise vorticity contour (showing LEV1,
LEV2, and TEV1, TEV2) on the anterior snake body at the corresponding time-
frame. The XOY slice-cuts are located at z/c = —3, 0, 3 respectively.

To further illustrate the link between the vortex formation and the force production, we pre-

sented the slice-cuts of pressure contour at the XOY planes (at locations z/c = —3, 0, and +3,
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respectively) in Figure 11. The pressure coefficient shown in the figures is defined as:

P—P,

C,=—— 4.1
P0.5pU2 @D

where P is the local pressure, P. is the freestream pressure, p is the air density, and U is the

freestream velocity.

For Figure 4.7, in all the (1) and (3) positions, which are located near the lateral edge of the
body, the high-pressure zones (red) are preserved beneath the ventral surface of the snake while
the low-pressure zones (blue) remain attached to the dorsal surface. This can be observed
throughout the increment of v, (Figure 4.7 (a-c)). However, in Figure 4.7 (a2), (b2), and (c2),
the blue zones faint when v, increases and the effective angle of attack (eAOA) decreases. A
similar trend happens to the red zones. Compared to the enhanced high-pressure zone beneath
the snake body at a low bending angle of v, = 2.5°, the higher bending angles result in a
scattered high-pressure region and therefore weak lift force. To sum up, the vortex formation is
highly affected in the mid-plane of the body, and the LEV and TEV are weakened. Since the
difference between the high- and low-pressure regions forms a pressure gradient on the body,
it contributes to lift and drag as different components. When the pressure difference decreases

with the increase of y,, the lift production will drop.

4.3 Effect of the dorsal-ventral bending

Flying snakes apply vertical bending to adjust their gliding motion. Other than changing the

maximum vertical bending amplitude, they may also apply dorsal-ventral bending motion as
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FIGURE 4.7: Comparison of instantaneous pressure contour at /7 = 0.41 with

different vertical wave undulation amplitudes v, of 2.5°, 10°, and 20° for (a), (b),

and (c) respectively. (1), (2), and (3) represent the position of the XOY slice-cuts’
location at z/c = —3, 0, 3.

an alternative way to achieve vertical deformation. Without a sinusoidal wave, this motion
describes the vertical bending gradually from the head to the tail in a linear transition. This
motion is often observed as the snake tends to maintain its head steady while its tail bends
upwards or curls downwards. As described in equation (2), ypy is the dorsal-ventral bending
amplitude that we adopt to investigate the effect. ypy > 0° means tail down and ypy < 0°

means tail up.

4.3.1 Aerodynamic performance

Figure 4.8 presents the change in cycle-averaged aerodynamic performances with dorsal-ventral
bending amplitude ypy. In Figure 4.8 (a) and (c), the lift, drag, and power coefficients follow

a monotonically increasing trend within the range of +5°. At ypy = 5°, the lift production
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Cr, increases up to 1.02, equivalent to a 17.3% enhancement compared with the baseline case
(ypy = 0°). This value is larger than the optimal case when we modify the vertical wave undu-
lation amplitude y;,. That means, with the tail bending downward, the snake tends to generate
higher lift in a more efficient way. From the previous pressure contour, it can be predicted that
a larger pressure difference will be imposed on the snake body, which generates higher lift.
And to counter the lift, the snake will consume more power to maintain the undulatory motion.

Further evidence will be provided in following sections.
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FIGURE 4.8: Cycle-averaged aerodynamic performance of the snake model with
different dorsal-ventral bending amplitudes (ypy). (a) Lift, drag, and power co-
efficients; (b) Lift-to-drag ratio, lift-power ratio, and drag-power ratio.

Figure 4.8 (b) and (d) describe the L/D and Cr/Cpy as monotonically decreasing with the
increase of dy. Cp /Cpw is less affected, and the variance among different data is less than
1.0%. This indicates that the tail-up motion is a more efficient posture during gliding, both
experiencing smaller drag and consuming less power. At ypy = —5°, L/D = 1.35 and it is
5.8% higher than the baseline case. Cr /Cpy also shows a 4.5% enhancement when we decrease

ypy. However, the lift production will reduce by 15.6% at the same time due to less overall

force production.
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Figure 4.9 shows the instantaneous aerodynamic performance during one cycle for different
dorsal-ventral bending amplitudes. Unlike the change with y;, where significant difference
only appears at some time periods, the increase/decrease of the performance scales at all time.
That may indicate there exist a different mechanism that leads to the vortex formation change

to the whole body, not restricted to a certain part.

(a)m» (b) » (0)1.4»

FIGURE 4.9: Instantaneous aerodynamic performance of the snake model with

different dorsal-ventral bending amplitudes ypy at 5°, 0° (baseline), and —5°

over one undulatory cycle. (a) Lift coefficients; (b) Drag coefficients; (c) Power
coefficient.

4.3.2 Vortex Dynamics and Flow Analysis

For the same key frame at /T = 0.41, Figure 4.10 shows the instantaneous vortex structure
and the 2D span-wise vorticity at the slice-cuts located at the XOY planes (same as in 3.2),
with dorsal-ventral bending amplitudes of —5° and 5°. The general vortex structures appear
to be similar to the baseline case in Figure 4.1. There is a difference in the distance between
the vortex tubes and the snake surface due to the ascending or descending slope as shown in
Figure 4.10. Figure 4.10(a) shows the vortex structure for the tail-up case, and Figure 4.10(b)
shows that for the tail-down case. For the tail-up case, the LEV and TEV tubes appear to be
closer to the surface of the body, which will result in a stronger effect on the body force. On the
other hand, the tail-down case shows a more complex vortex structure, which may connect to

the enhanced aerodynamic performance.
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The spanwise vorticity contours provide a close-up view of the vortex formation. In Figures
4.10(c1)-(c3), the LEV and TEV shed off from the anterior body edges advect downstream.
While it forms a pair for vortices shed after the anterior body as shown in 2D formation, which
is similar to the wake after a bluffed body, the posterior body is located in the upstream flow.
The cross-section interacts with the vortex pairs and affects the formation of the vortex. This
body-wake interaction has been reported in 2D tandem flying snake cross-section interaction by
Jafari et al. In Figures 4.10(d1) — (d3), considering the advection direction of the vortex street,
the distance between the two wakes keeps far away from each other so that there will be less
interaction between the body and the wake. Such wake-body interaction has been reported in
many other researches. By shifting the distances between the body and the wake, the vortex
breakdown switches from above the dorsal surface to the leading edge. As a result, the LEV

and TEV distort and merge with the shear layer on the ventral surface.

To illustrate the body-wake interaction, we computed cycle-averaged local U velocity (U — Us..)
and pressure coefficient and presented the contours of the midplane slice-cut in Figure 4.11 for
different ypy. The blue color is defined as negative U velocity which represents a reversed flow
after the wake. In the downstream wake, similar to the von-Karman vortex street, due to flow
separation and interaction, the flow speed is usually smaller than the incoming flow. In Figure
4.11 (al), the two wakes merge at ypy = —5°. The posterior body is affected more than the
anterior body due to the merge of LEV and the counteraction of TEV. From Figure 4.11 (b1), it
is also clearly observed that there is only one high-pressure region below the anterior body. The
high-pressure zone vanishes, and the low-pressure zone merges together yet with a fainted color

as well. As previously analyzed, the decrease in pressure difference brings less lift component,
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FIGURE 4.10: Comparison of instantaneous vortex structure at ¢/7 = 0.41

(b) respectively.

(c1)—(c3), (d1)—(d3) show the 2D spanwise vorticity contour (showing LEV1,
LEV2, and TEV1, TEV2) on the anterior snake body at the corresponding time-

’

for (a)

with different bending amplitudes ypy of —5° and 5°

frame. The XOY slice-cuts are located at z/c = —3, 0, 3 respectively.
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especially for the posterior body. However, the force component parallel to the flow direction
will decrease simultaneously, which represents smaller drag production on the body, leading to

higher efficiency during gliding.

At ypy = +5°, on the other hand, the distance between the wakes drift apart due to the dorsal-
ventral bending downwards in Figure 4.11 (a3). Compared with the baseline (ypy = 0°) and
tail-up (ypy = —5°) cases, the low-pressure regions enlarge and emerge together in Figure 4.11
(b3). The high-pressure regions below the anterior and posterior body also enhance and expand
to the tail part of the body. A high-pressure difference brings higher lift generation to the overall
body, which agrees with the increasing trend presented in Figure 12(a). At the same time, the
drag force increases, which reduces the efficiency during gliding while consuming more energy

during undulatory motion.

Ypy = —5.0° Ypy = 0° Ypy = 5.0°
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FIGURE 4.11: Comparison of cycle averaged (a) local U velocity pressure con-

tour and (b) pressure contour with different dorsal-ventral bending amplitudes

wpy of (1) —5°, (2) 0°, and (3) 5°. The position of the XOY slice-cuts is at
z/c=0.
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To further prove the body-wake interaction and the force generation, we presented the pressure
coefficients contour on different slice-cuts in Figure 4.12 to validate its commonality over the
body. The key frame is still chosen at 7/T = 0.41. For ypy = —5°, it has been clearly observed
in Figure 4.12 (al) and (a2) that the anterior body of the snake possesses a weaker high-pressure
region and low-pressure region near the ventral and dorsal surface. However, due to the local
vertical bending and the shape of the snake, in the slice-cut of Figure 4.12 (a3), the two cross-
sections are relatively close so that the posterior body is no longer placed in the wake of the
upstream flow. Therefore, the high-pressure zone still exists. For ypy = +5°, the position of
the bodies is aligned in the descending slope, thus minimizing the interaction between the wake
and the bodies. The high-pressure regions near the ventral surface of the bodies are enhanced,

leading to larger lift production.

In this section, the simulation results for the undulating model with static motion, pure horizon-
tal undulation as well as vertical undulation combined at different rolling angles are presented.
In previous studies, one important aerodynamic feature of the flying snake is the rolling stabil-
ity. In Yeaton et al.’s[30], it was mentioned that the snake undulation enhances its rotational
stability thereby increasing glide performance. In their simplified simulation, for short glides
with launch heights of 10 m, 94% of glides with undulation were stable, whereas only 50%
of glides without undulation were stable. Among the observed body shapes, all glides with

undulation were stable, whereas only 35% of glides without undulation were stable.

However, they didn’t extend this study with the aircraft dynamic study of the flying snake. With
the CFD simulation, We will examine the rolling moments of the different cases, along with

the vortex structures that lead to the change in performance. We will also evaluate how the
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FIGURE 4.12: Comparison of instantaneous pressure contour at ¢/7T = 0.41 with

different bending amplitudes ypy of —5°, and 5° for (a) and (b), respectively. (1),

(2), and (3) represent the position of the XOY slice-cuts’ location at z/c = —3, 0,
+3.
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horizontal undulation and the vertical wave undulation affects the stability of the flying snake.

Top view Side view (c) Front view
-
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FIGURE 4.13: Schematic of the rolling motion of the gliding snake in (a)top view,
(b)side view and (c)front view.

4.4 Rolling motion of the flying snake

4.4.1 The definition of rolling moment and rolling stability

The definition of rolling in flying snake gliding is applied from the aircraft flight[75]. Figure
4.13 shows the schematic of the snake gliding definition with the three-axis views. Figure 4.13

(a) illustrates the rolling motion of the gliding snake model which is rotating along the X axis.

L felx
IpU2e?

I, = (4.2)

The rolling moment is then defined as My in equation 4.2. In Figure 4.13 (b), while the snake
is gliding, the model is travelling in the negative X direction and falling down in the negative
Y direction. Therefore the relative speed U is decomposed into X and Y component U, and U,

with the angle of attack (AOA) «a.
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In the context of aerodynamics, static stability in an aircraft is a measure of its ability to restore
equilibrium after a minor perturbation, whereas dynamic stability refers to the motions an air-
craft goes through as it returns to its original state of equilibrium following a disturbance [76],
[77]. Specifically, longitudinal static stability, which ensures the aircraft returns to its initial
angle of attack after being disturbed, is characterized by a negative derivative of the pitching

moment coefficient with respect to the angle of attack. This is mathematically represented as

dMz

£ <0 4.3
Ta S (4.3)

For subsonic aircraft, this relationship is often directly related to the derivative of the pitching
moment coefficient with respect to the lift coefficient due to the linear relationship between

angle of attack and lift coefficient governed by the lift curve slope. It can be expressed as

dMz

—— <0 4.4
ac, (4.4)

Analogously, the criterion for rolling static stability, which determines the aircraft’s natural
tendency to level out from a rolling motion, is given by the following condition where C; is the

rolling moment coefficient and f is the rolling angle:

dMx

In the previous study, we investigated the effect of angle of attack o , which can be treated as a
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basic discussion about the longitudinal control.In this chapter, we will focus on the rolling sta-
bility as the extended dimension of the flying snake’s gliding control. Now the flying snake with

steady gliding will experience a span-wise flow U, in the XOY plane and the rolling moment

(Mx).

In the aircraft stability theory, positive static stability in an aircraft, especially concerning rolling
stability, is characterized by the aircraft’s natural realignment to its original trimmed attitude
following an leftward or rightward rolling caused by external perturbations. Similarly, neutral
static stability is observed in aircraft that do not exhibit a significant intrinsic tendency to revert
to their initial trimmed state after experiencing a disturbance in their longitudinal configuration
while the negative static stability is indicative of an aircraft’s propensity to diverge further from
its initial state when subject to disturbances, exacerbating rather than dampening the deviation

from its trimmed neutral position.

4.4.2 Rolling performance of steady snake
Aerodynamic performance

In Figure 4.14, the force history over one steady undulating cycle is depicted for the updated
case with a slight rolling angle introduced. The aerodynamic analysis of the flying snake-
like model with imposed rolling reveals insights similar to the horizontal study, exhibiting two
distinctive peaks in lift production during each undulating cycle. With a positive rolling angle,
the lift production in the left-to-right (L-R) stroke manifests a smaller peak, while the right-
to-left (R-L) stroke shows a larger one. In the case of drag coefficients, a consistent trend is

observed, with an increased drag coefficient notably at Y = —5°. The rolling moment coefficient
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is characterized by two symmetric peaks of opposite signs, corresponding to each stroke. At a
non-dimensional time #/T = 0.05, a smaller peak is observed to the left, and at /7 = 0.44, a
larger peak to the right is evident, elucidating the dynamic rolling behavior of the model during

aerial undulation.
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FIGURE 4.14: The instantaneous force coefficients for different static shapes
(shape at t/T=0.2, 0.4 and 0.7) in one time unit. (a) Lift Coefficient. (b) Drag
Coefficient (c) Rolling Moment Coefficient.

The cycle-averaged aerodynamic performance is presented in table 4.14.In the given data, the
lift coefficient C; remains relatively stable across varying yaw angles 3, with a change rate of
less than 0.3%, indicating a strong resistance to yaw-induced variations. The drag coefficient
Cp, however, exhibits a slight increase, leading to a decrease in the lift-to-drag ratio L/D. No-
tably, the rolling moment coefficient M, hovers around zero but reveals an increasing trend,

suggesting a growing influence of yaw on the rolling stability as the yaw angle intensifies.

Vortex dynamics and related pressure

Figure 4.15 consists of three subfigures, (a) through (c), which compare different static shapes
at nondimensional times #/7 = 0.2, 0.4, and 0.7. The shapes at 7/T = 0.2 and /T = 0.7 are

symmetric, leading to similar vortex formations. A comparative analysis of the peak and trough
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moment formation times reveals that the Leading Edge Vortex (LEV) detaches, producing less
lift. This in turn contributes to a reduced rolling moment across the configurations. The superior
intensity of LEV| over TEV| is evident, contributing to a higher lift than drag, as indicated in
Fig.4.15(al). This leading-edge vortex remains adhered to the snake’s frontal region during its
passage through the oncoming flow before eventually being shed as the cycle progresses. At
trough time, depicted in Figure.4.15(a2), the dynamics of vortices close to the body reveal a
detachment of the LEV, while the head generates a weaker LEV in comparison to the one at

Figure.4.15(al).

Shape(t/T=0.2) Shape(t/T=0.4) Shape(t/T=0.7)

FIGURE 4.15: The vortex dynamics for (a) peak and (b) trough lift for different
static shapes. The shapes are at (1) t/T=0.2, (2) t/T=0.4 and (3) t/T=0.7 .
Figure 4.16 presents three subfigures, (a) through (c), comparing the pressure contours of dif-
ferent static shapes at nondimensional times ¢/7 = 0.2, 0.4, and 0.7, at corresponding slices.
These pressure differences across the shapes significantly contribute to the rolling moment.

Notably, the shape at #/T = 0.4 depicted in subfigure (b) demonstrates a more positive rolling
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moment relative to the other shapes. Accordingly, we compare the vortex formation based on
this pressure contour.Figure4.17 includes two subfigures, (a) and (b), which compare the span-
wise velocity and vortex structure at shapes corresponding to nondimensional times ¢/7 = 0.2
and t/T = 0.4. The rolling angle associated with these shapes induces a larger spanwise flow
and results in a stronger vortex, highlighting the dynamic changes in flow behavior due to alter-
ations in the wing shape.
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FIGURE 4.16: The pressure contour at different XOY planes for different static
shapes. The shapes are at (al) ~(a3) t/T=0.2, (b1) ~(b3) t/T=0.4 and (c1) ~(c4)
t/T=0.7. The red dashed arrow indicates the local moment.
This vortex generation process bears resemblance to the patterns observed in previous research

in chapter 3. Nonetheless, the introduction of vertical wave undulation introduces minor vari-

ances in the vortex development due to kinematic alterations. In contrast to purely horizontal
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undulation, vertical wave undulation modifies the local pitch angle, causing the body’s cross-
section to pitch forward and resulting in a diminished effective angle of attack (€¢AOA). This

decrease in eAOA leads to weakened LEV vortex formation and diminished lift production.
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FIGURE 4.17: The instantaneous XOY plane vorticity @, and spanwise flow w
(in Z direction) contour as in shape at (a)t/T=0.2, (b)t/T=0.4. Two different rolling
angles (1) = 0° and (2)B = 5°is presented.

4.4.3 Effect of horizontal undulation in rolling
Aerodynamic performance

In Figure 4.18, the force history over one steady undulating cycle is depicted for the updated
case with a slight rolling angle introduced. The aerodynamic analysis of the flying snake-
like model with imposed rolling reveals insights similar to the horizontal study, exhibiting two

distinctive peaks in lift production during each undulating cycle. With a positive rolling angle,
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the lift production in the left-to-right (L-R) stroke manifests a smaller peak, while the right-
to-left (R-L) stroke shows a larger one. In the case of drag coefficients, a consistent trend is
observed, with an increased drag coefficient notably at Yy = —5°. The rolling moment coefficient
is characterized by two symmetric peaks of opposite signs, corresponding to each stroke. At a
non-dimensional time #/T = 0.05, a smaller peak is observed to the left, and at /7 = 0.44, a
larger peak to the right is evident, elucidating the dynamic rolling behavior of the model during
aerial undulation.
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FIGURE 4.18: (a) Instantaneous rolling moment history in one cycle for horizon-
tal undulation motion with two rolling angles. (b1)~(b3) vortex topology at left
moment peak, neutral position and right peak for f = 5° case.
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B -5° -2.5° 0° 2.5° 5°

Cr | 0.8644 | 0.8664 | 0.8643 | 0.8649 | 0.8668
Cp | 0.6782 | 0.6807 | 0.6798 | 0.6800 | 0.6908

L/D | 1.2746 | 1.2728 | 1.2714 | 1.2719 | 1.2548

—M, | -0.0350 | -0.0150 | 0.0123 | 0.0369 | 0.0855

TABLE 4.2: Aerodynamic Coefficients and Moment Results for Different Rolling
Angles

The cycle-averaged aerodynamic performance is presented in table 4.2.In the given data, the lift
coefficient C;, remains relatively stable across varying yaw angles 8, with a change rate of less
than 0.3%, indicating a strong resistance to yaw-induced variations. The drag coefficient Cp,
however, exhibits a slight increase, leading to a decrease in the lift-to-drag ratio L/D. Notably,
the rolling moment coefficient M, hovers around zero but reveals an increasing trend, suggesting

a growing influence of yaw on the rolling stability as the yaw angle intensifies.

Vortex dynamics and pressure contour

In Figure 4.19, the pressure contours are displayed for distinct time frames, highlighting the
rolling moment induced by pressure differences across the snake’s body. The red arrows in
the figures signify the direction and magnitude of the rolling moments, which result from the
combined effect of forces and their respective arms. Figures 4.19(al) to 4.17(a3) illustrate a
trend of rolling moments towards the left, as indicated by the arrows, suggesting a predisposition
of the body to roll in that direction due to the prevailing pressure differentials. Conversely,

Figures 4.19(b1) to 4.19(b3) depict a state of balanced moments where the rolling tendency is
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FIGURE 4.19: The pressure contour on different XOY planes for the horizontal
undulating model at different time frames (al) ~(a3) #;/T =0.13, (b1) ~(b3) t,/T =
0.28 and (c1) ~(c3) #3/T = 0.58. The red dashed arrow indicates the local moment.

neutralized, as shown by the arrows pointing in a balanced manner. Lastly, Figures 4.19(c1) to
4.19(c4) demonstrate a trend of rolling moments veering to the right, further emphasized by the
direction of the arrows, indicating a shift in pressure distribution that predisposes the body to

roll rightwards.

In Figure 4.20, the detailed depiction of vortex structures and span-wise flow across different
time frames highlights the intricate flow dynamics surrounding the snake model during its un-
dulatory motion. The presence of strong vortex attachment on the sides of the snake body is
meticulously outlined within dashed boxes, underscoring the significant role of these vortical

structures in generating aerodynamic forces. Specifically, Figures 4.20(al) through 4.20(a3)
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FIGURE 4.20: The instantaneous Z vorticity @, and spanwise flow w (in Z direc-
tion) contour n different XOY planes for the horizontal undulating model at differ-
ent time frames (al)~(a3) #;/T=0.13, (b1)~(b3) #,/T=0.28 and (c1)~(c4) t3/T=0.58.
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reveal a pronounced pressure differential on the left side, attributed to the robust attachment of

vortices, which effectively contribute to the generation of a rolling moment in that direction.

Contrastingly, Figures 4.20(b1) through 4.20(b3) present a scenario of equilibrium where the
moments are balanced, indicated by the directional arrows within the figures. This balance is a
testament to the dynamic adjustment capabilities of the snake model, facilitating a momentary
stability in its rolling motion. Progressing further, Figures 4.20(c1) through 4.20(c4) illustrate a
shift in the pressure differential towards the right, again due to the strong attachment of vortices
on the corresponding side. This attachment not only underscores the adaptability of the snake
model in responding to rolling perturbations but also highlights the pivotal role of span-wise
flow in reinforcing the interaction between the vortices and the snake body, thereby steering the
model back towards a neutral alignment. The intricate interplay between the vortex dynamics
and the span-wise flow elucidated in these figures provides a deeper understanding of the aero-
dynamic mechanisms at play, contributing to the overall stability and control of the snake model

in aerial undulation.

This vortex generation process bears resemblance to the patterns observed in Gong et al.’s [10]
previous research. Nonetheless, the introduction of vertical wave undulation introduces minor
variances in the vortex development due to kinematic alterations. In contrast to purely horizontal
undulation, vertical wave undulation modifies the local pitch angle, causing the body’s cross-
section to pitch forward and resulting in a diminished effective angle of attack (€¢AOA). This

decrease in eAOA leads to weakened LEV vortex formation and diminished lift production.
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4.4.4 Effect of Vertical wave undulation in rolling

In this section, we will discuss how the vertical wave undulation affects the rolling performance

and vortex structures of flying snakes during gliding.

Rolling performance

In Figure 4.21, the impact of varying vertical wave amplitudes on the aerodynamics of the model
at a rolling angle of 3 = 5° is illustrated. Analogous to the trends observed for the lift and drag
coefficients (Cz and Cp) in the absence of rolling, a peak in performance is reached at a minimal
amplitude of 5°, followed by a subsequent decline. Remarkably, the rolling moment exhibits a
similar pattern, achieving its maximum at an amplitude of 5°. This phenomenon suggests that
at an amplitude of 5°, the snake model exhibits a pronounced response to perturbations, tending

to revert to a neutral stance and thereby demonstrating enhanced static stability.

(@), B =5° (b) (©)

FIGURE 4.21: The instantaneous force coefficients for different vertical wave
undulation amplitude y,,. (a) Lift Coefficient. (b) Drag Coefficient (c) Rolling
Moment Coefficient.
In Figure 4.22, the impact of the rolling angle on the aerodynamic performance of the snake

model at a vertical wave amplitude of y,, = 10 degrees is meticulously examined, highlighting

the model’s response to slight disturbances during gliding. The analysis further elucidates the
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FIGURE 4.22: The instantaneous force coefficients for different rolling angles
B at y,, = 10° . (a) Lift Coefficient. (b) Drag Coefficient (c) Rolling Moment
Coefficient.

minimal variation in the lift and drag coefficients, with the average discrepancy being under
0.5% for Cp, and 1.5% for Cp. Although a notable peak deviation of 5% is observed, this
discrepancy is effectively neutralized by the counteracting peak, thereby exerting a negligible

influence on the overall average values.

The rolling moment, however, exhibits a significant alteration at the peak times, markedly af-
fecting the average rolling moment experienced by the model. This pronounced change un-
derscores the critical role of the rolling moment in the dynamic stability of the gliding snake
model, especially in response to small perturbations. The detailed insights gleaned from Figure
4.22 shed light on the delicate balance between maintaining aerodynamic efficiency and ensur-
ing rolling stability, pivotal for the nuanced control and maneuverability of the snake model in

aerial undulation.

Rolling stability

According to previous discussion,the rolling stability can be measured as the derivative of the

rolling moment towards the small perturbation. We summarized the averaged rolling moments
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and calculated the linear regression slope for different vertical wave undulation amplitudes in

Figure 4.23
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FIGURE 4.23: (a)The average moment for different vertical wave undulation
amplitudes v, at small rolling angles. (b) The regression slope k for different
vertical wave undulation amplitude y,.

In Figure 4.23(a), the depiction of the average rolling moment in relation to varying vertical
wave undulation amplitudes y;, at minimal rolling angles is presented, while Figure 4.23(b)
showcases the variation of the regression slope k with the amplitude y;,. It’s observed that the
rolling moment adheres to a linear trend, maintaining a position around the zero point with a
positive inclination. This suggests that small adjustments in the rolling angle induce propor-

tional changes in the rolling moment, indicative of a systematic response of the flying snake

model to minor perturbations.

In Figure 4.23(b), it is shown that as the amplitude y,, escalates, a corresponding increase in
the regression slope Kk is noted, peaking at Y, = 7.5° before exhibiting a decline. This peak
signifies the amplitude at which the response of the flying snake model to rolling angles is most
pronounced, implying a heightened state of stability. Beyond this optimal amplitude, the effec-

tiveness in counteracting rolling deviations diminishes. The magnitude of the regression slope
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K serves as an indicator of the system’s stability; the larger the slope, the stronger the system’s
propensity to revert to its initial orientation upon being disturbed. This dynamic underscores the
critical role of vertical wave undulation in enhancing the aerodynamic stability of flying snake

models, particularly in mitigating rolling instabilities.

Vortex Dynamics

In this subsection, we will go into a detailed analysis of the effect of vertical wave undulation
amplitudes to the vortex dynamics. According to the previous discussion, we picked the key
timeframe at 7 /T = 0.41 for detailed analysis to reveal the flow physics and flow change process

for two different y,,.

(@) 2¢

-2 L 1
0.2 0.4 0.6 0.8 1
t/T

T [xRight Peak | [2-(VeutraD) | [3.(Leftpeat) |
(b2) - b3)

FIGURE 4.24: (a) Instantaneous rolling moment history in one cycle for the

undulation motion with vertical wave amplitude y;,, = 10° with two rolling angles.

(b) vortex topology at right moment peak ((1) #;/T = 0.45 ), neutral position ((2)
/T =0.73 ) and left peak ((3) t3/T = 0.91 )for § = 5° case.
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Figure 4.24 presents the force coefficients throughout a single cycle of steady undulation for
a scenario where a nominal rolling angle has been incorporated. This analysis, akin to ob-
servations from horizontal undulations, showcases two prominent peaks in lift generation per
undulation cycle. Introducing a positive rolling angle yields a diminished peak in lift during
the left-to-right (L-R) transition, in contrast to a heightened peak during the right-to-left (R-L)
transition. The drag coefficient exhibits a similar pattern, with a notable increase specifically at
Y = —5°. The coefficients of rolling moment feature a pair of symmetric peaks with opposing
signs, each aligned with a respective stroke. A minor peak to the left is noticeable at ¢ /T = 0.05,
while a more pronounced peak to the right becomes apparent at t/T = 0.44, highlighting the

model’s nuanced rolling dynamics amidst aerial undulations.

Pressure contour and span-wise flow

In Figure 4.25, distinct snapshots of pressure distribution across the snake model are show-
cased, revealing the origins of rolling moments due to asymmetric pressure across the body.
Illustrated by red arrows, these moments are a product of force and leverage, with Figures
4.25(al) to 4.25(a3) depicting a leftward bias in rolling moment, as indicated by the arrow di-
rections, hinting at a pressure-induced tendency for the model to roll left. In contrast, Figures
4.25(b1) to 4.25(b3) represent a state of equilibrium with moments counteracting each other,
leading to a balanced rolling orientation as depicted by the balanced arrow orientations. Figures
4.25(c1) to 4.25(c4), however, illustrate a rightward rolling moment, with arrows pointing right,

suggesting a shift in pressure dynamics that inclines the body towards a rightward roll.

Figure 4.26 delves into the vortex dynamics and lateral flow at various intervals, highlighting the
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FIGURE 4.25: The pressure contour on different XOY planes for the hori-

zontal undulating model at different time frames (al)~(a4) #,/T=0.45, (b1)~(b3)

1,/T=0.73 and (c1)~(c4) 3/T=0.91. The red dashed arrow indicates the local mo-
ment.
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FIGURE 4.26: The instantaneous Z vorticity @, and spanwise flow w (in Z direc-
tion) contour n different XOY planes for the horizontal undulating model at differ-
ent time frames (al)~(a4) ¢,/T=0.45, (b1)~(b3) 1,/T=0.73 and (c1)~(c4) 3/T=0.91.
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nuanced flow interactions that the snake model undergoes during undulation. The presence of
prominently attached vortices on the body’s flanks, marked by dashed outlines, plays a crucial
role in influencing aerodynamic forces. In particular, Figures 4.26(al) to 4.26(a3) display a
leftward pressure disparity, attributed to the strong vortex attachment, which induces a rolling

moment to the left.

Conversely, Figures 4.26(b1) to 4.26(b3) showcase a harmonious balance where the moments
neutralize, showcasing the model’s adeptness in maintaining a stable roll orientation momen-
tarily. Advancing to Figures 4.26(c1) to 4.26(c4), a noticeable pressure shift to the right is
observed, propelled by the dominant vortex attachment on that side. This not only exempli-
fies the model’s responsive adjustment to rolling disturbances but also underscores the critical
influence of lateral flow in enhancing vortex-body interactions, guiding the model towards a
balanced stance. The detailed exposition of vortex dynamics intertwined with lateral flow in
these figures sheds light on the underlying aerodynamic principles that bolster the stability and

maneuverability of the snake model amidst aerial undulation.

4.5 Conclusions

In this study, we numerically investigated a flying snake’s 3D vertical bending locomotion dur-
ing aerial gliding. The geometry of the snake model was reconstructed based on the realistic
cross-sectional shape of a snake body, and the motion of the undulation was based on its kine-
matics, with a mathematical equation applied to the model. The main focus of this work was

to examine the aerodynamic performance improvement mechanism with such motion and the
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three-dimensional vortex dynamics. Various parameters that could lead to changes in perfor-
mance on the body were studied, including the vertical wave undulation amplitude y;, and

dorsal-ventral bending amplitude ypy .

The flow structures and vortex dynamics in this case are found to be similar to those of horizon-
tal undulation. The formation of oblique LEV and TEV vortex tubes has been observed, and it
was found that the production of lift is closely related to the formation of LEV. The maximum
lift is generated when two LEVs are formed on the straight part of the body before the first one

is shed off.

Results show that the vertical wave undulation amplitude enhances aerodynamic performance
as it increases at a small amplitude, while it lessens the performance as it further increases. For
a small increment compared with pure horizontal undulation, the force production increases
and reaches a peak at y,,, = 2.5°, while the L/D and C; /Cpy reach a peak at y,, = 5°. When
Vv, further increases, both the lift production and the efficiency decrease. The local effective
angle of attack (eAOA) is decreased by the vertical wave undulation, especially for the straight

portion of the body, which leads to the loss of lift production.

Dorsal-ventral bending (ypy) as one of the important vertical motions contributes to the aero-
dynamic performance through a different mechanism. Increasing ypy causes the tail to curl
downward and separates the distances between the bodies in the vertical direction of the flow.
When drifted apart, the interaction between the bodies weakens. With less effect on the posterior
body, the lift generation will improve significantly, at the cost of increasing power consump-

tion and reducing gliding efficiency. Conversely, decreasing ywpy bends the snake tail up and
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the aerodynamic performance develops in the opposite direction. The wake-body interaction
increases, and the LEV and TEV formed on the posterior body merge with the upstream flow,
thus decreasing the lift production. With less drag, the gliding efficiency increases. The flying
snake may apply different dorsal-ventral bending directions to adjust its gliding strategy to gain
more lift for deceleration or to achieve more efficient gliding. Further studies regarding dynam-
ically changing snake’s horizontal or vertical undulatory locomotion are expected to extend the
knowledge of the aerodynamic performance enhancement mechanism in understanding snake

gliding behavior and to provide inspiration for the design of gliding snake aircraft robots.

The snake’s ability to maintain stability and control during gliding, despite the absence of wings
or other conventional flight appendages, is a testament to the complex interplay between its body
morphology, undulatory motion, and the surrounding fluid dynamics. This study delves into the
effects of undulation motion on the rolling stability of the flying snake, shedding light on the

underlying aerodynamic principles that facilitate such a unique mode of locomotion.

In steady snake flight, vortex structures are generated along the body in a pattern consistent
with the frequency of vortex shedding, resulting in a settled force distribution influenced by
the body’s shape. This leads to a constant rolling moment during gliding, causing the snake to
deviate from its intended flight path due to the uneven distribution of aerodynamic moments.
The inherent instability in the steady gliding of a flying snake highlights the crucial role of

vortex symmetry in determining its rolling stability.

The introduction of horizontal undulation into the snake’s flight kinematics significantly alters

its rolling stability. This periodic motion balances the dynamic moments over a flight cycle,
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enhancing the snake’s resistance to rolling deviations. The attachment of vortices along the
body’s sides, particularly during positive rolling angles, generates larger moment arms that
produce stronger counteracting moments, suggesting that horizontal undulation is essential for

stabilizing the snake against minor perturbations.

Vertical wave undulation introduces an additional layer of complexity to the snake’s rolling sta-
bility. The stronger attachment of vortices due to vertical undulation is closely linked to force
production, leading to increased stability at moderate amplitudes. However, beyond a certain
threshold, the stability benefits of vertical undulation diminish, highlighting the intricate bal-
ance between undulation amplitude and its impact on rolling stability. This study underscores
the sophisticated aerodynamic mechanisms employed by flying snakes to maintain control dur-
ing aerial undulation, offering valuable insights for the development of bio-inspired robotic

systems.
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S5 The intra-body interactions between

snake body segments

In this chapter, we would focus the study on the intra-body interactions between snake body
segments. Due to the limitation of the simulation resolution, the unsteady undulation motion
and the complicated flow near the posterior body, it would be difficult to identify the vortices
and measure the force with respect to a specified region. As an alternative, we apply the two-
foil system model in two-dimensional space to analyze the flow near the body. Moreover, using
the simplified model enables us to add dynamic motion to the posterior body which has been
observed in real snake gliding. This makes our study a more canonical problem and brings more

fundamental understanding to the two-foil system in application and design.

5.1 Problem statement

The tandem foil system was inspired from the horizontal and vertical undulation motion in 3D
flying snake model. According to the observation, the snake undulation can be decomposed into
the horizontal undulation and vertical bending motion[30] and the motion can be controlled by

a pair of parameters. In the observation, the vertical distances between the body segments can
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be 3 to 4 chord lengths and the vertical distances between the segments can be -2 to 2 chord
lengths. Further more, by increasing the horizontal bending amplitude ¢g or wave number v,
the horizontal gaps may be increased. By increasing the vertical undulation wave amplitude v,
or the dorsal-ventral bending amplitude ypy, the vertical distances may be increased (see more

details in methodology chapter).

In the present research, all snake airfoils share the same shape as the 2D cross-section studies
n [32], [42] with normalized chord length ¢ = 1. The setup of the cases is presented in Figure
5.1. The two snake airfoils are placed in the in-line configuration facing the horizontal flow
from the left. The angle of attack(AOA) is then pitched up to simulate the condition of gliding.
Holden et al. [42] and Krishnan et al. ‘s work [43] validated that for this 2D snake airfoil, the
lift generation reaches the maximum at AOA=35°. In the current study, we set the two airfoils’
AOA to be 35° for all static cases. The snake airfoil downstream has relative positions. From
Jafari et al.’s definition[32], we define the horizontal distance between the centers of the airfoil

as Ax (defined as gap distance) and Ay as the vertical distance (defined as stagger distance).

For a starting case, we study the parametric pair (Ax, Ay) with the range of 3¢ < Ax < 4¢ and
—2¢ < Ay < 2¢. Positive Ay is observed near the body’s head portion (see 1.2 (b)) which was
not covered in the previous study. Furthermore, pitching is applied to the downstream airfoil

for the dynamic motion study. The equation to describe the pitching is:

o = 0y + Qsin(2Tft + Q) (5.1)
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Foil 1 Foil 2

FIGURE 5.1: Schematic of two-foil system with pitching and heaving motion
applied to the anterior body.

where o is the AOA = 35° in the current study. @, and f represent the pitching amplitude and

frequency. @ is the pitching motion phase.

The snake airfoil downstream has relative positions. From Jafari et al.’s definition, we define the
horizontal distance between the centers of the airfoil as L (defined as gap distance) and H as the
vertical distance (defined as stagger distance). Similarly, heaving is applied to the downstream

airfoil for the dynamic motion study. The equation to describe the heaving is:

H = Hy+ AH,, sin(2mft + ¢y,) (5.2)

where Hy is the initial vertical distance between the foils, AH,, and f represent the heaving

amplitude and frequency, ¢y, is the heaving motion phase.
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5.2 Solitary foil: aerodynamic performance and wake dy-

namics

Our current study presents the aerodynamic performance of a solitary flying snake airfoil at
different AOAs at Re=1000. (Shown in Figure 5.2.) This simulation is comparable with the
2D simulation done by Krishnan et al. [43] and validated the accuracy of our solver. The
AOA ranges from 10° to 45° with an increment of 5°. The lift coefficient (Cy) increases vastly
before 30° and reaches a peak value of 1.998 at 35°, which is the AOA we choose for further
tandem foil study. Stall happens right after this critical AOA, where the C; decreases. On the
other hand, the drag coefficient (Cp) almost increases linearly with AOA as well as a higher
increase after AOA=35°. The lift-to-drag ratio L/D also follows the convex trend and reaches a

maximum at AOA=30° with the value of L/D=1.674.

The vorticity contour of the maximum lift case is presented in Figure 5.2 (c). The case (AOA=35°)
has a wake with classic von-Kdrmadn vortex street. The red (positive) and blue (negative) regions
represent a series of vortex pairs behind the trailing edge of the snake airfoil. In Figure 5.2 (d),
the average wake is presented with the stream-wise velocity field. The wake’s downward devi-
ation shows the direction of wake propagation and the blue region represents the reverse flow,

which will influence the downstream airfoil’s aerodynamic performance.
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FIGURE 5.2: (a) Time-averaged lift coefficient C, drag coefficient Cp different

AOAs, with Re=1000 (b) lift-to-drag ratio L/D of a single flying snake airfoil at

different AOAs. (c) Vorticity contour for case AOA=35°, Re=1000 at peak lift
production; (b)Time-averaged stream-wise velocity field for the same case.
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5.3 Two tandem foil system: aerodynamic performance and

wake dynamics

In this section, two flying snake airfoils are placed in tandem configuration. We investigate
the aerodynamic performance and vortex structures based on different stream-wise and vertical

distances between the foils. We start with the Reynolds number 1000 and AOA=35°.

5.3.1 Aerodynamic performance

The aerodynamic performances of the two foils are presented in Figure 5.3. The intermediate
white region of the colormap is set to be the average value of solitary foil (C; = 1.9502, L/_D
= 1.5800). The hot region (red and yellow) represents performance enhancement, while the
cold region (cyan and blue) represents performance reduction. From Figure 5.3 (al)~(a3), it
is shown that the interaction between the two foils reduces lift production in most cases. The
lift production of upstream foil will be increased when the downstream foil is in the lower
vertical position ( Cr_ypsrream [Ax = 4.00c, Ay = -2.00c ] = 2.2453 ), while the lift production
of downstream foil will be increased when itself is in upper vertical position( Cr,ownstream[Ax
= 4.00c, Ay = 2.00c ] = 2.3542 ). Figure 5.3 (a2) shows that the low lift production region
for downstream foil is located at the downstream wake from upstream foil, between the range
of —1c < Ay < 0.5¢. However, in Figure 5.3 (b2), it is shown that the high L/D region for
downstream is also located in upstream foil’s downstream, yet with a smaller range of —1c¢ <
Ay < —0.25¢. This trend is also affecting the average system performance. We calculate the

system-average with the following:
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CL_avg _ CL_upstream +2CL_d0wnstream (53)
CL avg

L/D,, = —= (5.4)
/ Ve CD_avg

Since the L/D performance is higher in downstream foil, the overall performance increases for
the system average. A high L/D region shown in Figure 5.3 (b3) appears in a similar region as
the downstream foil. Compared with solitary foil, downstream foil in the system trades its lift

for the enhancement of L/D, which is affected by the downstream wake of upstream foil.

Numerous animals which fly or glide adjust the lift-to-drag ratio in order to enhance efficiency
or to make maneuvers. The ancient feathered dinosaur (Microraptor) may have laid its legs
flat to achieve a better L/D ratio, for a longer horizontal gliding capability[78]. Flying fish
through experiments and reported that the flying fish expanded their pelvic fins and flew close
to the surface of the sea to decrease the drag force and elevate the L/D [79]. Ornithologists
have determined that birds are able to adjust their wing camber and aspect ratio through the
practice of functional morphology, leading to a greater L/D [80]. The lift-to-drag ratio can be
adversely influenced by factors such as alteration in the wing transmissivity and aeroelasticity,
which influence the production of lift and drag [81], or the moulting of feathers which lowers
the L/D ratio to 7 from 10.5 when the feathers are full [82]. Some birds are able to modify their
lift-to-drag ratios with each wingbeat, allowing them to utilize aerodynamic force vectoring
and maneuver up to an angle of approximately 100° relative to the horizontal plane[83]. In the

current, we may explore different parameters and find the effects on the L/D performance.
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FIGURE 5.4: (al) Vorticity contours and (a2) pressure contours for the configu-

ration Ax = 3.75¢, Ay = -0.75c at the snapshot of the maximum lift production on

downstream foil. (b1) and (b2) show the same information in the snapshot of the
minimum lift production.
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5.3.2 Wake structure

In Figure 5.4, the flow information for the best-performed configuration ( Ax = 3.75¢c, Ay = -
0.75¢) is presented. From Figure 5.4 (al), the TE Vl} shed off from the trailing edge of upstream
foil propagates downstream. Meanwhile, the LE VI; and TE VD1 formed on the edges provide two
low-pressure regions, which are shown in Figure 5.4 (a2). With the vortex TE VI} traveling
downstream, it will reach the ventral surface of the downstream foil, inducing a negative shear
layer. As shown in Figure 5.4 (a2) and (b2), the least lift productions come with the two negative
vortex region leading to low-pressure regions on both surfaces. The low lift production does not
necessarily mean low lift-to-drag ratio performance since its drag is also small due to a small

pressure difference.

The time-averaged stream-wise velocity contour is presented in Figure 5.5 to investigate the
relationship between different configurations. The best-performed cases usually happen in the
wake of the upstream airfoil. By taking advantage of the oncoming vortex, the downstream
foil almost reaches zero drag, leading to high L/D performance, which is in Figure 5.5 (a). For
worst performance cases, as shown in Figure 5.5 (b), two parallelly formed wakes separate from
each other and cannot take advantage of each other. Figure 5.6 summarizes the primary vortex
structure for different configurations of the foils. As previously mentioned, the upstream wake

is a typical von-Kdrman vortex street. When the downstream foil is located in the

The wake information also explains the lift production in Figure 5.3. The high lift production
for upstream or downstream foil locates at Ay < —1.5¢ and Ay > 1.5¢. Those are the positions

where the wakes are separated. With Newton’s third law, when the upstream foil is higher, it
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FIGURE 5.5: (a) Vortex contours and (b) time-averaged stream-wise velocity
fields of two tandem flying snake airfoils under different configurations: (1) Ax =
3.75¢c, Ay = 1.25¢ (2) Ax = 3.75¢, Ay =-0.75¢ (3) Ax = 3.75¢c, Ay = -2.00c
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FIGURE 5.6: Schematic of vortex interaction when the downstream foil is located
(a) in the middle of (b) below (c) above the upstream wake.
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will experience the interaction and the force lifting it while the downstream foil’s lift reduces.
The same explanation holds when the upstream foil is lower and the downstream foil has a better
overall performance. Nevertheless, when the wake merges into one, the downstream foil takes
advantage of the wake and brings higher performance in lift-to-drag ratio, leading to higher

gliding efficiency.

5.4 Effects of Reynolds number

In this section, we focus on the effects of the Reynolds number on aerodynamic performance

and vortex dynamics.

5.4.1 Aerodynamic performance

The same two-foil study is conducted, and the aerodynamic performance as the baseline cases

are presented in Figure 5.7.

Generally speaking, Re=500 and Re=1000 share a similar pattern in aerodynamic performance.
When downstream foil locates at Ay < —1.5c¢, the lift production for upstream foil outperforms
the solitary foil. Yet, when downstream foil locates between Ay — 1.5¢, the lift production for
downstream foil is better than the solitary foil. The high L/D region for the downstream foil
is still located in the wake of the upstream foil. By calculating the cycle average, it is shown
in Figure 5.7 (a3) that the lift production of the system is reduced due to the interaction. The
lift-to-drag ratio, on the other hand, is raised when the downstream foil is located in the wake

of the upstream foil. However, there are some differences that need to be noted. First, the
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average value of solitary foil is now C = 1.8276, L/_D =1.6078, which shows a similar trend
as previous Reynolds number effect studies[42], [43]. Second, the high L/D region’s width
reduces, indicating that the strength of the wake fades. Also, the hot region shifts upwards
compared with the higher Reynolds number case, corresponding with the wake deviation results

presented in the upcoming section.

5.4.2 Vortex dynamics

In this section, we made a comparison between different Reynolds number cases to provide a
better understanding of vortex dynamics and its relation to aerodynamic performance. We kept

the exact configuration of Ax = 3.75¢c, Ay = -0.75¢ and altered the Reynolds number.

From the performance contour presented in Figure 5.3 and 5.7, it can be predicted that with the
Reynolds number increase, the lift production reduces in the wake region, yet the lift-to-drag
ratio increases. Also, the wake region will shift slightly with the Reynolds number increase.
The aerodynamic performance is presented in Figure 5.8. From the results, it has been seen
that for the best lift-to-drag ratio configuration at Re=1000, either increasing or decreasing the
Reynolds number will affect the performance of the downstream snake foil. We will prove this

by providing more information about the wake and vortex dynamics.

We presented the time-averaged velocity fields in Figure 5.9. The deviation angles of the wake
from the upstream foil increase with the Reynolds number, which is indicated by the dashed line.
A higher deviation angle corresponds with the lift production increase for upstream foil. The
performance of the downstream airfoil is also highly related to the wake and vortex interaction,

yet less explicit.
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To further investigate the formation and interaction of the vortices near the downstream snake
foil, the instantaneous vorticity contours at maximum lift production for different Reynolds
number cases are presented in Figure 5.10. In Figure 5.10 (al), (bl) and (c1), the TEVl% meets
the leading edge of the downstream airfoil. Different Reynolds numbers have slightly different
angles of incidence and initial position, leading to different vortex-wedge interaction patterns.
In Figure 5.10 (a2), the TEVL% collides with the wedge (leading edge) of the downstream foil.
Tucker et al.’s work[84] provided similar vortex-wedge interaction profiles. By shifting the
initial position of the vortex downwards with the increasing of Reynolds number, the vortex
breakdown switches from the dorsal surface to the ventral surface, which happens in Figure
5.10 (b2) at Re=750. As a result, TE Vg distorts and merges with the shear layer on the ventral
surface. At a higher Reynolds number Re=1500, the TE Vg advects downstream without break-
ing down at the wedge. Figure 5.10 (c2) shows that it maintains its shape before merging and
interacting with the TEVp generated at the trailing edge of the downstream foil. Similar trends

of position shift along with vortex breakdown have been summarized in Ref [85], [86].

Thus, the lift production is slightly reduced while the lift-to-drag ratio increases compared with
Re=1000 cases. Another feature is the wider lift reduction region and the narrower high L/D
region for foil 2. All the features represent the effect of Reynolds number of the wake formation

from foil 1 and the vortex-body interaction for foil 2.
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FIGURE 5.10: Vorticity contour for the configuration Ax = 3.75c, Ay = -0.75¢c at
Re =500, 750 and 1500 for (a), (b) and (c). (1) and (2) represent the snapshot of
the maximum and minimum lift production on foil 2, respectively.
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5.5 Effects of the pitching motion

In this section, the effects of the dynamic motion of the downstream snake airfoil on the system’s
hydrodynamic performance and wake evolution are investigated. As proposed in the method-
ology section, dynamic motion is applied with pitching, including different pitching amplitude

and frequencies.

5.5.1 Effect of Pitching Amplitude
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FIGURE 5.11: Aerodynamic performance of different pitching amplitudes at con-
figuration Ax = 3.75¢, Ay = -0.75c¢
In Fig. 5.12, it is shown that the vortex interaction between the foils is more complicated.
The introduction of the pitching motion will lead to the variation of AOA on the downstream
foil, which changes the vortex formation pattern on the leading edge and the trailing edge (the
mean AOA=35° provides maximum lift as well as the transition of the vortex generation[43]).

Meanwhile, the incident angle of the upstream vortices towards the downstream foil wedge will
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FIGURE 5.12: Evolutions of the vortex structures in one pitching period for the
pitching amplitude 5° (al ~ a4) and 15° (bl ~ b4).
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constantly change. Thus, the vortex interaction between the foils becomes more complicated.

Figure 5.12 presents the vortex formation process at different amplitudes 5° and 15°.

(a) (b)
Upstream Wake ., g S »-

I
Mtz .- = Break down ™ 4
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FIGURE 5.13: Schematic of vortex interaction when the downstream foil is at (a)
maximum (b) minimum pitching amplitude.
In Figure 5.12 (a2) and (b2), the TE Vl} advects downstream to the ventral surface of the down-
stream foil. Due to different amplitudes, TE Vl% at low amplitude breaks down into a thin layer,
yet high amplitude forms a compact vortex. Also, in Figure 5.12 (a4) and (b4) the LE VI% merges

with TEV, yet the LEV} distorts and stretches in low amplitude case.

5.5.2 Effect of Pitching frequency

In this section, the pitching frequency of the downstream foil is changed. According to the

definition:

T=— (5.5)

we conducted the simulation using T=1 ~ 6. The time period also corresponds with the simula-
tion time. The force history shows that the solitary foil vortex shedding period is T = 3.2 using
FFT. However, with the introduction of downstream foil, the period rises to T = 4. According
to previous studies, phase change affects the interaction between tandem foils. Therefore, the

frequency variation will affect the vortex formation and interaction accordingly.
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FIGURE 5.14: Aerodynamic performance of different pitching frequencies at
configuration Ax = 3.75¢, Ay = -0.75¢

The time-averaged aerodynamic performance is presented in Figure 5.14. It is observed that for
the upstream foils, the lift production and the lift-to-drag ratio will be affected by the interac-
tion with the downstream airfoil, but only within 5 %. The downstream airfoil’s performance
changes significantly with the pitching frequency. At T=3, when the pitching motion is in-line
with vortex shedding frequency from the upstream wake, it will provide a high lift production.
Further vortex analysis shows that in Figure 5.15, the vortex interaction shows a different pat-
tern by comparing the same time frame of peak lift. In Figure 5.15 (b) and (d), the pressure
contour near the upstream foil shows a similar pattern, yet the pressure difference is higher at
T=3. For the downstream foil, the pressure difference of the T=3 is even more considerable,

thus leading to the 93% increase in lift production.

The vortex interaction contributes not only to lift production but also to the lift-to-drag ratio.

At T=1,2 and 4, the L/D ratio of the downstream foil reaches a higher level than others. The
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FIGURE 5.15: (a) and (b) show the instantaneous vorticity and pressure contour
at T=3, respectively. (c) and (d) show the same information for T=5

picked-out cases show integer multiples of pitching frequency, where the vortex interaction is

in-line with each other.

5.6 Effects of heaving motion

5.6.1 The introduction of heaving motion

In this section, the impact of dynamic motion on foil 2’s aerodynamic performance and wake
evolution is examined. Consistent with the methodologies outlined earlier, dynamic motion is

implemented via heaving, incorporating a variety of amplitudes and frequencies.

In this section, the effect of dynamic motion of the foil 2 on the system’s aerodynamic per-
formance and wake evolution are investigated. As proposed in the methodology section, the
dynamic motion is applied with heaving, including different heaving amplitudes and frequen-

cies.
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To start with, the amplitude AH,, = 0.1c¢ and heaving period 7 = 3.2¢*. The heaving period is
calculated based on the fast Fourier transform (FFT) analysis of the force history in the steady
case. This period corresponds with the vortex shedding frequency from foil 1 and it also agrees
with the peak-to-peak time period in lift and drag generation. The motion of heaving has been

sketched in the schematic plot in Figure 5.1.

We first present the force history of the two foils as investigated in the steady case in Figure
5.16. In this figure, the force generation of foil 1 has shown a similar trend as the steady case.
The force production is also consistent with the heaving frequency. However, the lift generation
peak value of foil 2 has shown a higher value than foil 1, which is different from the steady
case. We picked four time frames of /7 = 7.10, 7.31, 7.62, 7.85, representing the two troughs

and two peaks of foil 1 and foil 2 to investigate the vortex formation difference (see Figure 5).
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FIGURE 5.16: Instantaneous force history of the case with heaving motion. The
time axis has been normalized with heaving motion period T = 3.2¢*.

In Figure 5.17, the vorticity and pressure contour at four time frames are presented. At ¢} =
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7.107T, the TEV from foil 1 propagated to the ventral surface of foil 2. There are two low-
pressure regions on both sides of foil 2 (Figure 5.17 (al) (b1l)). Similarly, the low-pressure
region reached the trailing edge of foil 1 (Figure 5.17 (b2)) where the new TEV is generating
(Figure 6 (a2)). This will reduce the pressure difference on the trailing edge thus provide a lift

production trough.

For 13 = 7.62T and t; = 7.84T, high lift production is observed on foil 2 and foil 1. The
mechanism for high lift production is similar for both foil 1 and foil 2, as indicated in Figure
5.17 (c2) and (d2). The attachment of the shear layer on the ventral surface, while the TEV
sheds off the trailing edge, provides a high-pressure region, whereas the attachment of the LEV
on the dorsal surface results in a low-pressure region. These conditions account for the peak
lift production on the foils. Simultaneously, the foils experience peak drag production due to
the angle of attack, such that the pressure difference provides both x and y components. The
difference in LEV formation on foil 1 and 2 results from both vortex interaction and the heaving
motion. In Figure 5.17 (d1), the vortex formed on the leading edge is stretched, forming a long
shear layer. Meanwhile, in Figure 5.17 (c1), since foil 2 is heaving downwards, the LEV on the

leading edge can maintain its shape before shedding off.

5.6.2 Effect of heaving amplitude

The heaving amplitude is defined by the vertical displacement of the foil, which can be modu-
lated by altering the posterior body’s dorsal-ventral bending. By incorporating equation 1, the
downstream foil’s vertical position varies constantly. Figure 5.18 presents the aerodynamic per-

formance, showing that as the amplitude increases, lift production on foil 1 slightly decreases
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FIGURE 5.17: At (a) t;y = 7.10T, (b) t, = 7.31T, (c) t3 = 7.62T, and (d)

t4 = 7.84T, the evolution of the (1) vortex structures and (2) pressure contour

are presented over one complete heaving period. The time frames are selected

based on trough and peak lift production instances for foil 1 and foil 2, as indi-
cated in the force history shown in Fig. 5.16.
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FIGURE 5.18: Cycle-averaged lift coefficient and lift-to-drag ratio at different
heaving amplitudes (AH,,).

due to foil 2’s instability. Conversely, foil 2 experiences an increase in lift production after
surpassing a minimum value at AH,, = 0.2. However, this increased lift production results in
decreased efficiency, as indicated by the rapid decline in the lift-to-drag ratio for foil 2. It sug-
gests that the snake might employ high amplitude heaving motions to enhance lift generation on

foil 2, providing a counter-clockwise moment to the two-foil system, aiding in pitch maneuvers.

Fig. 5.19 illustrates that higher heaving amplitudes of foil 2 lead to more complex vortex
formations. The heaving motion alters the vortex formation patterns on foil 2’s leading and
trailing edges by changing the effective angle of attack, and also affects the incidence angle of
upstream vortices towards the downstream foil. Consequently, the vortex interaction between
the foils becomes more intricate. Fig. 5.19 displays the vorticity and pressure contours, as well
as cycle-averaged stream-wise velocity for amplitudes AH,, = 0.3¢ (a) and 0.5¢ (b). At smaller
amplitudes, LEV and TEV from foil 1 collide with foil 2’s wedge, while the shear layer on foil

2’s leading edge remains attached. However, at higher amplitudes, the stronger LEVs merge
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with foil 1’s TEVs, deviating from low amplitude cases where TEVs merged into the shear

layer on the ventral surface. Instead, they collide with the edge and, due to high unsteadiness,

break into two smaller vortices. The upper vortex merges with foil 2’s LEV and propagates

downstream with an upward deviation, while the lower vortex remains beneath the airfoil. The

motion of foil 2 determines whether the wedge collides with the upper or lower surface, leading

to different vortex-wedge interaction profiles as summarized in Ref [84], [86].
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FIGURE 5.19: At AH,, = 0.3c and AH,, = 0.5¢, the vortex structures (a), pressure
contour (b), and time-averaged stream-wise velocity (c) are depicted. The vortex
and pressure contours are selected at the peak lift time frame.
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Also, this leads to higher pressure difference at higher amplitude(Figure 5.19 (a2) and (b2)).
The wake information shown in Figure 5.19 (a3) and (b3) showed that the more substantial
heaving motion leads to the wake deflection. The vortex formation will be more complicated

and the induced vortex pair actually increased the drag production as well.

5.6.3 Effect of heaving frequency

In this section, we explore the effect of varying the heaving frequency of the downstream foil.
Following the relationship defined as 7' = % , we adjust the co-frequency value of 7' = 3.2¢* to

integer periods to facilitate clearer results. Lower period values correspond to higher frequen-

cies. For simplicity in discussion, 7' = 3.0 is used to denote the original value of 7' = 3.2¢*.
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FIGURE 5.20: Cycle-averaged lift coefficient and lift-to-drag ratio at different
heaving periods T (T = %).
The cycle-averaged lift coefficient and lift-to-drag ratio are presented in Figure 5.20. The data
indicate that a decrease in the heaving frequency results in an increase in lift generation for

both foils. Notably, when the co-frequency aligns closely with the vortex shedding period,
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a significant enhancement in the lift-to-drag ratio is observed. Specifically, 7 = 1,3, and 6

correspond to approximately 1/3,1, and 2 times the vortex shedding period, respectively.

Figure 5.21, featuring 7 = 1.0 and T = 6.0, delves into the vortex dynamics. The vorticity
and pressure contours are illustrated at the peak lift production timeframe. Given that the lift
values differ by less than 10%, the mechanisms of lift production are presumed to be similar
across frequencies. As shown in Figure 5.21 (al) and (a2), the presence of the shear layer
on the ventral surface and the leading-edge vortex (LEV) on the dorsal surface contribute to a
significant pressure differential, marked by high and low-pressure regions. The unsteadiness of
the motion leads to fragmentation of the vortex structure near foil 2’s leading edge, resulting
in the formation of two secondary vortices. One aligns with the LEV, and the other positions
beneath foil 2, merging into the shear layer. The varying heaving frequencies represent two
extremes: a larger period (lower frequency) resembles a more steady system, while a shorter
period (higher frequency) introduces both higher lift production and increased unsteadiness.
The wake patterns further support this observation, with a wider wake at 7 = 1.0 compared to
T = 6.0, indicating that higher heaving frequencies contribute to more unstable vortex patterns

and divergent propagation of vortex pairs.

5.6.4 Expansion to three foils

In this final section, we extend the analysis from a two-foil configuration to a three-foil system,
adopting the parameters L = 3.75¢ and H = —0.5¢, akin to those used in horizontal undulation
studies [66]. This expansion is also prompted by the observation of three distinct sections in

some aircraft configurations.
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FIGURE 5.21: At(a)T = 1.0 and (b)T = 6.0, the (1) vortex structures, (2) pressure
contour and (3) time-averaged stream-wise velocity are presented. The vortex and
pressure contour are chosen at peak lift time frame.

-0 -5 0 5 10

FIGURE 5.22: (a)Vortex dynamics of three foils. (b) Time-averaged stream-wise
velocity.
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CL Cpb | L/D
Foil 1 | 1.7210 | 1.0501 | 1.6389
Foil 2 | 0.6777 | 0.2805 | 2.4160
Foil 3 | 1.2961 | 0.6656 | 1.9473

TABLE 5.1: Aerodynamic performance of three steady tandem foils at configura-
tion L =3.75¢ and H = —0.5¢

The aerodynamic performance of the three-foil system exhibits patterns similar to those ob-
served in the two-foil setup. Typically, when downstream foils are situated within the wake of
an upstream foil, they experience vortex-induced effects leading to a reduction in lift and an
enhancement in the lift-to-drag ratio (L/D). For the second and third foils, both exhibit lower
lift production compared to the first foil, yet their L/D ratios surpass that of the first foil. It’s
noteworthy, however, that the average lift coefficient (Cy) for the third foil is 1.2961, which is
superior to the second foil’s performance, and its L/D ratio of 1.9473 is slightly inferior to that

of the third foil.

Vorticity contours and time-averaged velocity fields are illustrated in Figure 5.22 to further
elucidate the distinctions among the foils. The leading-edge vortex (LEV) interaction near the
third foil’s leading edge is markedly more pronounced than that of the second foil. The LEV
shed from the second foil amalgamates with the LEV on the third foil and detaches from its
dorsal surface, leading to a unique vortex interaction pattern. The wake pattern, particularly
after the second foil as shown in Figure 5.22 (b), reveals an upward deviation, indicating that

the wake-foil interaction for the third foil diverges from that of the first two foils.

Future investigations will delve deeper into the three-foil configuration, examining the effects of

dynamic motion and various configurations on the aerodynamic interactions and performance.
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This research aims to shed light on the intricate dynamics of tandem foil interactions and opti-
mal body arrangements for multi-body gliding robots, with the ultimate goal of enhancing their

aerodynamic efficiency.

5.7 Conclusions and discussion

This section presents the numerical simulation of a two tandem-airfoil model, which was in-
spired by the cross-section of a flying snake. A thorough investigation of the aerodynamic
performance of the upstream and downstream airfoil was conducted. We conducted a more
detailed investigation of the parameters associated with the relative position configuration, the
Reynolds number and the effect of dynamic motion in our study. The detailed analysis has
revealed the structure of the vortex, which includes the leading-edge vortex (LEV) and trailing-
edge vortex (TEV). Additionally, the interaction between the wake of the tandem airfoils has

been studied.

Compared with solitary snake airfoil, the performance of the two-foil system was influenced
by the relative positions of the foils for all conditions considered. For the upstream foil, the
change was relatively small and it could outperform or underperform relative to the solitary
foil depending on the relative spacing. The downstream foil experienced a significant decline
in performance when it was located in the upstream foil wake. Due to the interaction, the
downstream foil experiences lift reduction by 86.5% and the drag reduction by 96.3%. Thus,
the lift-to-drag ratio increased by 377% compared to a single foil. The system performance is

following the same pattern as the downstream foil.
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The results of flow field analysis showed that the lift-to-drag ratio of the downstream foil would
be maximized when it was situated in the wake of the upstream foil. The lift and drag production
will both be reduced as a result of the interaction between the vortex-wedge and the pressure
differential between the dorsal and ventral surfaces will be substantially minimized when the
vortex is break down and merged into the ventral surface. As a result, the posterior body of the
snake sacrifices lift production to reach higher efficiency in gliding. Further study changing the
Reynolds number revealed that the flow structure would be similar by increasing the Re. It will
primarily affect the strength of the vortices and also lead to the deviation of the wake. When
the Reynold number increases, the best-performed region shift downwards and the downstream

foil need to move accordingly to optimize its performance.

The two-foil steady system has been augmented with a downstream pitching foil, and the aero-
dynamic performance and vortex dynamics of it have been studied. The aerodynamic perfor-
mance of the system and the corresponding vortex wakes vary in accordance with the pitching
amplitude and frequency, owing to the phase modification of the vortex capture. When the shed
vortex travels downstream to the posterior foil, the motion of the leading edge alters the pat-
tern of interaction between the vortex and wedge, depending on the phase. When the vortex
shedding lines up with the dynamic pitching motion, the production of the lift will augment
through the introduction of a movement with the proper amplitude and frequency, however, the

L/D efficiency will be compromised.

By applying heaving motion into the best performed two-tandem-configuration, higher lift pro-
duction while maintaining high L/D can be achieved by carefully choosing heaving amplitude

and frequency.The increase of heaving amplitude brings higher lift production at the cost of
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gliding efficiency. By adjusting the heaving frequency to be consistent with the vortex shed-

ding, the foil 2 in the downstream can take more advantage from the upstream wake.

Detailed analysis has revealed the vortex structure and the wake interaction between the tandem
foils, which showed some significant difference between steady and dynamic systems. The mo-

tion changes the interaction between the wake and the leading edge of foil 2 in the downstream.
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6 Conclusions

6.1 Summary of Contributions

6.1.1 Concluding remarks

This investigation will then extend to analyzing flow around 3D models demonstrating horizon-
tal undulations and vertical bendings, to unravel the underlying flow physics.Furthermore, the
research will delve into a detailed examination of two snake cross-sections arranged in a 2D
space, providing a fundamental understanding of the interaction mechanisms between different
body segments of the snake during gliding. Real snake models will also be employed to ex-
amine the aerodynamic benefits contributed by the motion of the head and tail, aspects often
overlooked in prior studies. This research will encompass a wide range of facets related to snake
gliding, including various motion types, undulating frequencies, angles of attack, Reynolds
numbers, spatial arrangements in 2D, and dynamic motion frequencies. An integrated approach,
combining high-fidelity 3D surface reconstruction with computational fluid dynamics, will be
employed to fill the gaps in understanding the aerodynamics of flying snake gliding.Upon com-
pletion, this dissertation is expected to unveil the 3D vortex formation in flying snake gliding,

marking the first study of its kind. It will reveal the LEV concentration mechanism on a curved
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moving body in horizontally undulating flying snakes, and analyze the effect of Reynolds num-
ber, undulating frequency, and angle of attack on the aerodynamics of snake gliding. The study
will also investigate the vortex-body interaction between snake body segments and its link to
aerodynamic performance, and explore the control of aerodynamic moments by adjusting inter-

actions in snake body segments arranged in three-dimensional space.

Chapter 3 numerically studies the flow dynamics of aerial undulation of a snake-like model,
which is adapted from the kinematics of the flying snake (Chrysopelea) undergoing a gliding
process. The model applies aerial undulation periodically in a horizontal plane where a range
of angle of attack (AOA) is assigned to model the real gliding motion. The flow is simulated
using an immersed-boundary-method-based incompressible flow solver. Local Mesh Refine-
ment (LMR) mesh blocks are implemented to ensure the grid resolutions around the moving
body. Results show that the undulating body produces the maximum lift at 45° of AOA. Vor-
tex dynamics analysis has revealed a series of vortex structures including leading-edge vortices
(LEV), trailing edge vortices (TEV), and tip vortices (TV) around the body. Changes in other
key parameters including the undulation frequency and Reynolds number are also found to
affect the aerodynamics of the studied snake-like model, where increasing of undulation fre-
quency enhances vortex steadiness and increasing of Reynolds number enhances lift production

due to the strengthened LEVs.

Chapter 4 presents a numerical investigation into the aerodynamic characteristics and fluid dy-
namics of a flying snake-like model employing vertical bending locomotion during aerial undu-
lation in steady gliding. In addition to its typical horizontal undulation, the modeled kinematics

incorporates vertical undulations and dorsal-to-ventral bending movements while in motion.
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Using a computational approach with an incompressible flow solver based on the immersed-
boundary method, the study employs Local Mesh Refinement (LMR) mesh blocks to ensure
the high resolution of the grid around the moving body. Initially, we applied a vertical wave
undulation to a snake model undulating horizontally, investigating the effects of vertical wave
amplitudes (y;,) and dorsal-ventral bending amplitudes (ypy). The vortex dynamics analy-
sis unveiled alterations in leading-edge vortices (LEV) formation within the midplane due to
changes in the effective angle of attack resulting from vertical bending, directly influencing
lift generation. Our findings highlighted peak lift production at y;,, = 2.5° and the highest
lift-to-drag ratio at y,, = 5°, with aerodynamic performance declining beyond this threshold.
Subsequently, we studied dorsal-ventral bending, revealing a tail-up/down posture that influ-
enced interactions between body segments. A 5° dorsal-ventral bend increased lift by 17.3%
but reduced gliding efficiency, showing reverse effects with wpy = —5°. This study explains the
flow dynamics associated with vertical bending and uncovers fundamental mechanisms govern-
ing body-body interaction, contributing to the enhancement of lift production and efficiency of
aerial undulation in snake gliding.Chapter 4 also explores the aerodynamic mechanisms under-
pinning the rolling control of flying snakes during gliding flight. The ability of these creatures
to maintain stability without static wings is a phenomenon that has puzzled researchers. Our
numerical study simulates the aerodynamics of a flying snake’s body, both static and in motion,
to understand the forces that contribute to rolling stability. We find that a static snake model,
due to the asymmetry inherent in its shape, cannot maintain rolling stability, as the unbalanced

rolling moments lead to an unstable flight trajectory.

However, when horizontal undulation is introduced, the dynamic motion of the body balances
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these moments. This constant undulatory movement redistributes the aerodynamic forces along
the body, offering a means to counteract instabilities. While this dynamic balance does not yield
a static equilibrium, it provides an effective averaged moment to counteract rolling deviations.
The addition of vertical undulation further enhances stability by introducing span-wise velocity
components, which stabilize vortex formation along the body. Our results demonstrate that
in response to small roll perturbations, the system generates a restorative negative moment,
effectively returning the snake to a neutral position. This discovery has significant implications
for the design of bio-inspired robotic systems that utilize undulatory locomotion for stable flight
without the need for static wing structures. The rolling control mechanisms identified in this

study illuminate a path toward more agile and adaptive aerial robots.

Chapter 5 investigates the interaction when flying snakes adopt an S-shaped posture, flattening
their ribs to create an airfoil-like cross-section, impacting their aerodynamic performance due to
the interaction between body segments using numerical simulations on two-dimensional snake
cross-sectional airfoils. Employing an immersed-boundary-method flow solver with direct nu-
merical simulation and tree-topological local mesh refinement, the study analyzes different body
positions and movements. Findings reveal a decrease in lift production by 86.5% and a 96.3%
drop in drag when the downstream body aligns with the upstream foil. This alignment leads to
a 377% lift-to-drag ratio increase compared to a single foil, attributed to vortex-wedge interac-
tion. Although it enhances posterior body gliding efficiency by balancing lift reduction, specific
pitching motion integration with coordinated vortex shedding can further optimize lift produc-

tion. The heaving motion have shown lift change with the wake capture for the downstream
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body. Results from this study will bring detailed knowledge of flying snakes’ gliding mecha-
nism and control and provide inspiration for bio-inspired robots designing from an aerodynamic

perspective.

Through our research, the leading edge vortex (LEV) is the key thread which connects the flow
physics and the aerodynamic performance appearing in all different kinematics in flying snake

gliding.

* LEV contributes to the lift production.The LEV attachment to the dorsal surface of the
body brings the low pressure region on the top. It brings the pressure force difference

which contributes the components of lift and drag.

* The 3D steady shape brings change to the LEV formation. The straight portion of the
body forms the strong LEV while the curved portion of the body didn’t encounter the

flow directly.

* The horizontal undulation with span-wise motion introduces the temporal-spacial evo-
lution of LEV, which deforms the vortex topology to be a oblique vortex tube near the

leading edge.

* Less portion of the body can maintain LEV attachment, while the turning motion sta-
bilized the LEV. This is reflected on the lift concentration on the curved on the snake

body.

* The vertical bending motion affects the effect of angle of attack on the body which affects

the LEV strength.The force concentration on the curved on the snake body enhances so
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that produces stronger recovery rolling moment.

* The intra-body interaction between segments is the LEV-edge interaction between the
anterior and the posterior body. Changing configurations or motion will affect the LEV
collision pattern with the posterior foil edge which affect the vortex structure near the
body.The full collision breaks down the LEV on the dorsal surface and provides less lift

and drag, which increases overall L/D (efficiency).

6.1.2 Contributions and and means of dissemination

This research aims to systematically explore the aerodynamic interactions and mechanisms en-
hancing performance in flying snake gliding, focusing on the effects of horizontal and vertical
undulations on aerodynamic performance through the use of 2D and 3D model.The study will
initiate with the application of prescribed undulation kinematics to a snake model to simulate

the natural gliding behaviors observed in flying snakes.

To the best of the author’s knowledge, this study is

* The first to unveil the 3D vortex formation in flying snake gliding.

* The first to unveil the LEV concentration mechanism on a curved moving body in the

horizontal undulating flying snake.

* The first to study the effect of Reynolds number, undulating frequency, and angle of attack

on the aerodynamic performance of snake gliding.



Chapter 6. Conclusions 152

* The first to deeply explore the aerodynamic moment control by adjusting undulation pos-

ture.

* The first to analyze the vortex-body interaction between segments of snake bodies and

link the interaction to aerodynamic performance.

The findings will be disseminated in journal papers, conference proceedings, and presentations

to the scientific community.

Journal publications

* Gong, Y., Wang, J., Zhang, W., Socha, J. J., & Dong, H. (2022). Computational analysis
of vortex dynamics and aerodynamic performance in flying-snake-like gliding flight with

horizontal undulation. Physics of Fluids, 34(12), 121907.

* Gong, Y., Huang, Z., & Dong, H. TVertical Bending and Aerodynamic Performance in

Flying Snake-Inspired Aerial Undulation. Bioinspiration & Biomimetics (Under Review).

Journal articles under preparation

* Gong, Y., He, A. & Dong, H. Numerical analysis of the interaction between two tandem

flying snake foils with pitching motion. Target: Biomemetics MDPI. (Under process)

Conference proceedings and presentations

* Zhang, W., Pan, Y., Gong, Y., Dong, H., & Xi, J. (2021, August). A Versatile IBM-Based
AMR Method for Studying Human Snoring. In Fluids Engineering Division Summer

Meeting (Vol. 85284, p. VOO1T02A039). American Society of Mechanical Engineers.
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* Gong, Y., Wang, J., Socha, J., & Dong, H. (2022). Aerodynamics and flow characteristics
of a flying snake gliding with undulating locomotion. In AIAA SCITECH 2022 Forum (p.

1054).

* Gong, Y., & Dong, H. (2023). Computation study about the interaction between the
tandem flying snake airfoils with dynamic motion. In AIAA SCITECH 2023 Forum (p.

2460).

* Gong, Y., Wang, J., Zhang, W., Socha, J., & Dong, H. (2023). Numerical Investigation
of Flow Dynamics in Gliding Snake-Like Models: Vortex Structures and Aerodynamic

Performance.

6.2 Future Work

The proposed research systematically studies the aerodynamic interactions and performance
enhancement mechanisms in flying snake gliding. Specifically, the effect of horizontal and
vertical undulation on aerodynamic performance will be studied with 3D model. The flying
snake’s gliding mechanism, however, is still undiscovered. Some of the future work is listed

below to provide some inspirations for the following researchers:

* In the current work, the horizontal and vertical bending motion are prescribed. However,
in the process of landing to the ground, there will be take-off, acceleration, steady gliding
and landing stages. In the earlier stages, the snake was more like a straight body than
curved in the S shape. We could dynamically change the horizontal and vertical undu-

lation amplitude combinations. This would mimic the transition from straight posture to
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bending posture and investigate the flow dynamics change during this process.

* By testing multiple combinations of horizontal and vertical bending amplitudes, we could

choose the optimal for the best gliding performance.

* Free falling computational solver can be applied to test the real gliding process and

whether it can maintain high lift and stay stable.

* A more realistic snake models will be examined.The aerodynamic benefits of the head and
tail should be explored since the current undulation model didn’t include this parts.The
wide range of parameters such as the size and shape of the head, the length and waving

motion of the tail should be included.

With an integrated approach combing high-fidelity 3D surface reconstruction and real snake
motion, and computational fluid dynamics simulation, more and more undiscovered fluid mech-

anisms in flying snake gliding will be presented and analyzed in the future.
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A Kinematics of the undulating flying

snake model

This appendix shows the kinematics of different undulating flying snake models with corre-

sponding top, side and perspective views for the first half of the cycle.

A.1 Model 1: Pure horizontal undulating model
A.2 Model 2: Vertical wave undulating model

A.3 Model 3 & 4: Dorsal-ventral bending undulating model
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Top View Perspective View

-

(a) t/T=1/8

(b) t/T=2/8

(¢) t/T=3/8

(d) t/T=4/8

FIGURE A.1: Top and perspective view for the pure horizontal undulating model
(Model 1: 6,, =93° and vy = 1.4). at (a) t/T=1/8, (b) t/T=2/8, (c) t/T=3/8 and (d)
t/T=4/8, respectively.
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Top View Side View Perspective View
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FIGURE A.2: Top, side perspective view for the vertical wave undulating model
(Model 2: y,, = 10°) at (a) t/T=1/8, (b) t/T=2/8, (c) t/T=3/8 and (d) t/T=4/8,
respectively. The horizontal undulation is not changed.
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Top View Side View Perspective View
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FIGURE A.3: Top, side perspective view for the dorsal-ventral bending model

(Model 3: ypy = +5°) at (a) t/T=1/8, (b) t/T=2/8, (c) t/T=3/8 and (d) t/T=4/8,

respectively. The horizontal undulation and the vertical wave undulation are not
changed.
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Top View Side View Perspective View
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FIGURE A.4: Top, side perspective view for the dorsal-ventral bending model

(Model 4: ypy = —5°) at (a) t/T=1/8, (b) t/T=2/8, (c) /T=3/8 and (d) t/T=4/8,

respectively.T he horizontal undulation and the vertical wave undulation are not
changed.
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