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Abstract

As underwater vehicles become increasingly versatile and capable, bio-inspired propul-
sion systems are becoming a viable possibility for future vehicles. In particular, flap-
ping foil actuators are promising in their abilities for propulsion and maneuvering.
Current underwater vehicles rely on propellers, which form a jet wake to produce
propulsion forces, and, as such, experience an inherent delay between the movement
of the propeller and the vehicle feeling a propulsive force. To mitigate this shortcom-
ing, flapping foils were moved in swift, one-time strokes to produce large, transient
forces in still water to produce propulsive and/or maneuvering forces almost instan-
taneously. Previous work produced trajectories, characterized by heave and pitch
motions, for which the lift and thrust profiles were confirmed. These strokes take
advantage of added mass/inertial effects to produce propulsive forces useful for main-
taining position or orientation or for precise maneuverability. Various novel combi-
nations of heave and pitch motions were tested and dye visualization was performed
with a custom wing to elucidate the wake and vortical structures produced by these
strokes.
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Chapter 1

Introduction

1.1 Motivation

Underwater vehicles are emerging as incredibly effective platforms for ocean moni-
toring and exploration, underwater structure installation and maintenance, and acci-
dent/hazard mitigation (Triantafyllou, 2017). They have allowed humans to interact
with and study otherwise unreachable underwater environments, and their capabil-
ities are broadening as autonomous underwater vehicles are becoming increasingly
common. Although plenty of research has been done to improve these vehicles’ ver-
satility and functionality, one aspect of their design has remained relatively constant:
their propulsion. Underwater vehicles have traditionally relied on rotary thrusters or
propellers to generate forces and move the vehicle and/or respond to disturbances
in the environment. These types of actuators produce a jet-like wake, which then
produces the necessary force to move the vehicle; however, the formation of this wake
is not instantaneous, and, as a result, the forces felt by the vehicle are delayed. This
inherent delay makes these vehicles very difficult to control, because oftentimes a
sharp force is required to intervene and maintain the vehicle’s position or direction in
an unsteady current or wave, or to counteract forces created by manipulators onboard
the vehicle.

In order to minimize or even eliminate this delay, new types of bio-mimetic actu-

ators are being developed. Nature has provided an enormous amount of inspiration,
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since almost all underwater animals that swim can change direction almost instantly
and can move from a standstill in the blink of an eye. Many fish and cephalopods even
remain perfectly balanced as waves and currents go by, or when moving various parts
of their bodies (i.e. extending a part of their body to catch prey). More specifically,
many fish use their pectoral and pelvic fins to produce the forces necessary to remain
balanced and to precisely control their position or direction of movement (Lauder
et al., 2007) (Lauder and Madden, 2006) (Lauder et al., 2006). By modeling the fins
as flapping hydrofoils, large, transient forces can be produced through combinations

of heave and pitch motions.

1.2 Background

Previous experiments have shown that, through relatively simple trajectories in heave
and pitch, a flapping hydrofoil can create large forces quite rapidly (Read et al., 2003)
(Licht et al., 2004) (Triantafyllou et al., 2003). The work done in (Triantafyllou et al.,

2003) served as inspiration and a starting point for the current experiments.

1.2.1 Previous work

In (Triantafyllou et al., 2003), the experiments showed the promising nature of flap-
ping foils with no incoming velocity, i.e. in calm water. The foil followed simulata-
neous partial cycles of sinusoidial heave and pitch motions for rapid development of

forces.

Method 1

The first swift motion tested in (Triantafyllou et al., 2003) was referred to as Method
I[. This method began with the foil horizontal in the # = 0 position, and sweeps to
6 = +7/2 as it moves downward in heave. Figure 1-1 shows the foil’s movement. The
force results are shown in Figure 1-2 and feature a large lift force coupled with very
small (if any) thrust force. Even though the units in Figure 1-2 are Newtons, the

peak lift coefficient was around 6, and the peak thrust coefficient was around -2 from
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(Triantafyllou et al., 2003). This experiment was recreated and discussed in Section

1.2.2;

e R T =
! initial Posifion

Heave Position [h{t) h.l
=
Direction oi motion
]

T
1

" Final Position
(No return stroke)

Figure 1-1: Method I kinematics, taken with permission from (Triantafyllou et al.,
2003)

100 T T T T T T T 1
- — Thrust
> 50 . Dpa = 0.50 m/s o Lt H
@ ‘.".'—-.—.__'7___7
E e RSt B O R R e
'S

_50 1 1 1 1 1 1 1 1 1
06 07 08 09 1 1.1 1.2 1.3 1.4 1.5

Time [s]

Figure 1-2: Method I force results, taken with permission from (Triantafyllou et al.,
2003)

Method 11

The second swift motion tested was referred to in (Triantafyllou et al., 2003) as
Method II. This method began with the foil vertical in the § = —x/2 position, and
sweeps to § = +7/2 as it moves downward in heave. Figure 1-3 shows the foil’s
movement. The force results are shown in Figure 1-4 and feature a large lift force
coupled with very small (if any) thrust force. Even though the units in Figure 1-4 were
Newtons, the peak lift coefficient was around 9, and the peak thrust coefficient was
around 6 (Triantafyllou et al., 2003). This experiment was recreated and discussed

in Section 1.2.2.
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Initial Position f:
9
Final Position
(No return stroke)

Figure 1-3: Method II kinematics, taken with permission from (Triantafyllou et al.,
2003)

Diredtion of motion
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Force [N]
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Figure 1-4: Method II force results, taken with permission from (Triantafyllou et al.,
2003). These results were compared to the force results in Section 1.2.2.

1.2.2 Verification experiments

As discussed in Section 1.2.1, the two methods found in previous experiments were

recreated using the experimental setup in the MIT Testing Tank, described in Sec-

tion 2.

Trajectory 1

Trajectory 1 is a recreation of Method I from (Triantafyllou et al., 2003), and intro-
duced in Section 1.2.1. Just like Method I, Trajectory 1 begins with the foil horizontal
at the ¢ = 0 position, and sweeps to the # = +7/2 as it moves downward in heave.
Figure 1-5 shows the kinematics of this trajectory. Figure 1-5(a) shows the heave and
pitch positions over time, (b) shows the heave and pitch velocities, and (¢) shows the

heave and pitch accelerations. Both the heave and pitch follow partial sinusoids, and
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are smooth. Figure 1-6 shows a visualization of the foil’s trajectory.

Trajectory 1 Heave Position Trajectory 1 Heave Velacity _ Trajectory 1 Heave Acceleration
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Figure 1-5: Kinematics of the foil’s motion during Trajectory 1. Heave and pitch
position are shown in (a), heave and pitch velocity are shown in (b), and heave and
pitch acceleration are shown in (c).

Trajectory 1: Motion from Observer
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Figure 1-6: Visualization of the foil’s motion during Trajectory 1.

The force results for Trajectory 1 are presented in Figure 1-7, presented in the
non-dimensional form described in Section 2.1 and Equation 2.1. A large lift force
peak accompanied by a small negative peak in thrust appears in both sets of results.

To compare Trajecotry 1 to Method I from the previous work, Figure 1-8 shows the
results from both (Triantafyllou et al., 2003) (top) and a resized version of Figure 1-7
(bottom), showing clear similarities in the force profiles. Both sets of results show
a large lift force with a small, negative thrust force. For quantitative comparisons,

we use the peak lift /thrust coefficients. As mentioned in Section 1.2.1, (Triantafyllou
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Trajectory 1: Lift and Thrust Coefficients

Coefficient Value
N

Time (s)

Figure 1-7: Force results from Trajectory 1. Presented here as C';, and C7, as described
in Section 2.1

et al., 2003) found a peak lift coefficient of around 8 and a peak thrust coefficient of
-2. These results match very well to the peaks in the current experiments, which also
had a peak lift coefficient of around 8, and a peak thrust coefficient of around -2.5.

Therefore, the current experiments match the previous work.

Trajectory 2

Trajectory 2 is a recreation of Method II from (Triantafyllou et al., 2003), and intro-
duced in Section 1.2.1. Just like Method II, Trajectory 2 begins with the foil vertical
at the 6 = +m/2 position, and sweeps to the § = +7/2 as it moves downward in
heave. Figure 1-9 shows the kinematics of this trajectory. Figure 1-9(a) shows the
heave and pitch positions over time, (b) shows the heave and pitch velocities, and
(c) shows the heave and pitch accelerations. Both the heave and pitch follow partial
sinusoids, and are smooth. Figure 1-10 shows a visualization of the foil’s trajectory.

The force results for Trajectory 2 are presented in Figure 1-11, presented in non-
dimensional form described in Section 2.1 and Equation 2.1. Here, the trajectory
produces a large positive lift force accompanied by two smaller but positive thrust

forces.
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Figure 1-8: Method I force results (top), taken with permission from (Triantafyllou
et al., 2003), and a resized Trajectory 1 results, same as in Figure 1-7. There are
obvious similarities in the force profiles, but for quantitative comparison, (Triantafyl-
lou et al., 2003) found the peak lift coefficient to be around 8 and the peak thrust
coefficient to be around -2, with which the current results agree.

To compare Trajecotry 2 to Method II from the previous work, Figure 1-12 shows
the results from both (Triantafyllou et al., 2003) (top) and a resized version of Fig-
ure 1-11 (bottom), showing clear similarities in the force profiles. Both sets of results
show a large lift force with two smaller thrust peaks, one just before the lift peak, and
one just after. For quantitative comparisons, we use the peak lift /thrust coefficients.
As mentioned in Section 1.2.1, (Triantafyllou et al., 2003) found a peak lift coefficient
of around 9 and a peak thrust coefficient of 6. These results match very well to the
peaks in the current experiments, which also had a peak lift coefficient of around 10,
and a peak thrust coefficient of around 6. Therefore, the current experiments match

the previous work.
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Figure 1-9: Kinematics of the foil’s motion during Trajectory 2. Heave and pitch
position are shown in (a), heave and pitch velocity are shown in (b), and heave and
pitch acceleration are shown in (c).

Trajectory 2: Motion from Observer
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Figure 1-10: Visualization of the foil’s motion during Trajectory 2.
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Trajectory 2: Lift and Thrust Coefficients

-\

|

e

Coefficient Value

Time (s)

Figure 1-11: Force results from Trajectory 2. Presented here as Cp and Cr, as
described in Section 2.1

- Lif
100 f--mmmeeee TR E 050w T — Thrust

Force [N]
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Trajectory 2: Lift and Thrust Coefficients

10 —

Coefficient Value

Time (s)

Figure 1-12: Method II force results (top), taken with permission from (Triantafyllou
et al., 2003), and a resized version of the Trajectory 2 results, same as in Figure 1-11.
There are obvious similarities in the force profiles, but for quantitative comparison,
(Triantafyllou et al., 2003) found the peak lift coefficient to be around 9 and the peak
thrust coefficient to be around 6, with which the current results agree.
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Chapter 2

Experimental Setup

2.1 Kinematics and Force Definintions

In (Triantafyllou et al., 2003), the trajectories were fully defined by a heave function .
h(t) and a pitch function 6(¢). These definitions were continued in this work; h(t)
controls the vertical motion of the trajectory, while 6(t) controls the angle of the foil
in radians, with respect to horizontal. In the experiments, the heave and often the
pitch followed a fraction of a sinusoid, which ensured smooth movements through the
water, and the speed of the trajectory is controlled by the maximum heave velocity,
Pomas (in m/s). The forces produced by the foil were measured as global vertical
and horizontal forces, known as lift (positive y-direction force) and thrust (postivie
x-direction force). Lift and thrust coefficients were calculated using Equation 2.1,

below, where p is the density of water (p = 1000 kg/m? in these experiments), c is

the chord length of the foil, and s is the span of the foil.

Fllift,thrust (2 1)

1 .79
Ephmaz:cs

Clift,thrust =
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2.2 Experimental Apparatus Setup

Experiments were done in the MIT Testing Tank. Figure 2-1(a) shows the Testing
Tank, and Figure 2-1(b) shows the NACA 0012 foil used in the force experiments, with
a span on s = 0.36m (14.17 in) and chord ¢ = 0.055m (2.16 in). In the experiments,
the foil moves in combinations of heave and pitch (around the quarter-chord, and
the resulting force data was recorded using an ATI Gamma force sensor (Model No:
12345) and was imported for post processing and calculations of the Lift and Thrust
Coefficients. Figure 2-2 shows the conventions for the kinematics and dynamics of the
foil used throughout these experiments. For consistency, force coefficients calculated

in Equation 2.1 correlate to the (", and C7 in the figure.

foil }
-l L%
1 SN

Ll

(b)

Figure 2-1: (a) MIT Testing Tank. The actuators move the foil according to the
specified trajectory and the resulting forces are recorded by the Forcemeter and im-
ported to MATLARB for post processing. (b) Foil Dimensions. These values of span
and chord are used to calculate the Lift and Thrust coefficients as shown in Equation
2.1

2.3 Dye Visualization Setup

In addition to the force measurements, dye visualization experiments helped to eluci-

date the wake produced by these swift motions in heave and pitch. In order to inject
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Lift / Y-direction

I Force, C,

[ s e

Thrust / X-direction
Force, C;

Figure 2-2: Kinematics of the foil's motion and resulting force convention. The
foil moves in heave and pitch through the prescreibed trajectory, and the forces are
recorded

dye into the flow without disturbing it, a custom wing was designed with interiror
channels for the dye to flow through. The dye was originally planned to be injected
into the flow at six locations, at the leading and traling edge of the wing at three
different locations along the span; however, only two injection points ended up being
used - one at the leading edge and one at the trailing edge approximately halfway

down the span.

Figure 2-3 shows the Solidworks model of the entire foil. Holes at the top of
the wing allow the dye tubing system to be removeable for motor calibration and
initialization without tangling. The top section of the wing was designed to integrate
seamlessly into the existing bracket seen in Figure 2-1(b) used to attach the foil to
the motor assembly. The foil cross section has the same profile as the wing used for
the force experiments, mentioned in Section 2.2, a NACA 0012 foil with a span of s
= 0.36 m (14.17 in) and chord of ¢ = 0.055 m (2.16 in). For fabrication, the wing
was divided into four sections for 3D printing. The pieces were printed on a Form
II printer in Clear Resin (FormLabs, 2018), and then pieced together with epoxy,
sanded smooth, and then sprayed with waterproof paint to be able to be seen by the

camera underwater. The actual wing is shown in Figure 2-4.

In order to record the wake, GoPro cameras was mounted to the Testing Tank

carriage and lights were mounted to a frame that was placed in the Testing Tank.
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Figure 2.3 shows the setup for recording wake videos. As shown by the coordinate
axes in the figure, Camera A was located in the positive Y Direction, and Camera
B was located in the negative Y direction. Using both cameras allowed the wake
structures to be viewed from multiple angles, and captured wake structures both in
the beginnings and ends of the trajectories. Red dye was set up to flow from the
leading edge, and blue dye flowed from the trailing edge, and the tubes seen in the
figure connect the wing’s internal channels to the holding containers. As the foil
moves through the specified trajectory, the dyes flow through the channels and then
the holes in the wing and the cameras capture the wake. The videos recorded by the
cameras were then imported and analyzed. For some of the trajectories, only one
camera’s view was needed to elucidate the wake, while for others both views were

used to fully understand the wake structures.

(a) (b)

Figure 2-3: SolidWorks CAD model of the custom wing designed for dye visualization.
The full, solid model is shown in (a), and a transparent version showing the interior
channels is shown in (b). The six injection points are at the leading and trailing edges
of the cross section at three points along the span of the wing. The middle two points
were used during the experiments.
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Figure 2-4: Fabricated wing for dye visualization. The wing pieces were printed on
a Form II printer, assembled and sanded, and sprayed with waterproof paint to be
visible underwater.
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Figure 2-5: Testing Tank outfitted with lights and cameras to record wake videos.
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Chapter 3

Experiments and Results

3.1 Trajectory 1.1

3.1.1 Kinematics

This trajectory was directly inspired by Trajectory 1 in Section 1.2.2. Similar to Tra-
jectory 1, Trajectory 1.1 has the foil heaving and pitching simulataneously following
partial sinusoids. Trajectory 1.1 differs in that it sweeps from 6 = 0 to 6§ = —7/2,
pointing downward at the end of the stroke. Figure 3-1 shows a more detailed plot
of the foil’s heave and pitch motions during Trajectory 1.1, and Figure 3-2 shows a

visualization of the foil’s movement during Trajectory 1.1.
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Figure 3-1: Kinematics of the foil’s motion during Trajectory 1.1. Heave and pitch
position are shown in (a), heave and pitch velocity are shown in (b), and heave and
pitch acceleration are shown in (c).
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Trajectory 1.1: Motion from Observer
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Figure 3-2: Visualization of the foil’s motion during Trajectory 1.1.

3.1.2 Force Results

Figure 3-3 shows the force results for Trajectory 1.1, presented non-dimensionally as
Cr and Cr. Similar to Trajectory 1 in Section 1.2.2, a large lift force is produced;
however here a positive thrust force is produced, whereas Trajectory 1 produced a
negative thrust force. This is a result of the pitching motion in Trajectory 1.1 being
opposite that of Trajectory 1. Figure 3-4 shows a more intuitive representation of the
force data, in a similar fashion to Figure 3-2. For clarity, the force data corresponding
to the portion of the trajectory where the foil is actually moving (from t = 0s to
t = 0.7s) is represented in this figure by red arrows, where inertial forces would be

dominant.

While, on first glance, these force results look incredibly promising, if one looks
closely, this trajectory produces an odd looking secondary peak when the foil comes
to a stop. The foil’s motion stops completely by ¢+ = 0.7s, as seen in Figure 3-1, and
one would expect inertial forces to disappear to zero. In fact, the opposite happens:;
one can see in Figure 3-3 around ¢ = 0.7s a peak in positive thrust (positive x force)
and negative lift (negative y force), followed by a small, more longer lasting force in
the opposite direction — negative thrust (negative x force) and positive lift (positive y

force) directions just before ¢ = 1.0s. Additionally, in Figure 3-4, a few seemingly out
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Trajectory 1.1: Lift and Thrust Coefficients

Coefficient Value

Time (s)

Figure 3-3: Force results from Trajectory 1.1. Presented here as € and C7, as
described in Section 2.1
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Figure 3-4: Visualization of the forces produced by Trajectory 1.1. The foil outlines
and red arrows representing the forces are scaled for visual purposes.

of place vectors appear just as the foil comes to a stop in the positive x and negative
y direction. This phenomenon was further investigated through dye visualization
experiments using the setup described in Section 2.3, and the results are shown in

Figure 3-5.
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3.1.3 Dye Visualisation

As explained in Section 2.3, holes in the custom wing allow the dye to flow from the
leading and trailing edge, red from the leading edge and blue from the trailing edge.
In the beginning of the stroke, the foil produces very obvious leading and trailing edge
vortices (LEV in red and TEV in blue), seen in Figure 3-5(a). As the foil continues
through the stroke, in Figure 3-5(b)-(c) these vortices move as well; the blue TEV
gets left behind as the foil heaves in the negative y direction and does not interact
with the TEV at all. The LEV, however, remains very close to the foil throughout
the stroke. When the foil stops moving around, as shown in Figure 3-5(d), the LEV
is seen right next to the foil’s leading edge. It is well-known that vortices produce
low-pressure regions, and thus suction forces, and the location of the LEV at this
moment would indeed produce a force in the positive x (thrust) and negative y (lift)
directions (using the coordinate system on the diagram), exactly what is shown in
the force results. Additionally, in Figure 3-5(e), a smaller vortex appears right next
to the trailing edge of the foil, which would produce a small force in the negative x
(thrust) and positive y (lift) directions — again describing exactly what is shown in

the force results.

3.2 'Trajectory 4

3.2.1 Kinematics

Trajectory 4 looked into the effect of a asynchronous heave and pitch motion - es-
sentially having heave and pitch move smoothly, but with the pitch motion lasting
slightly longer than the heave motion. The foil begins at § = —m/4 and sweeps to
§ = +m/2, but the frequency of this pitch motion is 3/4 of the frequency of heave, so it
finishes the heave motion slightly before the it reaches # = +m/2 position. Figure 3-6
shows a more detailed plot of the foil’s heave and pitch motions during Trajectory 4,

and Figure 3-7 shows a visualization of the foil’s movement during Trajectory 4.
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Figure 3-5: Dye visualization images and diagram from Trajectory 1.1.

3.2.2 Force Results

The force data for Trajectory 4 are shown in Figure 3-8, presented in non-dimensional
form described in Section 2.1. Additionally, a more intuitive representation of this
data is shown in Figure 3-9, and shows the foil’s motion with the corresponding force
vectors. A large combined peak in both Lift and Thrust forces occurs during the
duration of the stroke, with a strange looking secondary peak as the foil comes to
a stop. As seen in both Figures 3-8 and 3-9, there is a small peak in a force in the
positive X (thrust), negative Y (lift) direction, right as the foil comes to a stop (around

0.5s). This phenomenon was explained using the dye visualization experiments.
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Figure 3-6: Kinematics of the foil’s motion during Trajectory 4. Heave and pitch
position are shown in (a), heave and pitch velocity are shown in (b), and heave and
pitch acceleration are shown in (c).

Trajectory 4: Motion from Observer
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Figure 3-7: Visualization of the foil’s motion during Trajectory 4.

3.2.3 Dye Visualisation

For the dye visualization experiment for Trajectory 4, holes in the custom wing allow
the dye to flow from the leading and trailing edge, red from the leading edge and blue
from the trailing edge. This trajectory was filmed from both cameras as explained
in Section 2.3, capturing features from both the beginning and end of the trajectory.
Additionally, the dye visualization was performed at a slower speed. This does pro-
duce the same flow, as explained in Appendix A. The features from the beginning and
middle of the trajectory were best captured by Camera A, and the wake structures

at the end of the stroke were best captured by Camera B; however the images have
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Trajectory 4: Lift and Thrust Coefficients
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Figure 3-8: Force results from Trajectory 4. Presented here as C'p and Cr, as described
in Section 2.1
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Figure 3-9: Visualization of the forces produced by Trajectory 4.

been rotated/flipped for the diagram.

The wake visualization is presented in Figure 3-10. In Figure 3-10(a), Camera
A captured the formation of leading and trailing edge vortices, as the foil begins its
motion. Figure 3-10(b) shows the foil with the trailing edge vortex (in blue) detached,
but the leading edge vortex (in red) remains attached until the end of the trajectory.

In Figure 3-10(c), the foil is beginning its “pure rotation” phase as it rotates without
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moving in heave. This causes the red LEV to move into the blue TEV, splitting
it up into multiple smaller blue vortices, as seen in Figrure 3-10(d). Additionally,
in Figrure 3-10(d), the rotation is complete, and a blue vortex appears just by the
trailing edge of the foil. The suction force from this vortex is seen in the smaller peak
in the positive X (thrust) and negative Y (lift) direction (following the coordinate
system on the figure). The final part of the diagram. Figrure 3-10(e), shows the red
LEV pulling some blue dye into it, and pulling the vortex from (d) as well. Since it
is so close to the foil, this causes the small force in the negative x (thrust) direction
after the foil has stopped moving. Again, we see the “unexplained” forces from the

force experiments elucidated as interactions of the foil and the wake structures in the

stroke.
(a)
® © 5
(c) . ©
@
@ ©
Y
®
(e) -
X @@J

Figure 3-10: Dye visualization images and diagram of Trajectory 4.
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3.3 Trajectory 5

3.3.1 Kinematics

This Trajectory was inspired by Trajectory 2 in Section 1.2.2. Starting at § = —37/8,
it sweeps to # = + /4 and then turns quickly to # = +m /2 by the halfway point of the
stroke; the rest of the stroke is spent at the § = +7/2 position. Since it is known that
the intertial force relates to the acceleration, to avoid any opposite inertial forces,
the foil flips to its final pitch position before the heave acceleration switches from
negative to positive. Figure 3-11 shows a more detailed description of the trajectory,
including heave and pitch positions, velocities, and accelerations. Figure 3-12 shows
a visualization of the trajectory. An interesting aspect of this trajectory is that the
foil continues to heave after it has reached its final pitch position; while this should

not affect any inertial forces, the foil can still interact with the flow and be affected
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Figure 3-11: Kinematics of the foil’'s motion during Trajectory 5. Heave and pitch
position are shown in (a), heave and pitch velocity are shown in (b), and heave and
pitch acceleration are shown in (c).

3.3.2 Force Results

The force data produced by this trajectory are shown in Figure 3-13, presented in
non-dimensional form described in Section 2.1. Here, simultaneous positive peaks of
lift and thrust are produced during the motion. The quick—turn. maneuver does not

seem to affect the force data very much — only a small dip in the lift force is observed.
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Trajectory 5: Motion from Observer
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Figure 3-12: Visualization of the foil’s motion during Trajectory 5.

A more intuitive representation of this data is shown in Figure 3-14, and shows the
foil’s motion with the corresponding force vectors. In both representations of the data,
the strange secondary peaks are seen again in this trajectory, creating a peak in the
positive x (thrust) and negative y (lift) direction. In Figure 3-13 the peaks are seen
at around the ¢t = 0.5s mark, and in in Figure 3-14 the last two force vectors point
in the positive x and negative y direction. As with the other trajectories, the wake
produced by Trajectory 5 was studied using the dye visualization setup explained in

Section 2.3.

3.3.3 Dye Visualisation

For the dye visualization experiment for Trajectory 4, holes in the custom wing allow
the dye to flow from the leading and trailing edge, red from the leading edge and blue
from the trailing edge. This trajectory was filmed from both cameras as explained
in Section 2.3, capturing features from both the beginning and end of the trajectory.
Additionally, the dye visualization was performed at a slower speed. This does pro-
duce the same flow, as explained in Appendix A. The features from the beginning and
middle of the trajectory were best captured by Camera A, and the wake structures

at the end of the stroke were best captured by Camera B; however the images have
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Trajectory 5: Lift and Thrust Coefficients
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Figure 3-13: Force results from Trajectory 5. Presented here as Cp and Cr., as
described in Section 2.1

Trajectory 5: Motion and Force

0.25+
A
02t )
- 0.15
&=
g 4
§ o1f
g g
0 005} 2
> .
3
0or 9,,
<
]
-0.05 g
v

015 -01 005 O 005 01 015 02 O
X-Direction (Thrust)

N
w

Figure 3-14: Visualization of the forces produced by Trajectory 5.

been rotated /flipped for the diagram.

Figure 3-15 shows the results of the visualization; the beginning of the stroke
is shown in Figure 3-15(a) and shows a trailing edge vortex (in the blue dye) fully
formed as a leading edge vortex (in the red dye) forms. Similar to Trajectory 4, in
Figure 3-15(b) the red LEV remains attached while the blue TEV gets left behind

as the foil pitches faster than it heaves. What differs here is that as the “quick turn”
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happens, as shown in Figure 3-15(c), the blue TEV completely detaches, and the LEV
and TEV form a doublet-like structure. in Figure 3-15(d), just after the quick turn,
an additional doublet like structure forms at the trailing edge of the foil, with this
doublet slowly merging together. In Figure 3-15(e), just at the end of the trajectory,
the merged doublet remains close to the foil, while the LEV/TEV doublet is relatively
far away. Due to the suction forces, the merged doublet creates the smaller peak in
the positive X, negative Y Direction seen in the force data. After the second peak(s),
a smaller, more consistent force appears, and is the result of the small red vortex seen
in Figure 3-15(f). Like the other trajectories, the unexplained forces seen in the force

data are due to interactions between the foil and its own wake structures.

3.4 'Trajectory 6.1

3.4.1 Kinematics

This trajectory is one of three (6.1, 6.2, and 6.3) that explored more or less the same
concept. To maximize positive lift force, the foil remains at 8 = 0, and does a quick-
turn to @ = +/2, but does so smoothly. The three trajectories differ in the duration
of the quick turn, where 6.1 is the quickest (turn duration of 0.2s), followed by 6.2
(turn duration of 0.27s), and 6.3 has the longest turn (turn duration of 0.35s) from
6 =0 to § = +m/2. Figure 3-16 shows a more detailed description of the trajectory,
including heave and pitch positions, velocities, and accelerations as functions of time.

Figure 3-17 shows a visualization of the trajectory.

3.4.2 Force Results

The force data produced by Trajectory 6.1 are shown in Figure 3-18, presented in
non-dimensional form described in Section 2.1, and a more visual representation of
the force data is shown in Figure 3-19. The desired effect, a large lift force, was
recorded with very small thrust forces, caused by the turn. Additionally, the strange

combination of positive X (thrust), and negative Y (lift) peaks occur here as the wing
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Figure 3-15: Dye visualization images and diagram of Trajectory 5.

comes to a stop. Like the other trajectories tested before this one, it is most likely

caused by the interactions of the wing and its own vortical wake structures.

3.4.3 Dye Visualisation

As explained in Section 2.3, holes in the custom wing allow the dye to flow from

the leading and trailing edge, red from the leading edge and blue from the trailing
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Figure 3-16: Kinematics of the foil’s motion during Trajectory 6.1. Heave and pitch
position are shown in (a), heave and pitch velocity are shown in (b), and heave and
pitch acceleration are shown in (c).
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Figure 3-17: Visualization of the foil’s motion during Trajectory 6.1.

edge.This trajectory was filmed from both cameras as explained in Section 2.3, cap-
turing features from both the beginning and end of the trajectory. The features from
the beginning and middle of the trajectory were best captured by Camera A, and the
wake structures at the end of the stroke were best captured by Camera B, but the

images from each camera have been rotated/flipped for the diagram for clarity.

Figure 3-20 shows the results of the visualization; the beginning of the stroke is
shown in Figure 3-20(a) which shows the simultaneous formation of leading (in red)
and trailing edge (in blue) vortices, as the foil moves downward in heave without
pitching. Later in the stroke, as shown in Figure 3-20(b), about halfway through the
‘quick turn’, the foil brings the leading edge vortex with it as it goes through the
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Trajectory 6.1: Lift and Thrust Coefficients

6
CT
5 == =5
41
& I
E |
S 3t
€
2 |
E 5l
o 2 -|
o
o
| \_,’-\‘_/n-—’————"—‘_—‘_/
1 . . ) s
0 0.5 1 1.5 2 25

Time (s)

Figure 3-18: Force results from Trajectory 6.1. Presented here as Cp and Cr, as
described in Section 2.1
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Figure 3-19: Visualization of the forces produced by Trajectory 6.1.

pitching motion, and the TEV begins to separate. Figure 3-20(c) shows the part of
the stroke just as the foil comes to a stop, where the LEV is pulling blue dye into
it, and this suction creates a force in the negative y (lift) and positive x (thrust)
direction (following the coordinates on the figure), just as is seen in the force results
above. In a similar manner to Trajectory 1.1, explained in Section 3.1, after the end

of the stroke, a small, blue vortex appears; its suction creates the small amount of
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positive y (lift) and negative x (thrust) force seen in the force results after around
t = 1s. Like all the other experiments, the interactions between the foil and its wake

structures produce the additional peaks seen in the force data.

(a)

(b)

(c)

(d)

Figure 3-20: Dye visualization images from Trajectory 6.1.

3.5 Trajectory 6.2

3.5.1 Kinematics

Trajectory 6.2 is the second of three trajectories that explored the duration of a quick

turn in pitch from @ = 0 to # = —7/2. Here, the quick turn is slightly longer than the
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turn in Trajectory 6.1 (Trajectory 6.1 has a turn duration of 0.2s while Trajectory 6.2

has a turn duration of 0.27s), but is still smooth. The more detailed kinematics can be

seen in Figure 3-21, including heave and pitch positions, velocities, and accelerations

as functions of time, and Figure 3-22 shows a visual representation of the trajectory.

1
Time (s}
Trajectory 6.2 Pitch Position

L]
[ =TT}

Trajactory 6.2 Heave Velocity

Trajactory 6.2 Heave Acceleration
hdot max=0.25 hdot max=0.25

H — €7 =
T I [=—Peave Vooony] £t - [ reae Acceoraon]
g- |
of
E-nzl Ak
£ 0a £
[} 05 15 2 25 £ 05 1 15 2 25
Time (s) Time (s)
- Trajectory 6.2 Pitch Velocity e Trajectory 6.2 Pitch Acceleration
g | Pich angular vy (romaized by p) fad]] w![ [ Prn anguter wa )
at
= of
|
i'z i-ml
< 1
-3 <4
0 05 5 2 25 o 05 § 2 25
Time (s) Time (s)

Figure 3-21: Kinematics of the foil’s motion during Trajectory 6.2. Heave and pitch
position are shown in (a), heave and pitch velocity are shown in (b), and heave and
pitch acceleration are shown in (c).

Trajectory 6.2: Motion from Observer
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Figure 3-22: Visualization of the foil’s motion during Trajectory 6.2.

3.5.2 Force Results

The force results from Trajectory 6.2 are shown in Figure 3-23, and more visually

intuitive representation of these data are shown in Figure 3-24. As one would expect,

the results for Trajectories 6.1 and 6.2 are very similar. The foil produces a large
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lift peak with positive thrust force, and as the trajectory reaches its end (around
0.7s), the peak in positive X-direction (thrust) and negative Y-direction (lift) force
appears once again. As with the other instances in which this peak appeared, the
dye visualization showed that this is a result of the foil interacting with its own wake

structures.

Trajectory 6.2: Lift and Thrust Coefficients
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Figure 3-23: Force results from Trajectory 6.2. Presented here as ('; and C7p, as
described in Section 2.1
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Figure 3-24: Visualization of the forces produced by Trajectory 6.2.
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As explained in Section 2.3, holes in the custom wing allow the dye to flow from
the leading and trailing edge, red from the leading edge and blue from the trailing
edge.This trajectory was filmed from both cameras as explained in Section 2.3, cap-
turing features from both the beginning and end of the trajectory. The features from
the beginning and middle of the trajectory were best captured by Camera A, and
the wake structures at the end of the stroke were best captured by Camera B (in a
different trial), but the images from each camera have been rotated/flipped for the
diagram for clarity.

Unsurprisingly, the dye visualization results resemble those from Trajectory 6.1.
Figure 3-25 shows the results of the visualization; the beginning of the stroke is
shown in Figure 3-25(a) which shows the simultaneous formation of leading (in red)
and trailing edge (in blue) vortices, as the foil moves downward in heave without
pitching. Later in the stroke, as shown in Figure 3-25(b), about halfway through the
‘quick turn’, the foil brings the leading edge vortex with it as it goes through the
pitching motion, and the TEV begins to separate. Figure 3-25(c) shows the part of
the stroke just as the foil comes to a stop, where the LEV is pulling blue dye into
it, and this suction creates a force in the negative y (lift) and positive x (thrust)
direction (following the coordinates on the figure), just as is seen in the force results
above. In a similar manner to Trajectory 1.1, explained in Section 3.1, after the end
of the stroke, a small, blue vortex appears; its suction creates the small amount of
positive y (lift) and negative x (thrust) force seen in the force results after around
t = 1s. Like all the other experiments, the interactions between the foil and its wake

structures produce the additional peaks seen in the force data.

3.6 Trajectory 6.3

3.6.1 Kinematics

Trajectory 6.3 is the last of the three trajectories that explored the duration of a

quick turn in pitch from 6 = 0 to § = —n/2 during the heave motion. Here, the
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Figure 3-25: Dye visualization images from Trajectory 6.2.

quick turn is the longest of the three (Trajectory 6.1 has a turn duration of 0.2s.
Trajectory 6.2 has a turn duration of 0.27s, but Trajectory 6.3 has a turn duration of
0.35s), but is still smooth. The more detailed kinematics can be seen in Figure 3-26,
including heave and pitch positions, velocities, and accelerations as functions of time,
and Figure 3-27 shows a visual representation of the trajectory. As seen in the figures,
the foil spends almost no time moving in heave without pitching, making it resemble

Trajectory 1 slightly.
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Figure 3-26: Kinematics of the foil’s motion during Trajectory 6.3. Heave and pitch
positions are shown in (a), heave and pitch velocities are shown in (b), and heave and
pitch accelerations are shown in (c).
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Figure 3-27: Visualization of the foil’s motion during Trajectory 6.3.

3.6.2 Force Results

The force results from Trajectory 6.3 are shown in Figure 3-28, and more visually
intuitive representation of these data are shown in Figure 3-29. As one would ex-
pect, the results for Trajectories 6.1, 6.2, and 6.3 are all very similar to one another.
The foil produces a large lift peak with positive thrust force, and as the trajectory
reaches its end (around 0.7s), the peak in positive X-direction (thrust) and negative
Y-direction (lift) force appears once again. As with the other instances in which this
peak appeared, the dye visualization showed that this is a result of the foil interacting

with its own wake structures.
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Trajectory 6.3: Lift and Thrust Coefficients
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Figure 3-28: Force results from Trajectory 6.3 Presented here as C'p and C7p, as
described in Section 2.1

Trajectory 6.3: Motion and Force
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Figure 3-29: Visualization of the forces produced by Trajectory 6.3.

3.6.3 Dye Visualisation

As explained in Section 2.3, holes in the custom wing allow the dye to flow from
the leading and trailing edge, red from the leading edge and blue from the trailing
edge.This trajectory was filmed from both cameras as explained in Section 2.3, cap-

turing features from both the beginning and end of the trajectory. The features from
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the beginning and middle of the trajectory were best captured by Camera A, and the
wake structures at the end of the stroke were best captured by Camera B, but the
images from each camera have been rotated /flipped for the diagram for clarity.
Unsurprisingly, the dye visualization results resemble those from Trajectory 6.1
and 6.2. Figure 3-30 shows the results of the visualization; the beginning of the stroke
is shown in Figure 3-30(a) which shows the simultaneous formation of leading (in red)
and trailing edge (in blue) vortices, just as the foil begins its motion and before any
significant pitch transition happens. Later in the stroke, as shown in Figure 3-30(b),
about halfway through the ‘quick turn’, the foil brings the leading edge vortex with
it as it goes through the pitching motion, and the TEV begins to separate. Figure 3-
30(c) shows the part of the stroke just as the foil comes to a stop, where the LEV
is pulling blue dye into it, and this suction creates a force in the negative y (lift)
and positive x (thrust) direction (following the coordinates on the figure), just as
is seen in the force results above. In a similar manner to Trajectory 1.1, explained
in Section 3.1, after the end of the stroke, a small, blue vortex appears; its suction
creates the small amount of positive y (lift) and negative x (thrust) force seen in the
force results after around ¢ = 1s. Like all the other experiments, the interactions
between the foil and its wake structures produce the additional peaks seen in the

force data.
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Figure 3-30: Dye visualization images from Trajectory 6.3.
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Chapter 4

Conclusion

Inspired by the natural world of underwater animals, transient motions of flapping
foils in calm water were investigated, continuing the work begun in (Triantafyllou
et al., 2003). The foils were moved along prescribed motions of heave and pitch, and
the resulting forces were recorded. Using creative combinations of heave and pitch
motions of the wing, large, transient forces were produced. Additionally, the effect of
timing was explored, and found that the duration of a “quick turn” has little effect
on the overall shape of the force profile, but has a small effect on the magnitude of
the forces produced. The most important and interesting results of this work came
from the dye visualization experiments. A custom designed wing moved along the
prescribed heave and pitch motions, and the resulting wake and wake structures were
recorded using GoPro cameras. In all of the foil motions, significant interactions
between the foil and the wake structures were noticed, and explained mysterious
peaks seen in the force results. These interactions seem to make producing a “pure”
lift and/or thrust force extremely difficult, as the foil cannot escape its own wake.
Overall, the trajectories tested were an extremely promising step in the investigation
of transient motions of flapping foils and bode well for the future of underwater
vehicles. As underwater swimmers do, the flapping foil could be used as an actuator
to produce these forces to control an underwater vehicle’s position, orientation, or
heading.

Future work would include further elucidating the interactions between the foil
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and the wake structures it produces during the stroke. This could be done with
additional dye visualization experiments (from different viewpoints, perhaps), or with
more sophisticated flow visualization techniques, such as Particle Image Velocimetry
(PIV). Additionally, numerical methods could be used to simulate these types of
strokes for the force result and/or for visualization. This is part of the larger goal
of optimizing the heave and pitch motions to either mitigate or take advantage of
these wake structures and the resulting interactions. A parallel option for the future
of this work is investigating the engineering challenges and benefits of this type of
actuator. If a vehicle utilizes these transient strokes onboard, the forces produced by
the wing(s) would produce motion of the vehicle, and with it, the wing itself. This
would significantly change the interactions between the wing and the wake structures
(if there are any interactions at all), and is also more representative of the ultimate

goal: changing the way underwater vehicles move and maneuver through the water.
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Appendix A

Dye Visualization Speed Comparison

In Trajectories 4 and 5, the dye visualization experiments were done at a different,
slower speed than the force experiments. This was to prevent bending and/or struc-
tural damage in the dye visualization custom wing and for clarity of the visualization
results. To ensure that the trajectory at two different speeds would produce the same
flow, we compare the velocity in heave to the velocity produced by changes in pitch.
To get these velocities, we start with the heave and pitch positions.

The heave motions follow this general form:

h(t) = ccos(wpt)

where ¢ is the chord length of the foil, and w;, = i‘"é“"". hmar describes the ‘speed’
of the stroke, and appears in Section 2.1 in the calculaion of non-dimensional force
values, referred to as Cr and Cr throughout the thesis. The pitch motions follow the

form:

0(t) = Bpcos(wat)

where 6 is the starting value of the pitch motion (and varies between the trajec-
tories), and wy determines the ‘speed’ of the pitch motion. In Trajetory 4, wy = %wh,
and thus creates a longer pitch motion, which causes the period of pure pitch at the

end of the trajectory, seen in Section 3.2. In Trajectory 5, wg = 2wy, and is followed
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by the quick turn, explained in Section 3.3.

Now, to compare velocities. To compare heave velocity to pitch, we must multiply
the angular velocity by a length measurement , so the chord length c is used.

For the heave velocity,

Vi, = cwp(—sin(wpt))

And for the velocity from pitch,
Vp = —C@OWQSin(OJgt)

To remove the time-varying component of these velocities, we will compare the
ampitudes of the sinusoids. So,

Vh CWh Wh

V;, - Ceowo N 000)9

For Trajectory 4, wg = %wh, which makes,

Vi o don 4
V,  6o(3wn) 36

This result is only dependent on the starting value of the pitch, which remains the

same between the force experiment the dye visualization experiment for Trajectory

4.

For Trajectory 5, wy = 2wy, so a similar result is found:

Vh Wh, 1

V;, N 00(2wh) N 200
This result also only depends on the starting value of pitch, which remains the

same between the force experiment and the dye visualization experiment for Trajec-

tory 5.

Overall, Trajectories 4 and 5 produce the same wake characteristcs, regardless of

speed.
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