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Reconfiguration refers to the ability of a flexible structure to change its shape, allowing it
to reduce its area perpendicular to the flow, to reduce drag. Decreasing the flexural rigidity
of human-made structures can lead to improved designs that operate at higher propulsive
efficiencies. The work presented in this thesis examines the physics surrounding a flexible
plate under prescribed oscillatory heaving motions. White light movies were recorded at
constant frequency and varying proximity to the free surface to investigate the change in
reconfiguration as the plate approaches the free surface. Results, analyzed in terms of
deformed plate shape, deflection, and plate tip kinematics, found that free surface effects
increase the deflection of the plate as the plate approaches the free surface. Expanding on
the initial experiments, a variety of frequencies were tested. The results show that each
heaving frequency has a different critical height to the free surface in which deep water
behavior is distinguished from shallow water behavior. At the critical depth, the plate
deflection becomes asymmetric due to free surface effects. The second stage of experiments
focused on measuring the fluid loading and fluid flow surrounding the flexible plate. The
fluid loading, or drag force, acting on the plate was estimated by using a strain gauge load
cell. Results of these experiments found that the drag force is equivalent on plates with lower
heaving frequencies when compared to the highest heaving frequency tested due to increased
reconfiguration at the higher frequency. The fluid moved from the keel to the edge of the

plate as seen in the particle image velocimetry experiments. Higher heaving frequencies



created faster fluid flow off the plate and stronger tip vortices being shed from the plate.
When the flexible plate operated at large distances from the free surface, the fluid dynamics
showed the same behavior for the upstroke and downstroke of the plate. Whereas, when
the plate operated close to the free surface, a vortex only forms on the upstroke, leading to

asymmetric loading and deformations.



[0 0000000000 bbooboobobido [too Dbt Uobdiob booood
(00DO00D00O 0o doibibio toobot Uooo © oot ooooood

Nicholas A. Scianna

Uoobdo gubibgob guobogdo

The ability for a structure to bend under loading and return to its original shape after the
load is removed presents a desirable characteristic for structural design. The flexibility of
the structure can lead to significant weight loss in contrast to rigid structures. In nature,
almost all structures are able to bend when faced with fluid forces which decreases the
loading the structure has to handle. Decreasing the stiffness of human-made structures can
lead to improved designs that operate at higher propulsive efficiencies. The work presented
here examines the physics surrounding a flexible plate under prescribed oscillatory heaving
motions, which are motions that are purely vertical. White light movies were recorded at
constant frequency and varying proximity to the free surface to investigate the change in
plate shape as the plate approaches the free surface. Results, analyzed in terms of deformed
plate shape, deflection, and plate tip kinematics, found that free surface effects increase
the deflection of the plate as the plate approaches the free surface. Expanding on the
initial experiments, a variety of frequencies were tested. The results show that each heaving
frequency has a different critical height to the free surface in which deep water behavior
is distinguished from shallow water behavior. At the critical depth, the plate deflection
becomes asymmetric due to free surface effects. The second stage of experiments focused
on describing the fluid loading and fluid flow surrounding the flexible plate. The fluid
loading, or drag force, acting on the plate was estimated by using a strain gauge load cell.

Results of these experiments found that the drag force is equivalent on plates with lower



heaving frequencies when compared to the highest heaving frequency tested due to increased
reconfiguration at the higher frequency. The fluid moved from the center of the plate to
the edge of the plate as seen in the particle image velocimetry experiments, which track the
movement of particles in the fluid. Higher heaving frequencies created faster fluid flow off
the plate. When the flexible plate operated at large distances from the free surface, the
fluid flow showed the same behavior for the upstroke and downstroke of the plate. Whereas,
when the plate operates close to the free surface, the fluid flow behaves differently leading

to asymmetric loading and deformations.



LUHioouiby

000000000 00 00 bo0ooot 000 0000 ODoo 000Oooooy 0ooooiodoo oo Ooiod OO0 boo 0boodioooo oo
000 DO 0000 fUDodiooo booooool Ubooo oood

vi



LoUDodingdbood

I would like to acknowledge and thank my family for their unconditional love and support.
Without you all, I would not be where I am today and your support has been crucial every

step of the way. Love y’all!

I would also like to thank my lab mates who allowed me to bounce ideas off of them and
were always willing to lend a helping hand. A special thanks to Dr. Javad Javaherian, Mark

Shepheard, and James Duval that could be found in the lab at all hours with me.
Thank you to my advisor Dr. Christine Gilbert for constantly encouraging me to excel
as an experimentalist and student. Your advisement has constantly pushed me to dig deeper

and challenge myself to take on new endeavors.

Finally T would like to acknowledge the support and funding from the National Science

Foundation Grant 1944614.

vii



L0opodon

Qio0 00 4iobooo i
Q000 00 OoDooo 0o
0 [f0000doodiod O
1.1 Literature Review . . . . . . . . . . . 2
1.1.1  Physics of Reconfiguration . . . . . .. ... ... ... ... 2

1.1.2  Flexible Plate Reconfiguration. . . . . . . ... ... ... ... ... 4

1.1.3  Benefits of Biologically Inspired Structures . . . . . . . . ... .. .. )

1.2 Project Scope . . . . . . 6

I O
2.1 Experimental Setup . . . . . . .. .. 8
2.1.1 Actuation System . . . . . . ... 8

2.1.2  Test Specimen . . . . . . . ... 9

2.2 Instrumentation . . . . . . ..o 10
2.2.1 Potentiometer . . . . . . . ... 10

2.2.2  Strain Gauge Load Cell . . . . . . . . ... ... ... 11

2.2.3 Data Acquisition System . . . . . .. ..o 11



2.3

24

2.5

2.6

Image Processing . . . . . . . . . . ...
2.3.1 High Speed Camera . . . . . . . .. .. ... ...
2.3.2 Gradient-Based Edge Detection . . . . . . . . ... ... .. ... ..
Particle Image Velocimetry . . . . . . . .. .. . oL
Experimental Matrix . . . . . . . ..o

2.5.1 Effect of Proximity to the Free Surface on Reconfiguration for a Flex-

ible Plate Under Prescribed Constant Frequency Oscillatory Motion .

2.5.2  Effect of Varying Frequency of Prescribed Oscillatory Motion on the

Passive Reconfiguration of a Flexible Plate . . . . . . ... ... ...

2.5.3 Fluid Loading on Heaving Flexible Plates . . . . . ... .. .. ...
2.5.4  Fluid Flow Surrounding Heaving Flexible Plates . . . . . . . .. . ..

Uncertainty in Measurement Techniques . . . . . . .. ... ... ... ...

0 [O000000 000 diobooood

3.1

3.2

Effect of Proximity to the Free Surface on Reconfiguration for a Flexible Plate

Under Prescribed Constant Frequency Oscillatory Motion . . . . . . . . ..
3.1.1 Structural Response Dependence on Height to the Free Surface

3.1.2  Symmetry in Plate Deflection . . . . . . .. .. .. ... ...
3.1.3 Plate Tip Deflection and Kinematics . . . . . .. ... ... .. ...

Effect of Varying Frequency of Prescribed Oscillatory Motion on the Passive

Reconfiguration of a Flexible Plate . . . . . . . ... ... ... .......

X

18

0o



3.2.1 Dimensional Results . . . . . . . . . . . 34

3.2.2 Non-Dimensional Analysis . . . . . . . ... ... ... ... ..... 37

3.3 Fluid Loading on Heaving Flexible Plates . . . . . . . ... ... ... ... 40
3.3.1 PlateDrag . . . . . . . 41

3.4 Fluid Flow Surrounding Heaving Plates . . . . . . . . .. .. ... ... ... 46
3.4.1 Dynamic Masking . . . . .. .. ... 46

3.4.2  Velocity Field and Streamlines . . . . . .. ... ... ... ..... 48

0 00000000000 000 000000 1000 00
4.1 Conclusions . . . . . . .. 53
4.2 Future Work . . . . . .. 55
Qi0nooooooo 0o
000000000 0o
00000000 O O000bonbbo ooibd »Joooboboming 0o
A.1 Repeatability of the Prescribed Oscillatory Motion . . . . . ... ... ... 60



Lob i Oidbood

2.1

2.2

2.3

24

2.5

2.6

2.7

2.8

2.9

2.10

3.1

3.2

Experimental setup diagrams depicting the a) front view from the perspective

of the camera and b) the side view including the camera. . . . . . .. .. ..
Flexible plate testing specimen with top view, front view, and dimensions.

Strain gauge load cell attached to the heave post used to measure the drag

force acting on the plate. . . . . . . . . . ...

Laboratory image of the controlled heave experimental setup with high speed

camera field of view highlighted. . . . . . . . ... .. ... ... ... ...

The a) raw image of a white light movie and b) detected plate edge in red on

the same raw image. . . . . . . . . ...

Conceptualization of the nearest neighbor search algorithm with red arrows

representing the path of the search. . . . . . ... ... ... ... ... ...

Snapshot of the calibration plate with the intersection points marked in red.

Experimental set up showing the laser sheet utilized for the PIV experiments.

Instantaneous flow velocity uncertainty at f = 0.50 Hz and h = 18.5 cm.

Instantaneous correlation value at f = 0.50 Hz and h =185 cm. . . . . . . .
Time history of keel location in reference to the undisturbed free surface at
varying h values. . . . . . . . ..

Deformed plate shapes at the maximum keel depth for all h values. . . . . .

x1

10

12

13

14

15

16

17

22

23



3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

Deformed plate shapes at the minimum keel depth for all h values. . . . . .
Schematic depicting the physical representation of positive deflection. . . . .

Deflection along the length of the plate at all h values plotted in the body-

fixed reference frame. . . . . . . . ..

Time history of the tip position corresponding to conditions closest and fur-

thest from the undisturbed free surface. . . . . . . . . . . . . . . ... ...

Time history of the tip deflection corresponding to conditions closest and

furthest from the undisturbed free surface. . . . .. ... .. .. ... ...
Plate tip and keel velocity time histories for a h value of 5.3 cm. . . . . ..
Tip deflection at maximum keel depth for varying h values. . . . . ... ..

Keel heaving history with reference to the undisturbed free surface for pre-

scribed heaving frequencies of a) 0.50 Hz, b) 0.44 Hz, c¢) 0.38 Hz, and d) 0.31

Reconfigured plate shapes at the maximum keel height for frequencies of a)

0.50 Hz, b) 0.44 Hz, ¢) 0.38 Hz, and d) 0.31 Hz. . . . . ... ... ... ...

Dimensionless plate reconfiguration for frequencies of a) 0.50 Hz, b) 0.44 Hz,

¢) 0.38 Hz, and d) 0.31 Hz at maximum keel depth. . . . . . ... ... ...

Dimensionless maximum deflection across various frequencies and submer-

gence heights. . . . . . . . . .

Dimensionless maximum deflection versus Strouhal number across frequencies

and h values. . . . . . .

xii



3.15

3.16

3.17

3.18

3.19

3.20

3.21

3.22

3.23

Al

Unfiltered drag data for three trials with plate specimen and one trial without

the plate specimen. . . . . . . . ...

The (a) raw data ( — ) and filtered data ( ) of the plate of one trial and

(b) spectral analysis of the frequency domain. . . . . . . ... ... .. ...

A time history of plate drag ( ) and keel position ( — ) for various

heights to the free surface and frequencies. . . . . . . .. . ... ... ....

Comparison of plate drag at h of 30.5 cm ( — ) and 6.0 cm ( ) at heaving
frequencies of a) 0.50 Hz and b) 0.31 Hz. . . . . ... ... ... ... ....

PIV data processing from the a)raw image to the b)masked image which result

in the c)velocity vectors and d)streamlines. . . . . . . ... ..o,

Velocity field measurements with streamlines depicting the direction of fluid

flowat f =050 Hzand h =185cm. . . . . . . . . . . . . . . . ... ....

Velocity field measurements with streamlines depicting the direction of fluid

flowat f =031 Hzand h=185cm. . . . . . . . . . . . . . . . ... ...

Velocity field measurements with streamlines depicting the direction of fluid

flowat f =050 Hzand h=6.0cm. . .. .. . . . . . . . .. .. ... ...

Velocity field measurements with streamlines depicting the direction of fluid

flowat f =031 Hzand h=6.0cm. . .. . . . . . . . . . . . . . ... ...

Potentiometer time history agreement at one frequency and one height to the

free surface. . . . . . L

xiil



Lob bi upioo

2.1 Experimental matrix spanning all controlled oscillatory heaving experiments. 19

3.1 Constant Frequency Experiments Line Styles . . . . . .. .. ... ... ... 26

3.2 Varied Frequency Experiments Line Styles . . . . . ... ... .. ... ... 35

Xiv



Lioh b L ouoioiboigoo

Co

Ca

Density

Coefficient of Drag

Cauchy Number

Drag Force

Flexural Rigidity

Heaving Frequency

Bulk Modulus of Elasticity

Amplitude of Oscillation

Strouhal Number

Free Stream Velocity

Vogel Exponent

XV



Looooot O

NN NN

Few structures in nature are truly rigid. From the flapping motion of manta ray fins to the
compliant bending of seagrass in ocean currents, low flexural rigidity is a key characteris-
tic in many naturally occurring structures. Seagrass under current loads exhibits passive
reconfiguration, where the flexural rigidity of the plant does not change over time, and the
seagrass bends to become streamlined in the flow. Manta rays are able to vary the stiff-
ness of their fins as they cruise through the water column, actively reconfiguring them to
a desired shape. Reconfigured shapes may be optimized for a variety of intentions, such as
drag reduction or maximum power. Evolution has fine-tuned biological systems such that
the cruising speed of many aquatic animals occurs at the optimal Strouhal number for max-
imum efficiency of thrust production. Current engineering practices consist of designs that
prioritize stiffness and rigidity to withstand load requirements, but this narrows the design
space. Decreasing the flexural rigidity of structures leaves vast room for improvement in
system design. Deriving inspiration from nature, systems can be designed that weigh less,
are more efficient, and have heightened longevity. The incentives of flexible structures have
been widely acknowledged, but further experimental research is needed to define the fluid-
structure interaction of flexible structures under fluid loading. Specifically, unsteady flows
near a free surface present particularly difficult challenges, as free surface effects contribute
to the reconfiguration of the flexible structure in more complex ways. Work in this field will

benefit the expansion of the design space and lead to human-made structures operating at
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heightened efficiencies in comparison to current designs.
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In nature, forces acting on a moving body in a fluid medium are commonly derived from the
fluid moving around it. The force opposite to the direction of travel within a fluid is drag.
Human-made structures are optimized for drag with CFD models and experiments which
attempt to streamline a rigid structure to best the hydrodynamics. Objects in nature lever-
age their low flexural rigidities to alter their shape to reduce drag. Vogel (1984) introduced
this concept of deforming to reduce the load acting on a body which is referred to as recon-
figuration [1].Reconfiguration and deformation are terms that may be used interchangeably
since both refer to the change in the structural shape or length. Conceptualizing the physics
of this phenomenon on a basic level, the body undergoing the fluid loading reconfigures its
shape which will reduce the area perpendicular to the flow. This lessens the area that the
fluid may act on, making the body more streamlined [2, 3]. Studies into reconfiguration have
led to findings that suggest flexible bodies do not encounter the same drag effects as rigid
bodies and thus drag is not proportional to the square of velocity. Instead, it is proportional
to some factor dependent on the reconfiguration of the structure which has been denoted as

the Vogel exponent (V)

FocU?™,

where U is the freestream velocity and F is the drag force [1, 2]. The reduction in drag
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of flexible bodies, or the need for the Vogel exponent, has been found by several other
researchers including Alben 00 00 (2002) and Gosselin 00 00 (2010). The concepts found in
the literature have sparked sparse interest in the engineering field with flexible structures
under constant fluid loads, mostly undergoing wind tunnel experiments. Vogel phrased it
best when comparing natural structures to human-made structures saying, “.. better bent

than broken” [1].

The concept of reconfiguration first progressed into a theoretical model when Alben [0 O
(2002) coupled experiments with theoretical math models to investigate the drag reduction
of a bending body. In this investigation, a gap in experimental studies of fluid-structure
interactions pertaining to very flexible structures that reconfigure was acknowledged as the
target research objective. The experiment consisted of a flexible fiber which was subject
to flow in a soapy film. The soapy film was gravity fed through the testing section in
which the flow rate could be controlled to vary the free stream velocity which forced the
fiber to reconfigure. The experimental results were confirmed with numerical analysis of the
solutions for the reconfigured fiber shapes. This work set the basis in which observations of
reconfiguration made in nature may be applied to engineering principles. A two-dimensional
potential flow model was used to calculate the drag acting on the body. Alben 01 00 (2002)

defined a non-dimensional drag force,

— 2 — fL2U2/2,
D=Cp “, where =,/—f%1—:

Here, is the density of the fluid, f is the fluid thickness, L is the length of the specimen,

and E is the rigidity. The term , which is a drag scaling factor that accounts for material
properties, was chosen such that it scales with drag in the same way velocity does. For
rigid structures, drag scales with the square of velocity as well as . This scaling scheme was

tested in experiments with a rigid fiber to validate the relationship between and free stream
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velocity. Conclusions of this work found that the drag of the flexible fiber scaled with #/3,
reiterating the conclusion set forth by Vogel (1996). An asymptotic trend was also found
in the deformed fiber shapes as the free stream velocity increased based on similar length
scales. Limitations of this work apply to the testing specimen, where only one material was
tested. The scaling of drag only applies to the specific tests that were presented and no

prediction models for deformation or loading were presented [4, 5].

0 1 N o

Gosselin 00 00 (2010) expanded on the groundwork of Alben by continuing experimental in-
vestigation of two-dimensional reconfiguration of flexible structures. A systematic approach
was taken to investigate the passive reconfiguration of flexible rectangular and cut disk
plates. This study included a deep investigation into the proper non-dimensional scaling of
the problem and theoretical prediction of deformations by modeling the flexible plate as a
beam. Gosselin 00 001 (2010) completed wind tunnel experiments on a wide range of flexible
plates which were allowed to reconfigure around a rod placed at the center of the plate. The
fluid loading on the plate remained constant and was measured by a load cell connected to
the model. The experimental results showed that the Vogel exponent derived from the fiber
experiments matched that which was calculated for the flat rectangular plates. This Vogel
exponent did not match for the cases where the cut disk geometries were tested. Similarly to
Alben 00 000 (2002), an asymptotic trend in the reconfigured shape of the plate was observed

for both small and large Cauchy numbers,

which is dependent on the flow velocity (U), fluid density ( ), and bulk modulus of elasticity
(K) [6].
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The results of the wind tunnel experiments were then analyzed non-dimensionally resulting
in four characteristic values which can describe the reconfiguration under steady flow. The
four dimensionless numbers are the Cauchy number, reconfiguration number, aspect ratio,
and blockage coefficient. The reconfiguration number is first proposed here to describe
the reconfiguration of a flexible structure as a function of the Cauchy number and drag
coefficient. The ability to analyze the problem with dimensionless parameters enabled the
authors to develop a theoretical model which predicted the deflected plate shape. The plate
was modeled as a two-dimensional beam problem under an adjusted drag load according to
the reconfiguration number stated previously. These predictions are strictly limited to plates
which are subject to constant loading where the drag force is not changing with respect to

time over the course of the study [6].

0 . [

Biological swimmers have been found to operate at high efficiencies in comparison to human-
made robotic swimmers which is dependent on many factors that Nesteruk (2014) proved to
include body shape, advance velocity, and swimming mode [7]. The efficiency of biological
swimmers has led to a lot of recent work in the biological systems engineering field which
investigates the possible advantages of flapping swimmers. Such swimmers may be models
utilizing airfoils with both heaving and pitching motions. Floryan (2017) completed water
tunnel experiments on rigid airfoil shapes which are subject to both pitching and oscillatory
heaving motions and found that thrust and drag are dependent upon both Strouhal number
and frequency of oscillation [8]. This shows that the high efficiency range for Strouhal

number,
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in airfoils coincides with that of biological systems which are tuned for peak thrust efficiency.
Dependency on Reynolds number has also been found to impact the peak efficiency Strouhal

number at low Reynolds which moves the peak efficiency point for swimmers [9, 10, 11].

Replicating the high efficiency of manta rays, which has been found to be upward of 89% by
Fish (2016), requires analysis of flexible structure to understand the physics of the flapping
behavior [12]. Alben (2008) first investigated a similar problem by analyzing an elastic sheet
which produces a vortex sheet wake. The efficiency was found to increase with decrease
in flexibility of the elastic sheet and reach a maximum value when pitching frequency was
0.27 [13]. Floryan (2020) furthered the work on flexibility finding optimal distribution of
flexibility would be one that creates a stiff leading edge and a more flexible trailing edge
[14]. Simplistic manta ray robots have been manufactured in the laboratory setting to apply
the knowledge of reconfiguration to human-made materials. The models created by Wang
00 000 (2009), Chen 00 00 (2012), and Moored 00 00 (2011) utilized flexible structures
for the wings, actuated by smart materials with a rigid body in between [15, 16, 17]. The
models have not been able to reach the same efficiency level of what is observed in nature
and are only optimized for the manufactured model rather than optimizing the structure by
understanding the fluid-structure interaction. Although these models lack the same thrust
efficiency, they set a strong groundwork in which engineered materials may be used to achieve

a desired reconfigured plate shape to produce thrust.

Ooi0  DoDoobot ooood

Current literature draws attention to biological systems for inspiration and presents a strong
understanding of reconfiguration under constant flow field conditions. Work has also been

completed in understanding rigid airfoil structures which heave and pitch in a similar fashion
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to fish. 0 000 00 DO0O000000D0IOD bOD DO00DOD 00 0b00ooo 0iobho b0000pio0oooiDD 0ooo
0 0000 0000000 has been identified which will enable the development of more efficient
system designs moving forward. This thesis will present experimental results pertaining
to the passive reconfiguration of flexible plates near a free surface through a systematic
approach of varying parameters. From videos taken with high speed cameras, gradient
based edge detection techniques yield the deflection and reconfigured plate shapes. A better
understanding of the fluid flow around the plate with prescribed oscillatory heaving motion
is shown through particle image velocimetry (PIV) measurements. The scope of this paper

is limited to one plate model and the future of this work will be discussed in detail.
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The experimental setup, instrumentation, post-processing techniques, and experimental ma-
trix will be discussed in this chapter. The two types of post-processing methods that will be

discussed include digital image processing and particle image velocimetry.

Oi0  00ouiifoooon 0oboo

The experiments conducted in the Virginia Tech Hydroelasticity Laboratory took place in a
nearly cubic water tank that is 4 feet wide, 4 feet long, and 3 feet tall. Black window tint
lines the back wall of the tank creating a dark background for the camera view. The water

level was held constant at 66 centimeters for all experiments that will be discussed.

Qoo Ooodooodd boooog

An oscillatory heaving motion is prescribed to the plate by a 24-V stepper motor (Nema
23) and motor controller. The rotational motion from the motor is translated to pure heave
motion by connecting a coupler on the motor output shaft to linear bearings which slide on
the t-slot framing that encases the tank. The experimental setup diagram is depicted in Fig.
2.1 from the 2.1a front and 2.1b side, where all components may be seen. The amplitude

of the prescribed heaving motion is 5.1 centimeters based on the size of the shaft coupler

8
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Figure 2.1: Experimental setup diagrams depicting the a) front view from the perspective
of the camera and b) the side view including the camera.
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A single geometry was selected for initial experiments. The flexible plate is a 1.6 mm thick
ultra high molecular weight (UHMW) polyethylene plate with dimensions 30.48 cm in width
and 60.96 cm in length. The density of the plate is approximately 941 kg/m" with a flexural
modulus between 552 MPa and 758 MPa. An aluminum keel divides the plate into two even
unsupported sections. The metal keel consists of two bar stock pieces that are 30.48 cm
long, 2.54 cm wide, and 6.35 mm thick. The two metal keel bars clamp together around the
UHMW plate and are secured to the t-slot framing rig which oscillates in the water column.
The keel separates the plate into two plates with unsupported lengths of 29.21 ¢cm on each
side. The camera focuses on only one half of the plate since both sides behave symmetrically.
The dimensions discussed are shown in Fig. 2.2 where the front view corresponds to the view

of the camera during experiments.
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Figure 2.2: Flexible plate testing specimen with top view, front view, and dimensions.

00 jOboooOoOooooba

The measurement equipment used in this experiment are described in the subsections that

follow. These include a string potentiometer, load cell, high-speed cameras, and PIV system.

00000 0O00booioOoooo

The heave motion time history is recorded with a string potentiometer which is suspended
on the rig as seen in Fig. 2.1. The SGD-80-3 resistive linear position string potentiometer
sampling at 2000 Hz is positioned perpendicular to the keel such that the measured movement
is purely heave. Calibration of the potentiometer is set to be zero when the plate is at the
free surface such that the data read depicts the instantaneous distance to the undisturbed
free surface. H denotes the water level in the tank from the bottom of the tank to the

undisturbed free surface, while h represents the keel height to the free surface.
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A PCB Load and Torque strain gauge load cell was utilized to measure the fluid loads acting
on the system. The load cell is embedded into the midpoint of the metal heave post as seen
in Fig. 2.3. Data was sampled at 2000 Hz and synchronized with the camera system by
recording the voltage of the trigger signal. The data was then shifted in post-processing
such that all instrumentation data was synchronized with the recorded images. The author
acknowledges that the movement of the heave post is not purely vertical. At its largest
pulling angle, the vertical component which acts solely in the direction of travel for the plate
is 99.8% of the total force which is read by the load cell. Since the heave post connects the
linear slides to the coupler on the DC motor, the resultant force acts at an angle rather than
purely in heave. The heave post, with the load cell attached, is 39.5 cm long, and the length
of the coupler from its center to the attachment post is 2.54 cm. The maximum angle that
the heave post reaches occurs when the length between the center of the coupler and the
attachment point is perpendicular to the motion of the plate. In the future experiments,
the linear actuators will be used to ensure the load measured is acting solely in the heaving

direction.

00000 OJ000 Ooboottoiot booiod

The potentiometer connects to an NI PXIe-1082 DAQ through a PXIe-8821 controller mod-
ule. The DAQ is fitted with NI PXIe-4492 analog input and NI TB-4330 8 Ch bridge input
modules that interface with each instrument as well as the pulse generator. The experiments
utilize a Berkley Nucleonics 577 Digital Delay pulse generator to provide the digital signal
to the DAQ system as well as the camera to initiate data collection. This enables the data

to be taken simultaneously to ensure that an accurate representation of the experiment is
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