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ABSTRACT

This research investigates the capability of computational fluid dynamics to accurately
model the performance of a vertically oscillating wave-generating wedge and resultant
wave-induced loads on a submerged object in a tow tank. Specifically, the wave height,
wave frequency, and unsteady forces on a submerged body were determined from numerous
simulations and compared to experimentally measured data from nearly identical condi-
tions as the simulations. Time histories of the water surface elevation were experimentally
measured at various fixed locations in the tank to characterize the wave propagation. Once
the wave environment was verified as being accurately captured, a fully submerged body
was included in the experimental and simulated tanks. Identical waves were generated in
both the physical and numerical environments, and passed over a square cross section sub-
merged body that was located near-surface. The experimentally measured and numerically
simulated unsteady forces and moments on the body were compared. The model captured
loads experienced by the body quite accurately at low wavelengths, yet overestimated loads
at higher wavelengths. Future studies should further refine simulation mesh resolution
and investigate loads experienced by different geometries at a variety of depths to better
understand over-prediction at large wavelengths.
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CHAPTER 1:
Introduction

1.1 Importance of Tow Tank Testing
Modern naval architecture and marine engineering necessitates the use of parametric ex-
perimentation to develop hydrodynamically effective vessels and structures. Historically,
these experiments have been done in tow tanks. In such an experimental domain, conditions
such as the wave environment, vessel orientation, and testing speeds are easily controlled
to produce indispensable data. Tow tank data has evolved to include ship performance in
waves, wake studies, and stability of submerged vessels. The future of developments in
naval architecture will require the tow tank to be an invaluable piece of equipment for testing
the seaworthiness of vessel hull shapes prior to their full-scale development.

1.2 NPS Tow Tank
The Naval Postgraduate School (NPS) has a small tow tank built in the 1970s. This 10.97
meter (36 foot) long facility is short by academic standards and has lacked wave generation
capabilities since its conception. Experiments were limited to towing small-scale models
of ship hulls at low speeds in calm water. Displayed in Figure 1.1, the Halligan Hall tow
tank features a carriage tow plate mounted on rails in the middle of the tank.

Figure 1.1. NPS Halligan Hall tow tank before wedge installation.
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In 2016, NPS student Ensign Ryan Tran adapted an existing vertical plunging wedge wave
maker design used at the U.S. Naval Academy to the NPS tow tank, thus adding wave testing
to the tank’s experimental capabilities [1]. The fully installed wedge is shown in Figure 1.2.
However, the tank still lacked the instrumentation to record wave behavior, specifically
wave height over time. Additionally, the tank was without equipment that would record
multi-axial transient hull forces resulting from the waves.

Efforts have been made to expand the capabilities of the testing facility, but these additions
are time consuming, and in many cases, expensive. The ability to monitor phenomena such
as wakes, turbulence, multi-axis loads, and vessel orientation require a considerable amount
of engineering creativity. In many cases, observation of these parameters interferes with
the testing environment. Limitations in the physical testing environment necessitate the use
of numerical studies to augment experimental results.

Figure 1.2. Side view of wedge wave maker system.
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1.3 Numerical Study
Numerical methods of studying fluid dynamics are a relatively new approach of modeling
fluid behavior in a virtual domain. Computational fluid dynamics (CFD) has provided
engineers with the ability to conduct preliminary studies of fluid environments without run-
ning physical experiments. Numerical models allow the comparison of geometries in their
respective operating environments without intrusive measuring equipment. Computational
fluid models allow investigation of fluid conditions in great detail by producing outputs such
as velocity and pressure fields. Simulated geometries may include ship hulls, submarine
hulls, lifting surfaces, or turbomachinery, among endless other examples. Modern comput-
ers are powerful enough and CFD has matured such that meaningful calculations can be
made on a single desktop computer using one of dozens of CFD software packages.

An advantage of numerical study is that a user may manipulate the environment physics to
suit the needs of the test. This capability may be extremely expensive or impossible in the
physical domain. While a tow tank has a finite depth (which may impact results, however
slightly), a numerical environment may run simulations in an environment of infinite depth
and width. Additionally, parameters such as viscosity may be altered in order to study the
magnitude of its effect on results.

The speed at which geometries may be created and analyzed in a CFD environment is
generally much faster than those geometries may be physically produced and observed.
Even with modern fabrication methods such as 3D printing, scale-models can take days to
weeks to produce, even with the requisite CAD files on hand. In a computational domain,
geometries can be rapidly created or altered in a CAD software, then simply uploaded to a
CFD program for analysis.

1.4 Motivation
Current efforts involve developing an accurate replication of theNPS tow tank and oscillating
wedge in a virtual environment. The numerical domain must first be verified as an accurate
representation of the physical world, specifically in respect to the studies that the tank is
currently being used to conduct.
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1.4.1 Difficulties Encountered with Unsteady Vertical Loads
In an increasingly clandestine world, an unsurpassed number of naval operations are being
done beneath the surface of the sea. Submarines have proven themselves important and ca-
pable as ever in the realms of anti-submarine warfare (ASW), anti-surface warfare (ASuW),
and strategic deterrence. The U.S. Navy is investing billions of dollars into a future that
involves heavy use of unmanned undersea vehicles (UUVs) and autonomous undersea ve-
hicles (AUVs). These vehicles, which will range from the size of a football to the size of
a school bus, have already found their niche in oceanography, bathymetry, communication,
payload delivery, mine countermeasures (MCM), intelligence, surveillance, and reconnais-
sance (ISR), information operations (IO), time critical strike (TCS), and ASW [2]. Many
undersea operations for UUVs and submarines must be done near the surface, oftentimes
in heavy seas and at a forward velocity. In such cases, the effects that the sea state has on
the depth control of the vehicle cannot be ignored. Mission success may depend upon the
ability of the vehicle to not only stay completely submerged, but also maintain depth within
a small margin.

Unfortunately, waves make this task difficult, especially for smaller vehicles. Orbital
velocities of water particles become increasingly significant close to the surface. This
increased orbital velocity translates to unsteady forces on a near-surface vehicle, which has
the potential to cause a surface breach.

1.4.2 Long-Term Goal
The ocean environment is complex, made up of many waveforms. Traditionally, it is
decomposed into a superposition of individual waveforms. If the loads caused by a single
waveform can be understood and predicted, they could then be combined in the appropriate
manner to predict loads in a realistically complex environment. If this process could be
done in real-time, predictive control algorithms could be developed. Near-surface vehicles
utilizing such an algorithm would be able to adjust their control surfaces in anticipation of
transient loads resulting from passing surface waves, effectively mitigating the surfacing
effects.

Wave tanks such as the one at NPS will prove vital in developing such algorithms. Once the
numerical testing environment is validated for waves passing over a square cross sectional
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body, simulations can be expanded to include testing of curved or axisymmetric bodies in
simple and complex waveforms. An understanding of the contribution of each individual
waveform is then necessary to accurately predict loads on a vehicle. Once the relationship
between constituent waves and transient loads on a particular vehicle geometry is thoroughly
understood, predictive algorithms may be developed to counter these loads.

1.5 Objective
The objective of this study is to assess the accuracy of the numerical wedge-driven wave
tank in terms of wave structure and resultant forces on submerged bodies, specifically in
the environment of the NPS tow tank. To accomplish this objective, a numerical wave tank
was created and validated with experimental results. The accuracy of simulated loads on a
near-surface body in the validated wave tank was then assessed.

1.5.1 Experimental Approach
Experimental data to include wave elevation and multi-axis loads on a submerged body was
necessary to validate the numerical tank. The NPS tow tank has recently been modernized
accordingly. As previously stated, an oscillating wedge accompanies a motor, controller,
and actuator as the wave-generating mechanism. Ultrasonic probes have been placed at
various locations along the tank to record wave height at discrete time intervals. Load cells
attached to a submerged axisymmetric body measure transient loads experienced by the
body.

1.5.2 Numerical Approach
The physical tow tank has been rendered as a CAD model with the exact dimensions of the
tank andwedge. Wedgemotion functions identical to those used in the physical domainwere
observed, and the resulting wave heights and frequencies were compared to those generated
experimentally. A temporal and spatial resolution study was then conducted to determine
the optimal simulation parameters for this particular study. Heights of waves generated by
various wedge inputs were observed and a transfer function relating wave height to wedge
amplitude was developed. A square cross section geometry was then rendered and inserted
into the fluid domain. Waves of varying shape were generated and resultant transient loads
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were observed. Geometries, transverse location of the submerged body, and depth of the
submerged body were kept identical to parameters in the experimental domain.
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CHAPTER 2:
Background and Literature Review

2.1 Linear Wave Theory and Dispersion Waves
Gravity-driven water waves can encompass a wide range of wavelengths. These different
wavelengths propagate at different speeds, and similar wavelengths will interfere with each
other. The resultant wave structure has a distinct phase speed and group speed. The phase
speed is the speed of the individual ripples in a wave set. These are easy to visually observe
in an environment such as a wave tank. The group speed is the speed of the envelope or the
speed of disturbance. Figure 2.1 demonstrates the effect of different phase speeds causing
spreading of the wave packet.

Figure 2.1. Di�erence in group and phase speed of dispersive wave packet.
Source: [3].

The equations relating wavelength, wave period, phase speed, and group speed are different
depending upon water depth. In shallow water (depth less than 5% the wavelength), the
waves interact with the bottom, influencing wave behavior. Once the water exceeds a certain
depth (about half of thewavelength of the surfacewaves) the bottom interaction is negligible.
Waves in water between 5% and 50% of the wavelength are considered intermediate waves
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and follow a third set of relations. The dispersion relations are shown in Table 2.1. These
relations are derived from linear wave theory in an inviscid fluid.

parameter symbol

angular frequency ω

frequency f

group velocity cg
period T

phase velocity cp
water depth d

wavelength λ

wave number k

k =
2π
λ

ω = 2π f

f =
1
T

quantity deep water intermediate shallow
d > 0.5λ 0.05λ > d > 0.5λ 0.05λ > d

λ
g

2π
T2

(
2π
T

)2
=

2πg
λ

tanh
(
2πd
λ

)
T
√
gd

cp
g

2π
T

√
g

k
tanh(kd)

√
gd

cg
g

4π
T

1
2

cp

(
1 +

2kd
sinh(2kd)

) √
gd

Table 2.1. Surface wave dispersion equations.
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2.1.1 Steepness Limitations
Wave amplitude and wavelength are individual parameters and can be specified indepen-
dently of each other up to a certain limit. For a given wavelength, the amplitude can take on
any value up to the limit that causes the crest of a wave of that wavelength to break. That
limit is known as the wave steepness, H/λ. If a wave becomes too steep, it will break. The
theoretical maximum steepness of periodic deep water waves according to Stokes Wave
Theory is 1/7 [4]. In reality, the theoretical wave steepness can never be reached, and a
practical wave steepness of 1/10 is commonly used. Decreased critical wave steepness is
due to imperfections and noise in the experimental facility.

2.1.2 Stokes Waves
Rather than behaving like simple, sinusoidal waves, waves of steepness greater than 1/20
behave according to Stokes Wave Theory [5]. Stokes waves are asymmetric about the calm
water surface in that the crests are high and narrow while the troughs are shallow and wide.
This asymmetry is due to the constant downward force of gravity on the fluid. Since the
wave conditions investigated in this study were fairly steep, an asymmetric wave profile
was observed. This behavior was captured using a third-order Stokes wave approximation.
Accordingly, the Stokes wave height is approximated as

H = 2a
(
1 +

3
8

k2a2
)

(2.1)

where a is the first order sine wave amplitude and k is the wave number.

2.2 Prior Work in Numerical Wave Tanks and Near-
Surface Loads

Studies have previously been done to examine the efficacy of capable numerical models of
wave tanks. Additionally, a great deal of effort has gone into investigating the theory behind
vertical forces acting on near-surface bodies.

9



2.2.1 Numerical Wave Generation
Finnegan and Goggins conducted numerical wave tank simulations of a flapper type wave
maker in a tank with a sloped beach using ANSYS CFX [6]. Specifically, they investigated
two-dimensional models and compared the results of the wave structure to those generated
bywavemaker theory, and the water particle velocities were compared to linear wave theory.
No experimentally generated results were used for comparison in this study.

Yim et al. conducted a study comparing two numerical methods to waves experimentally
generated by a free falling rigid body [7]. The study determined that the two models,
Reynolds-averaged Navier-Stokes (RANS) and smoothed particle hydrodynamics (SPH),
sufficiently modeled "the free surface elevation time series" in a two-dimensional environ-
ment where the wave generation mechanism is a free falling cylinder.

Galdelho et al. investigated the accuracy of numerically generated waves in a wedge type
wave tank where an absorbing beach was present [8]. The CFD software used in this study
was OpenFOAM. Vertical wedge force and wave heights were recorded. Numerical data
was then compared to corresponding experimental data. Various wedge frequencies and
amplitudes were used. Results of this study revealed that the particular setup of the CFD
software produced numerical waves that were slightly smaller in height than the physical
waves, but overall very similar in structure.

2.2.2 Loads on Near-Surface Submerged Bodies
Numerous experimental studies have been conducted to examine the effects of waves on
submerged bodies of various geometries. Alvarez, Bertram, and Gualdesi compare ax-
isymmetric hull shapes of a submerged body with respect to minimizing skin friction, form
resistance, and wave resistance [9]. Simple time stepping of a modified simulated anneal-
ing technique was validated with experimental results to determine the more efficient hull
shape. The study was carried out in calm water and vertical forces on the hulls were not
considered.

TheDavidTaylorModelBasin (currentlyNaval SurfaceWarfareCenterCarderockDivision)
conducted a study in 1954 that derived the theoretical first-order forces and moments on
a body of revolution under a sinusoidal wave in an inviscid fluid and compared this to
experimentally measured loads [10]. Forces and moments acting on a model of a GUPPY
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submarine hull were observed and found to be in alignment with the classical lift equations
for the hull geometry and wave characteristics, despite substantial experimental scatter.

Khalil conducted an experimental study in which waves were passed transversely over
a submerged cylinder at varying depths [11]. A load cell measured mean vertical and
horizontal forces over the cylinder. Transient forces were found to follow a near-first-
order profile, unless waves were breaking, thus introducing nonlinear wave forces. These
nonlinear effects were amplified as the cylinder was brought closer to the surface. This study
did not produce a well-defined relationship between wave behavior, depth, and geometry to
observed body force.

Previous studies investigating the forces observed by bodies in a three-dimensional CFD
simulation of a wedge type wave tank are limited. Most existing evaluations of numerical
wave tanks are done in two dimensions. ANSYS CFX must be validated specifically in
the three-dimensional environment before more complicated tests may be carried out. The
current study addresses these limitations.

2.3 Numerical Methods
The basis of computational fluid dynamics involves first rendering a fluid domain in a
computer aided design (CAD) program, then discretizing that domain into a user-defined
number of small elements. Boundary conditions of the fluid domain are then defined and
the Navier-Stokes equations are evaluated iteratively in each element. Simulations can be
run for both steady state and transient problems, whereby the Navier-Stokes equations are
applied for each user-defined time step.

2.3.1 Navier-Stokes Equations
The three-dimensional unsteady Navier-Stokes equations are presented in Equation (2.2)
through Equation (2.6). Equation (2.2) is the continuity equation. Equation (2.3) to
Equation (2.5) are the momentum equations in the x, y, and z directions, respectively.
Equation (2.6) is the energy equation. All equations are in their conservation form [12].

∂ρ

∂t
+
∂(ρu)
∂x

+
∂(ρv)

∂y
+
∂(ρw)

∂z
= 0 (2.2)
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∂(ρu)
∂t
+
∂(ρu2)

∂x
+
∂(ρuv)
∂y

+
∂(ρuw)
∂z

= X −
∂p
∂x
+

1
Re

(
∂τxx

∂x
+
∂τxy

∂y
+
∂τxz

∂z

)
(2.3)

∂(ρv)

∂t
+
∂(ρuv)
∂x

+
∂(ρv2)

∂y
+
∂(ρvw)

∂z
= Y −

∂p
∂y
+

1
Re

(
∂τxy

∂x
+
∂τyy

∂y
+
∂τyz

∂z

)
(2.4)

∂(ρw)

∂t
+
∂(ρuw)
∂x

+
∂(ρvw)

∂y
+
∂(ρw2)

∂z
= Z −

∂p
∂z
+

1
Re

(
∂τxz

∂x
+
∂τyz

∂y
+
∂τzz

∂z

)
(2.5)

∂(ET )

∂t
+
∂(uET )

∂x
+
∂(vET )

∂y
+
∂(wET )

∂z
= −

∂(up)
∂x
−
∂(vp)
∂y
−
∂(wp)
∂z

−
1

RePr

(
∂qx

∂x
+
∂qy
∂y
+
∂qz

∂z

)
+

1
Re

[
∂

∂x
(uτxx + vτxy + wτxz)

+
∂

∂y
(uτxy + vτyy + wτyz) +

∂

∂z
(uτxz + vτyz + wτzz)

] (2.6)

where (x,y,z) are position components, (u,v,w) are velocity components, t is time, ρ is fluid
density, p is pressure, τ is fluid shear stress, Re is Reynolds number, Pr is the Prandtl
number, ET is total energy, X , Y , and Z are fluid body forces, and q is heat flux [13].

2.3.2 Finite Volume Method
ANSYS CFX, the CFD software used in this study, uses a finite volume method (FVM) to
achieve a numerical solution [12]. The FVM involves discretizing the fluid domain into
small elements, or control volumes. Figure 2.2 shows such a two-dimensional element. The
array of elements is referred to as the domain mesh. The governing differential equations
(unsteady Navier-Stokes equations) are then integrated over each element to determine fluid
state values at all discrete points in the mesh [12]. Mass, momentum, and energy are
conserved inside each control volume. In transient simulations, a differential time stepping
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scheme is used to evaluate fluid properties at each user-defined time step [14].

Figure 2.2. Illustration of a two-dimensional �nite volume element used
by ANSYS CFX to apply conservation laws and numerically solve for �uid
properties. Source: [12].

FVM is the most commonly used numerical method for current CFD packages. It is
able to achieve high accuracy solutions with comparatively low computational time. The
FVM allows great flexibility when structuring the mesh and may be applied to both two-
dimensional and three-dimensional simulations [14]. These advantages make this method
ideal for the current study.
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CHAPTER 3:
Experimental Setup

3.1 Description of Experimental Facility
The experimental tow tank is 10.97 meters (36.0 feet) long, 0.911 meters (3.0 feet) wide,
and 1.219 meters (4.0 feet) deep. The tank is aluminum walled with Plexiglas windows
on one side to allow observation. The tank has a maximum fill capacity of 9166.8 liters
(2421.6 gallons) and is supported by I-beams that span the length of the tank. For this study,
the tank was filled with fresh water and was kept at a depth of 0.91 meters (3.0 feet). The
wave maker system is mounted near the end of the tank.

3.2 Wave Maker Setup and Actuation
The tank’s wave maker is the product of former NPS student Ensign Ryan Tran. The system
is based on a similar wave maker used at the U.S. Naval Academy by the Naval Architecture
and Ocean Engineering department [1]. The 5086 marine grade aluminumwedge is slightly
less than 0.911 meters (3.0 feet) wide to allow for clearance with the sides of the tank. It has
a declination angle of 35 degrees from the vertical and is 0.610 meters (2.0 feet) in height.
The geometry of the wedge is shown in Figure 3.1 and a side view of the wedge is shown
in Figure 1.2.

The wedge was fabricated by the NPS Mechanical and Aerospace Engineering Machine
shop by welding together four individual faces. To prevent leaking, the interior seams were
coated with a marine sealant. Frequent cleanings of the wedge face were required to prevent
fouling and corrosion. Consequently, the outside of the wedge was coated with Flex-Seal
liquid rubber.
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Figure 3.1. Dimensioned drawing of the wedge geometry used in experiments
and numerical simulations.

The wedge creates waves by oscillating vertically. The wedge is attached to a support frame
that is free to travel along two vertical rails using Teflon sliders. The frame is attached
to a linear actuator and electric motor to provide oscillatory motion. Roller bearings
prevent wedge motion in the transverse direction, keeping oscillations purely vertical. The
frame was constructed of 80/20 prefabricated aluminum T-slot profiles and corresponding
accessory pieces. The wedge support frame is shown in Figure 3.2.
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Figure 3.2. The frame supporting the wedge, made of 80/20 T-slotted
aluminum pro�les.

Motion of the wedge is controlled by a motor, controller, and linear actuator. The motor
used is a MOOG - Animatics MT Motor, which provides a peak torque of 3.94 N-m
(34.88 in-lb). It has a 1120 watts of peak power and a maximum rotational speed of 3330
rpm. The controller is a Modusystems Pulse/Dir controller MAC-2TC interfaced through
Snap2Motion software. This software allows the user to easily and quickly define control
parameters of wedge motion. The linear actuator is an E-Drive L-TAC LS long stroke ball
screw linear actuator. It has a maximum stroke of 0.6096 meters (24 inches), a maximum
thrust of 1779.3 newtons (400 pounds), and a maximum linear speed of 0.4064 m/s (16.0
in/s).
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3.3 Data Collection
Senix ToughSonic ultrasonic probes are used to measure distance to a point of reflection. In
this experiment, they were used to measure distance to the water surface and wedge motion.
For the wedge, the Senix probe measured the distance to a piece of electrical tape placed
along a horizontal arm of the support frame, while three additional probes were mounted
at 2.74 meters (9.0 feet), 5.49 meters (18.0 feet), and 8.23 meters (27.0 feet) downstream
from the wave maker. These distances correspond to nondimensionalized x/L values of
0.25, 0.50, and 0.75, where L is tank length.

An AMTI six-component MC3A load cell and Gen5 signal conditioner and amplifier
measure all three components of force and moment observed by a submerged body. An
aluminum sting is secured to the aft face of the body and the body center is set directly
beneath the load cell. The signal conditioner collects the force and moment signals at a rate
of 100 Hz so that they may be collected by a MATLAB collection routine. The load cell is
shown attached to the tow tank carriage plate in Figure 3.3.

Commanded wedge displacement is sinusoidal. The user defines the amplitude, frequency,
and phase of the commanded sine function in the Snap2Motion software. As the wedge
oscillates, the MATLAB collection routine collects voltage readings from each probe at a
user defined frequency (50 Hz for this study) for 60 seconds. Simultaneously, the force and
moment readings from the load cell are collected and compiled. Probe, force, and moment
voltages are compiled into a single comma-separated values file.

A post-collection analysis routine applies a gain to the probe voltage readings to produce
wave elevation in inches, with the zero elevation point set prior to wave generation when
the water is calm. A gain is applied to the load cell voltages to produce force and moment
readings in units of pounds and inch-pounds, respectively. The gauge electrical offset is
also removed using the results of the calm water zero file. The data is then compiled
into a "cleaned" comma-separated values file with elevation, force, and moment in their
appropriate units.
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Figure 3.3. Load cell measures three-dimensional force and moments.

3.4 Wave Limitations
In order to not introduce the effects of shallow water into the investigation, efforts were
made to ensure that waves analyzed were deep water waves. The rotating water particles of
intermediate and shallowwaterwaves interferewith the solid bottom, introducing extraneous
nonlinear wave effects. Additionally, only non-breaking waves were analyzed to avoid
interruptions of the periodicity of the waves.

3.4.1 Deep Water Limitations
Deep water waves are defined as waves that have wavelengths less than double the water
depth [15]. The resting water depth of the NPS tow tank is 0.9144meters (3.0 feet), meaning
that maximum wavelength was 1.829 meters (6.0 feet). Applying the deep water dispersion
relations outlined in Table 2.1, it is found that the minimum deep water wave frequency for
the NPS tow tank is 0.924 Hz. Wave frequencies slightly below this limit were considered in
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the study but the resultant calculated wavelength was corrected for non-deep water effects.
The difference between the deep water wavelength and the corrected value for our lowest
tested frequency was less than 1%.

3.4.2 Steepness Limitations
In order to keep the waves from breaking and disrupting the periodicity of generated
waves, experimental inputs were kept such that steepness did not exceed the practical wave
steepness limit of 1/10. Using this limit and a sine wave amplitude approximation, the
relationship between wave amplitude and wavelength for non-breaking waves is defined in
Equation (3.1).

2a
λ
<

1
10

(3.1)

3.4.3 Wedge Speed Limitations
The linear actuator that drives the wedge has a maximum operating speed of 40.64 cm/s
(16.0 in/s). The wedge reaches its maximum speed as it is passing through the center of its
stroke. In order to keep this speed below the maximum speed of the actuator, the amplitude
and frequency must satisfy the following inequality.

aw <
0.406
2π f

(3.2)

where aw is amplitude of the wedge oscillation in meters.

Figure 3.4 summarizes the amplitude and frequency operating limitations of the experimen-
tal wedge.

3.4.4 Run Time Limitations
The experimental study featured a simple beach at the end of the tank to dampen waves that
reached the end wall. The numerical study, however, involved no beach to dampen waves
once they reached the end of the tow tank. Waves completely reflected off of the end wall.
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Figure 3.4. Inequality plot showing wedge operating conditions. Frequencies
and amplitudes in the blue region may be used.

In order to remove wave reflection as a factor affecting wave behavior, simulations were
ended before reflected waves reached the probes. Runs at the lowest allowable frequency,
0.924 Hz, propagate at a phase speed of 1.69 m/s. At this speed, the waves reach the end
of the tank in 6.49 seconds. Higher frequencies would reach the end at an even later time.
Simulations were run until reflected waves returned to the area of interest, or 16 seconds,
whichever occurred first.

3.5 Testing Matrix
To determine the appropriate simulation parameters to apply, a parametric study comparing
computationally generated waves to experimentally generated waves was done first. Factors
such as mesh refinement, time step, and type of meshing method were varied while wedge
motion was kept constant at 1 Hz frequency and 2.54 centimeters (1.0 inch) amplitude.
Numerically simulated waves were compared to waves of a single experimental run.

The geometry of the NPS tow tank and its wave maker are unique. Accordingly, the waves
generated by a given wedge command are as unique as the facility. Commanding the wedge
to oscillate at a certain amplitude and frequency will not necessarily produce waves with
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identical oscillatory behavior. A transfer function was developed to relate wedge amplitude
to resultant wave height. Tested frequencies ranged from 0.75 Hz to 1.5 Hz. Five amplitudes
ranging from 0.635 centimeters (0.25 inches) to 5.08 centimeters (2.0 inches) were tested at
each frequency. Experimental and numerical transfer functions were compared to validate
the simulations.

Finally, three-dimensional forces and moments observed by a submerged body were tested.
The body is a simple rectangular prism with a square cross section. The width of the body,
WB, is 10.16 centimeters (4.0 inches) and the length, LB, is 1.016 meters (40.0 inches),
corresponding to an aspect ratio of 10. The body was 3D printed by a Fortus 400mc rapid
prototyping machine and is composed of polycarbonate. It was assembled as three 25.4
centimeter (10.0 inch) segments, one 15.2 centimeter (6.0 inch) segment, and two 5.08
centimeter (2.0 inch) end caps. Due to size limitations of the 3D printer, the body had to be
printed in sections rather than a single piece. The assembled body is shown in Figure 3.5.

Figure 3.5. CAD model of 3D printed body inserted into experimental wave
tank.

The aft end has a 3.175 centimeter (1.25) inch diameter hole in its center to allow a sting
through the body. The sting keeps the segments rigid and straight as the waves pass over.
The support arm extends out the back of the body and up to connect directly to the load cell.
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Figure 3.6. Square cross section body submerged in tow tank at a centerline
depth of 20.32 centimeters (8.0 inches).

The center of the body was placed 2.74 meters (9.0 feet) from the wedge. Two series of
tests were done, one at a center line depth of 20.32 centimeters (8.0 inches), and another
at a center line depth of 10.16 centimeters (4.0 inches). These depths correspond to a
nondimensionalized depth of d/WB = 2 and d/WB = 1. Nondimensional wavelengths
(λ/LB) varying from 0.5 to 2 were generated with a wave amplitude of 2.54 centimeters
(1.0 inch), and resultant forces and moments were observed by the load cell. Figure 3.6
shows the submerged body in the test setup with waves passing over it.
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CHAPTER 4:
Numerical Setup

The numerical simulation of the tow tank’s wave environment was done in ANSYS CFX
version 17.2. The tank and wedge geometries were duplicated in SOLIDWORKS 2015 as
closely as possible. Figure 4.1 is a side view of the fluid domain used in ANSYS CFX.

Figure 4.1. Side pro�le of numerical wave tank and wedge within ANSYS
CFX.

Figure 3.1 details the geometry of the numerical wedge. Its face is 35 degrees from the
vertical and is 0.61 meters (2.0 feet) tall. In both two-dimensional and three-dimensional
simulations, the wedge spans the width of the numerical tank. A gap of 0.203 meters (8.0
inches) is behind the wedge, which is identical to the physical wedge setup.

4.1 Tank Physics
The fluid domain was modeled as fresh water at 25°C and air at 25°C. Both were at a
reference pressure of 1 atmosphere. The calm water height was 0.914 meters (3.0 feet).
Gravity was modeled as 9.81 m/s2 (32.2 ft/s2). A k − ε turbulence model was used to
capture the effects of turbulence.

4.1.1 Wedge Motion
The wedge was defined as a boundary to the meshed fluid domain. The mesh that com-
posed the wedge deformed according to the commanded wedge displacement. Wedge
displacement was defined according to Equation (4.1).
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z =
(
1 − e(−3t2)

)
aw sin(2π f t + φ) (4.1)

where aw is the wedge amplitude, f is the oscillation frequency, φ is the phase (kept to zero
for all simulations in this study), and z is vertical wedge displacement. The exponential
term in front of aw models the buildup of the wedge displacement to its full amplitude. The
physical wedge also has a start-up behavior that is reasonably captured with this equation.

4.1.2 Boundary Conditions
The initial parametric study was kept as a two-dimensional fluid domain in order to run full
simulations in relatively short computational time. For these two-dimensional simulations,
the tank was 0.02 meters thick, and the side walls were modeled as symmetries. Symmetries
inANSYSCFXare free-slip boundaries, which have zero shear stress, effectively infinitizing
the domain in the direction normal to the boundary. The side walls were changed to no-slip
smooth walls in the three-dimensional case. The tank back, tank bottom, tank front, and
wedge were all modeled as no-slip smooth walls. The top of the tank was modeled as an
opening, which allowed only air to pass in and out of the domain according to the local
pressure at the boundary.

4.2 Parametric Study of Modeling Conditions
A number of user-defined parameters may be manipulated in ANSYS CFX. These param-
eters affect model convergence, computational time, and model accuracy. They must be
adjusted according to the given problem one wishes to study. The parameters that were
adjusted in this study were mesh shape, mesh size, and time step. Each were altered while
other variables were kept constant to determine the effect each parameter had on model
performance. For the following parametric study, all simulations used a wedge oscillating
at 2.54 centimeters (1.0 inch) in amplitude and 1 Hz in frequency.

4.2.1 Mesh Size
Mesh size influences the results of a numerical simulation. Typically higher resolution
meshes yield more accurate results. Many simulations will not reach convergence if the
mesh is not fine enough. It is for this reason that the area immediately above and below

26



the free surface (the area with the most fluid movement) is more refined than the rest of
the domain. Higher mesh resolution, however, drastically increases computational time. A
parametric study was done to find the most accurate practical mesh face size in the two-
dimensional case. Face size varied from 2.5 millimeters (0.984 inches) to 10 millimeters
(0.394 inches), corresponding to 624.5 elements per wavelength and 156.1 elements per
wavelength. All other parameters were held constant.

4.2.2 Mesh Shape
A meshing algorithm inherent to the ANSYS CFX software suite is responsible for con-
structing a mesh that fits the size and shape of the fluid domain. The user may define the
shape of the two-dimensional or three-dimensional elements that compose the domain. The
most common volume element shapes are tetrahedral and hexahedral, shown in Figure 4.2.

Figure 4.2. The same �uid domain meshed with hexahedrons (left) and
tetrahedrons (right). Source [16].

Tetrahedral mesh has triangular shaped faces and is effective for meshing curves, sharp
angles, and complex geometries. However, tetrahedral meshes tend to require many more
elements to render a domain. Hexahedral mesh has rectangular faces and is brick shaped.
Meshing with hexahedrons is much more computationally efficient but requires much more
user intervention to mesh around complex geometries.

In the numerical wave tank, the mesh 0.229 meters (9.0 inches) above and below the free
surface was much more refined to more accurately capture fluid behavior, as shown in
Figure 4.3. The face size of these refined elements were varied from 1.25 millimeters
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(0.044 inches) to 10 millimeters (0.394 inches) for both mesh shapes, corresponding to
nondimensionalized resolution quantities of 1249.0 elements per wavelength and 156.1
elements per wavelength, respectively. A parametric study was done to determine the
optimal meshing technique for the given scenario. Computational effort (total number of
elements required to mesh the domain) and accuracy of wave height were considered to
determine the ideal mesh shape for the rest of the study. Figure 4.3 shows the meshed fluid
domain with a highly refined band at the free surface.

Figure 4.3. Meshed tank �uid domain.

4.2.3 Time Step
Time step size in transient CFD simulations plays a role in simulation accuracy. A smaller
time step generally leads to better convergence at a cost of more computing time required.
A study was done to determine the effect that different time steps had on wave amplitude.
Time step size was varied from 0.0025 seconds to 0.01 seconds, corresponding to nondi-
mensionalized time resolutions of 400 time steps per wave period and 100 time steps per
wave period, respectively. Performance factors considered were simulation computational
time and accuracy of wave height.

4.2.4 3D versus 2D Simulations
Finally, a study was done to compare a three-dimensional numerical tank model to a two-
dimensional one. Computing time for the three-dimensional case was on the order of ten
times longer, but more accurately reflects the experimental setup. The width of the tank
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was extended to 0.9144 meters (3.0 feet) and the side walls were treated as smooth no-
slip boundaries rather than free-slip symmetries. The same mesh refinements used in the
two-dimensional size study were observed in the three-dimensional simulations. Time step
and mesh shape were held constant. Simulated three-dimensional wave amplitudes were
compared to those generated by the two-dimensional simulations and the experimental case.

4.3 Obtaining a Wedge-Wave Transfer Function
A transfer function relating wedge amplitude to wave amplitude was developed to determine
the required wedge command to produce the desired waves for a given oscillatory frequency.
A transfer function was developed for the numerical domain by relating Stokes wave height
to twice the commanded wedge amplitude. The tested wedge amplitudes ranged from 6.35
millimeters (0.25 inches) to 50.8 millimeters (2.0 inches) and wedge frequencies ranged
from 0.75 Hz to 1.25 Hz.

4.4 Transient Forces on a Submerged Body
After developing transfer functions for both domains, force and moment analysis for single-
component waves was done on a near surface submerged body. The body used in CFD
analysis was of the same geometry as the body used in the experimental setup. It was
placed in the same position in the tank (2.74 meters from the wedge and 20.32 centimeters
in depth).

Figure 4.4. Cross section of meshed �uid domain with body inserted.

In the ANSYSCFX solver, the submerged bodywas treated as a fixed rigid body. The body’s
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center of gravity and center of buoyancy were placed at the centroid. Time histories of
vertical force andmoment about the centroidwere observed for 16 seconds. Nondimensional
wavelengths (λ/LB) of 0.625, 0.75, 0.875, 1.0, 1.125, 1.25, 1.375, 1.5, 1.6, 1.7, 1.8, and 2.0
were generated at a wave amplitude of 2.54 centimeters.
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CHAPTER 5:
Results and Discussion

5.1 Numerical Wave Tank Parametric Study

5.1.1 Determination of Mesh Size
Mesh face size was varied from 2.5 millimeters to 10 millimeters and resultant wave heights
at various tank locations were compared to the physical case. Commanded wedge amplitude
and frequency were 2.54 centimeters and 1 Hz, respectively. Amplitude readings by the
probes located at 2.74 meters (9.0 feet), 5.49 meters (18.0 feet) and 8.23 meters (27.0 feet)
are shown in Figure 5.1.

It is clear from Figure 5.1 that the amplitudes of the waves in the numerical simulations are
slightly smaller in magnitude than those generated experimentally. However, the general
shape of both experimental and numerical waves are very similar. The wave frequencies are
all identical. Additionally, numerical and experimental wave packets show an initial slight
spike of wave height followed by a roughly constant-amplitude series of waves.

A sinusoidal curve fit function was applied to the time history wave elevation data in a
least-squares sense to determine first-order amplitude. The wave height was then estimated
by applying the first-order amplitude to the Stokes wave height formula along with the
correspondingwave number. Wave height from each simulation at each probewas compared
to experimental wave height via a wave height ratio (identical waves would have a ratio of
one). Results are shown in Figure 5.2.
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(a) x/L=0.25 (9 feet).

(b) x/L=0.5 (18 feet).

(c) x/L=0.75 (27 feet).

Figure 5.1. Wave amplitude readings from both the physical and numerical
domain at di�erent locations in the tank.
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Figure 5.2. Height ratio comparing simulation wave height to experimental
wave height for various mesh sizes.

Figure 5.2 shows that decreasing the mesh size improves accuracy of the results. However,
even the most accurate run achieved only 77.3% of experimentally measured wave height
at the x/L=0.25 probe. Additionally, less artificial wave dissipation down the length of the
tank occurs as mesh size is decreased. The 2.5 millimeter (624.5 elements per wavelength)
simulation achieved 10.36% dissipation from the first probe to the third probe, as opposed to
45.2%dissipation in the 10millimeter (156.1 elements perwavelength) case. Computational
time increases exponentially for each reduction in mesh size, making simulations refined
much more than 2.5 millimeters impractical. A mesh face size of 2.5 millimeters was used
for the rest of the study.

5.1.2 Determination of Mesh Shape
The size study discussed in the previous section used tetrahedral mesh. A similar size study
was done for hexahedral mesh, and the results were compared. Figure 5.3 shows the height
ratio results for various mesh sizes of both mesh shapes.
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Figure 5.3. Height ratio comparing simulation wave height to experimental
wave height for various mesh sizes of tetrahedral and hexahedral mesh.

The wave height ratio of simulated waves for identical mesh face sizes is virtually identical
between the tetrahedral and hexahedral case. At a face size of 1.25 millimeters, the
hexahedral mesh was able to achieve a wave height ratio of 80.1% at the x/L=0.25 probe.
The same case also achieved 10.2% dissipation from the first to the third probe. Hexahedral
meshing requires more user intervention to ensure neatly structured mesh, but can achieve
a high resolution grid using far fewer elements. The result is that simulation run times for
hexahedral cases were much shorter than their tetrahedral counterparts. Rendering a fluid
domain with a smaller mesh face size was much more computationally practical when using
hexahedrons. Table 5.1 shows the number of elements rendered in the two-dimensional case
for various face sizes of the two different meshing techniques. The ratio of tetrahedrons to
hexahedrons rendered for a given mesh face size is given in the last row.
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Table 5.1. Number of elements rendered for various face sizes of both mesh-
ing techniques.

Simulations done using hexahedral elements were completed much faster than tetrahedral
simulations. Hexahedral mesh with a free surface face size of 2.5 millimeters (624.5
elements per wavelength) was used going forward.

5.1.3 Determination of Time Step
Simulations were run at various time steps in two dimensions with a constant mesh face size
of 2.5 millimeters and hexahedral mesh. The wave height ratios for the various temporal
resolutions are outlined in Figure 5.4.

Figure 5.4. Wave height ratio for various time steps.

The data shows that decreasing the time step to less than 100 time steps per wave period
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(0.01 seconds) contributes negligible simulation accuracy while increasing computational
time. A time step of 0.01 seconds was maintained for the rest of the simulations.

5.1.4 Three-Dimensional versus Two-Dimensional Simulation
Simulations were expanded to the three-dimensional case to better reflect physical tank
conditions. The three-dimensional case was fifty elements deep in the z direction, meaning
that each rendering consisted of fifty times more elements than the two-dimensional case.
Computational times were much longer. The three-dimensional fluid domain was rendered
with mesh face sizes of 2.5 millimeters (624.5 elements per wavelength), 3.75 millimeters
(416.3 elements per wavelengths), and 5.0 millimeters (312.3 elements per wavelength).
Wave height ratios were determined at each probe and compared to the two-dimensional
case.

Figure 5.5. Wave height ratio for various mesh face sizes in both the 3D
and 2D case.

For the 2.5 millimeter case in three dimensions, the height ratio at each probe is only
between 1.0% and 1.9% less than the two-dimensional height ratio. Simulations for the rest
of the study were kept in three dimensions and a mesh face size of 2.5 millimeters (624.5
elements per wavelength) was used.
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5.2 Wedge-Wave Transfer Function
Despite mesh refinement, simulations produced waves slightly shorter in height than the
experimental case. In order to ensure that the waves passing over a submerged body in
future experiments and simulations were as similar as possible, transfer functions had to
be used to relate wedge amplitude to wave height for both the experimental and numerical
case. The transfer function is defined as Ψ = H

2aw
. In Figure 5.6, Ψ is shown for both the

physical and numerical tank as a function of wedge frequency.

Figure 5.6. Transfer function relating wave height to wedge amplitude.

A second-order polynomial curve fit was used to fit both data sets. These two polynomi-
als were then used to determine the required wedge amplitudes for the tow tank and the
simulations so that each produced a wave amplitude of 2.54 centimeters (1.0 inch). The
transfer functions ensure that wave height is consistent between corresponding experiments
and simulations. Lower frequency simulated waves behave much more like their experi-
mentally generated counterparts. Simulated waves of frequency 0.75 Hz to 0.875 Hz show
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heights of 88.6% to 99.1% of the same experimental waves. Additionally, there is much
less height variance among different wedge amplitudes at these low frequencies. High fre-
quency simulations (1.0 Hz to 1.25 Hz) show much more variance among different wedge
amplitudes and are 78.2% to 85.1% accurate.

5.3 Force and Moment Analysis
Time histories of body forces and moments were recorded for a wave amplitude of 2.54
centimeters (1.0 inch) and a body center line depth of 20.32 centimeters (8.0 inches).
Nondimensional wavelengths varied from 0.625 to 2.0 in the numerical case. A large
number of data points were collected in the experimental case to develop well defined force
and moment curves. Example time histories of force and moment from the λ/LB = 1.375
simulation are shown in Figure 5.7.

(a) Nondimensionalized Force. (b) Nondimensionalized Moment.

Figure 5.7. Simulation force and moment time history for λ/LB = 1.375
case.

For each experimental run and simulation, a sine wave with frequency equal to the wedge
oscillation was fit to the steady portion of the force and moment time history data in a
least-squares sense to determine the oscillation amplitude of each. In Figure 5.7, the steady
portion of the signals was considered to begin at 10 seconds. The steady state frequency
of the force and moment oscillations was exactly equal to the wedge (and wave) frequency.
Figure 5.8 shows nondimensionalized force andmoment coefficients for both the experiment
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and simulation as a function of nondimensional wavelength. Force and moment coefficients
are defined by Equation (5.1) and Equation (5.2).

C f =
F

ρgLBWBa
(5.1)

Cm =
M

ρgL2
BWBa

(5.2)

The experimental force results show that there are two distinct curves that exist over this
span of wavelengths with a local maximum on the lower wavelength curve and a global
maximum on the higher wavelength curve. A local minimum exists at λ/LB = 0.85, where
the force felt by the body drops to nearly zero. At λ/LB = 0.8125 and λ/LB = 0.9375 the
experimental data varies significantly from the trend. These points were tested four times
each, producing similar results. A possible explanation is that this wave frequency matches
the resonant frequency of the sting holding the body, causing a sudden jump in applied force
at a particular frequency. The experimental moment results show a similar trend of two
local maxima, with the higher wavelength maximum being greater in magnitude. There is
a minimum in the moment data at λ/LB = 0.6875 where the moment felt by the body drops
to nearly zero.

The simulation force data has a lower "hump" similar to the experimental data. This hump
and its corresponding local maximum, however, occur at a slightly larger nondimensional
wavelength. Simulation force amplitudes of higher wavelengths approach a maximum
force in a similar manner to the experimental force amplitudes. However, these numerically
predicted forces at nondimensionalized wavelengths of 1.5 and greater are significantly
larger than the forces recorded experimentally. In the nondimensional wavelength range of
1.125 to 1.375, simulation force amplitudes closely predict physical loads. The simulation
moment data much more closely fits the experimental data points, especially at lower
frequencies. The moment data reaches a global maximum at λ/LB = 1.6. The predicted
nondimensionalized moment at this wavelength is about 40% larger than the experimentally
observed moment, which occurs at a smaller wavelength.
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(a) Force amplitudes for a variety of wavelengths.

(b) Moment amplitudes for a variety of wavelengths.

Figure 5.8. Experimentally measured and numerically predicted amplitudes
of the wave-induced oscillating vertical force and pitching moment on a sub-
merged body near the surface as a function of nondimensional wavelength.

40



An identical study was conducted with the body at a center line depth of 10.16 centimeters
(4.0 inches). The simulation conditions were identical to the 20.32 centimeters (8.0 inches)
depth case, yet the force and moment time histories were too chaotic and random in nature
to have the amplitude of a least-squares fit sine wave be meaningful in any manner. As
a result, the simulation force and moment amplitude data points did not form a coherent
trend and were significantly different from the experimentally generated curves, which did
show strong periodic loading. The simulation results for the λ/LB = 0.625 case is shown
in Figure 5.9 as an example.

(a) Force time history (λ/LB = 1.375). (b) Moment time history (λ/LB = 1.375).

Figure 5.9. Simulation force and moment time history for λ/LB = 0.625 and
d/WB = 1 case.

The irregularity of the simulation force andmoment data for a very shallow body is likely due
to the relatively high velocity fluid striking the blunt front of the body. This effect requires
much higher resolution mesh in the vicinity of the body in order to ensure more accurate
interaction with the fluid and rigid surface. Additionally, a very shallow body induces
irregular wave effects, similar to waves breaking on a beach. This "breaking" phenomenon
is much more random and irregular than smooth, non-breaking waves in terms of observed
body force. The current mesh refinement may not be able to accurately resolve the breaking
of waves passing over the model. This leads to non-periodic loads in the simulation. In
the experiment, the shallowness of the body does disturb the waves, but they still maintain
coherent form and produce periodic loading. Higher resolution mesh around the body will
be necessary for more accurate results in very shallow cases. Figure 5.10 shows how a very
shallow body disturbs the waves passing over it.
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Figure 5.10. Waves becoming incoherent as they pass over a very shallow
body (d/WB = 1), shown left, compared to waves passing coherently over a
deeper body (d/WB = 2), shown right.
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CHAPTER 6:
Conclusions and Future Work

The strong dependence that grid size, grid shape, and time step have on numeric accuracy
and computational time necessitated that a parametric study be conducted to optimize them.
It was determined that a three-dimensional simulation of waves in the tank was feasible
when 2.5 millimeter hexahedral mesh was rendered at the free surface and simulations were
conducted with a time step of 0.01 seconds. Accuracy of generated wave heights varied with
wave frequency. At lower frequencies (0.75 Hz to 0.875 Hz), simulated wave heights were
very accurate, with simulated Stokes heights ranging from 88.6% to 99.1% of experimental
heights and negligible dissipation. At higher frequencies, it was found that dissipation
increases and simulated waves are 78.2% to 85.1% as high as experimental waves.

At a body depth of twice the cross sectional width (20.32 centimeters) and wave amplitude
of 2.54 centimeters, the general behavior of the amplitude of the predicted oscillating
force resembled that of the corresponding experimental cases. The trend was slightly
shifted, however, with a force minimum and local maximum occurring at a slightly higher
wavelength. The moment data much more closely resembled the experimental results at
low to middle range nondimensionalized wavelengths. A broader testing matrix is needed
in the future to better understand how the simulation body force and moment relate to the
experimental results. Different depths, wave heights, and body geometries will need to be
considered.

CFD has been proven as a valuable method of augmenting studies conducted in the NPS
tow tank. Future tests involving wave generation can be conducted numerically before
physical models are used in the tank. Effectively using a numerical model to represent
physical phenomenon requires comprehensive understanding of the behavior of the model
for the desired application. A great advantage of CFD is also its great challenge—physical
phenomena are not automatically defined like they are in the real world. The proper physical
models and constants must be applied, tested, and evaluated before any merit can be given
to their results. This study accomplished that for the specific domain that is the NPS tow
tank with wedge-driven wave generation.
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The goal of this study was to validate CFD as a useful tool in the endeavor of studying,
quantifying, and predicting wave behavior of a wedge-type wave maker and resultant loads
on near-surface submerged bodies. While many more simulations must be refined and
conducted to expand the robustness of CFD for this specific application, great understanding
has been developed in regard to simulated waves.

6.1 Future Work
Additionalmesh refinement is necessary to improve simulation accuracy at higher oscillation
frequencies. Under current model conditions, simulations conducted at wedge frequencies
of 1.0 Hz and higher produce waves that are 14.9% to 21.8% shorter than physical waves
generated under the same wedge conditions. Additionally, mesh resolution should be
increased around the body to see if wave irregularities may be more accurately captured. A
higher resolution grid may also solve the inaccuracies of the predicted force and moment
amplitude curves.

This study only examined forces and moments experienced by a submerged body at one
depth and one wave height. The logical next step is to conduct the same force and moment
study at a wide breadth of wave heights and body depths. Next, forward velocity should be
applied to the body to examine how this impacts the transient forces and moments. After
extensive exploration in a physical and numerical test facility, predictive force and moment
algorithms may be developed for the given geometry. With body depth, body velocity, wave
height, and wavelength, one could predict the steady state loads that the submersible will
perceive.

A simple square cross section prism was used as the submerged body in this study. Ob-
viously, a submersible with any intention of being hydrodynamically efficient would avoid
this shape, but rendering hexahedral mesh around square corners is much simpler than
rendering around curves. The square body was used as a proof of concept to see if force
and moment simulations could practically be compared to results. The next step to apply
the findings of this study will be to swap the square body for a rounded, axisymmetric one.
Eventually, a CAD model of an actual UUV or submarine may be used. This will require
much more user intervention and sophistication in the meshing process, but once a mesh is
rendered, simulations will be identical to the square body case. Overall, the results of this
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study are promising yet show room for fine tuning to better develop an accurate numerical
representation of a complicated physical phenomenon.
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