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ABSTRACT 

This experiment aimed to quantify the effect of pitch angle on the linear and 

nonlinear wave-loading of a submerged, cylindrical body. The lower-frequency nonlinear 

loads that occur in a multi-component seaway were also investigated in greater detail for 

the zero-pitch case. Unmanned Underwater Vehicles (UUVs) are of increasing interest 

for use in littoral zones so performance parameters need to be well defined for better 

design and control. A model was subjected to single and two-component wave trains for 

pitch angles between -15° and +15° at a depth of 1.5D (model diameter). The results 

show a negligible difference in vertical force and pitch moment for this range of pitch 

angles. There was a small increase in drag force at ±15°. The two wave tests validated the 

use of superposition for predicting linear loads in a multi-component seaway. The smaller 

low-frequency, nonlinear drag and vertical forces have similar trends with a maximum 

around a 0.4 Hz frequency difference. The nonlinear pitch moment increases with 

frequency difference over the range tested. The low-frequency nonlinear loads show a 

dependence on frequency difference. 
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CHAPTER 1:
Introduction

1.1 Motivation
Themain goal of this workwas to analyze the wave forcing on a submerged, cylindrical body
at various pitch angles and frequencies of combined waves. Data from this experiment will
supplement existing knowledge for the programming and control of Unmanned Underwater
Vehicles (UUVs) near the surface. Testing at more parameters is also helpful for determining
potential mission sets and limitations in near surface operations.

As the Navy focuses more of its efforts on the potential uses of unmanned systems, the need
for accurate control and reliability is paramount. For the 2020 fiscal year alone, the Navy
budgeted $359 million for UUVs and projected a procurement of 191 vehicles between
2019 and 2024 [1]. This investment is a reflection of the importance UUVs have in future
operational uses. UUVs have the potential to take on missions deemed too dangerous for
humans, to increase endurance, and to expand the Navy’s reach in littoral zones. Tasking the
dangerous andmundanemissions toUUVswill also alleviate theworkload on trained Sailors
who would then divert their efforts to other critical areas. To achieve this integration into the
Fleet, the Unmanned Maritime Systems Program Office has identified five areas of focus:
endurance; autonomy and precision navigation; command, control, and communications;
payloads and sensors; and platform integration [2]. Accuracy and reliability in navigation
and control require a comprehensive understanding of forces acting on a submerged body to
assess and respond passively and in real-time. Amore robust understanding of wave loading
on a submerged body will aid in the appropriate sizing of control surfaces and fine-tuning
of model-based predictive control algorithms on UUVs.

Possible military applications of UUVs range from battlespace awareness to mine sweeping
to payload delivery [2]. To develop a full sense of mission capabilities, the range of operation
needs to be clearly defined. For instance, the capability of carrying advanced payloads and
sensors requires a stable platform and the ability to quickly respond to environmental
conditions. Even the ability to launch and recover UUVs is dependent on the environmental
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conditions and how stable the vehicle is for coordination with the launch platform. The 
key to expanding the use of UUVs is a more complete understanding of environmental 
conditions on its controls.

1.2 Previous Work
There have been many experimental and theoretical studies completed on free surface flow 
over submerged, cylindrical bodies. However, literature on the specific c ase o f vehicles 
moving under waves is less extensive. W.E. Cummins conducted theoretical research to 
characterize the forcing on a slender, circular body under a regular wave train using po-
tential theory [3]. His conclusion was a set of simplified force and moment equations to 
produce non-dimensionalized coefficients for any arbitrary body of revolution. More de-
tailed derivation of the equations follow in Chapter 2. Lee and Newman [4] furthered this 
approach and produced a set of equations for any slender, arbitrary body—not necessarily 
a body of revolution. Wilmott [5] then derived equations for the nonlinear vertical force 
that accounted for forward speed. Another theoretical approach was done by R.J. Englert 
and J.R. Thurne [6] to compare with Cummins’ potential theory derivation. Their approach 
utilized Morrison’s superposition theory, which adds inertial and drag components together 
for the total force on a body, which is dependent on Reynolds number. To compare the accu-
racy of the two approaches, an experimental study was also performed. The superposition 
theory predicted results better in cases where viscous forcing was important, but has the 
disadvantage of more complicated equations.

Numerical work has also been conducted to simulate the load conditions on submerged 
bodies. Pinkster [7] used three-dimensional potential theory to estimate the nonlinear loads 
on a submerged, cylindrical body. He completed an experiment to measure the nonlinear 
mean loads on a restrained cylinder to validate his numeric work. Crook [8] used a source 
panel method to simulate the nonlinear mean loads on submerged bodies; he examined 
effects of geometry and submerged conditions on the loading. A two-dimensional, finite-
difference method code was developed by Ananthakrishnan and Zhang [9] to solve the 
Navier-Stokes equations for a body under a regular wave train. Jones et al. [10] simulated 
waves in a tow tank on ANSYS CFX to model the loads on a submerged body with a square 
cross-section.
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Experimental work on a horizontal cylinder submerged under a wave train was completed
by G.M. Khalil [11]. The cylinder’s axis was parallel to the incoming wave crests as the
focus was on offshore pilings, not on UUVs. The experiment concluded that the negative
drifting force on the body was due to breaking waves over the body which create non-
linear forces. The effect of these breaking waves diminished as depth increased. A thesis
completed in the same laboratory as this present experiment was done by T.M. Turner [12]
to test the influence of cross-sections on wave loading. Four different cross-sections were
tested; all of the models had a similar cross-sectional area. The results were that there is a
dependence on aspect ratio, and that non-circular cross-sections can reduce or enhance the
wave loading. The experiment also revealed a depth dependence where the forcing trends
were different below one hull diameter under the surface. Recently, K. Suriben conducted a
thesis in this same wave tank to measure the effects of forward speed on wave-forcing and
to test the accuracy of Cummins’ inviscid potential model when viscous drag is assumed
to be important [13]. The results showed that viscous effects were present and do alter the
forcing predicted from potential theory.

Another experiment was conducted in this same laboratory byA.R.Whitmer [14]. The focus
of his work was to determine if linear superposition is valid for the forcing on a UUV-shaped
model under the influence of regular waves. He tested various single-component wave fields
followed by combinations of two- and three-component wave fields. The results confirmed
that superposition of the linear forces and moments was valid up to three regular waves. The
cylindrical model had no forward speed and was tested only at one depth and orientation.
These results add to the understanding of wave-body interactions which has applications
for fine-tuning control systems areas with complex wave forcing.

1.3 Objective
The objective of this work was to measure the effect that pitch angle has on the wave-loading
on a submerged body. Specifically, the aim was to determine the ability of superposition to
predict the linear loads and to quantify the nonlinear loads. Various pitch angles were tested
under single wave conditions and then under combined wave loading. Multiple frequency
combinations were used for the combined wave loading. All results were compared to the
control case of zero pitch angle. Both the linear and nonlinear loads were analyzed to
determine the effect of pitch and frequency differences.

3
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CHAPTER 2:
Theory

2.1 Cummins Potential Theory
A UUV or other submerged body experiences wave-induced forcing when in a wave field. 
Cummins, in the 1950s, used potential flow to develop a set of theoretical equations for a 
slender body of revolution under a regular, sinusoidal wave train [3]. These net force and 
moment equations were generic and could account for various body geometries, forward 
speed, and incoming wave heading. For this experiment, only the drag force, vertical 
force, and pitching moment (Fx, Fz, My, respectively) were of interest. The equations were 
simplified by Turner et al. for this specific model shape of  a cylinder with hemispherical 
end caps, no forward speed, and aligned perpendicular to incoming wave crests [15]. The 
simplified equations are listed in equations 2.1−2.3.

Fx = −
π

2
ρgAoh

( 1
λ∗

)
e−2πd ′b0cos (ωet) (2.1)

Fz = −πρgAoh
( 1
λ∗

) (
1 −

V
2c

)
e−2πd ′b0sin (ωet) (2.2)

My =
π

2
ρgAoLh

( 1
λ∗

)
e−2πd ′

((
1 −

V
2c

)
a1 +

(λ∗V
2πc

)
b0

)
cos (ωet) (2.3)

In these equations, ρ is fluid density, g is gravitational acceleration, Ao is cross-sectional area
of the model, h is wave height, λ∗ is wavelength, λ, non-dimensionalized by model length
L, d′ is a non-dimensional depth of d/λ,V is the model speed, c is the wave speed, ωe is the
encounter frequency, and t is time. As these tests were all conducted with no forward speed,
the V terms were set to 0. The terms a1 and b0 are integral values that are dependent on
model geometry. These values were determined by Turner et al. for a cylindrical model with
hemispherical end caps [15]. Using these integral values and equations 2.1-2.3, theoretical
values for a specific model and wave train can be calculated. However, these equations do
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not capture pitch angle of the model. This work will attempt to quantify the load deviation
from these expected, zero pitch equations.

The equations for drag force and vertical force are almost identical, except the vertical force
is predicted to be a factor of 2 larger with a response phase shift of π/2. The pitching
moment also follows a similar form, but includes an extra term of model length, L, and
a separate integral expression. The term e−2πd ′ indicates an exponential decay of forcing
with submerged depth; the deeper the model, the less force experienced. This relation is of
interest as the model will not be at a single depth when pitched.

2.2 Linear Superposition
Real operating environments for submerged vehicles consist of many underlying wave
components, making it infeasible to test every possible loading condition. An approach
tested byWhitmer, Klamo, and Kwon was to use single wave results to predict loads caused
by two-component wave trains [16]. They found that this approach was valid for computing
the linear loads using regular waves of the same amplitude. However, this method does not
capture the nonlinear loading caused by the interactions of multiple waves. These forces
arise from the interactions between the waves which result in excitation at the sums and
differences of the individual wave frequencies, f1 + f2, | f1 − f2 |, 2 f1, 2 f2, and 0. The 0
combination and the difference combination, | f1− f2 |, are typically the most important since
the other frequency combinations result in the forcing frequency being too high for the body
to respond. In the experiment, the nonlinear loads were considerably less in magnitude so
did not greatly affect the results. There are situations where the nonlinear effects could be
important. For instance, a nonlinear load could excite a natural frequency causing a greater
response than expected. To accurately model complex wave loading, superposition can be
used for linear loads along with another method for nonlinear loads.
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CHAPTER 3:
Experimental Set-Up

3.1 Laboratory
This experiment took place in the Hydromechanics Laboratory at the Naval Postgraduate
School (NPS). The tow tank is 0.914 m (3 ft) wide, 1.219 m (4 ft) deep, and 10.973 m (36 ft)
long. It has an aluminum structure with Plexiglass panels for observation of the waves and
model during testing. The tow tank and panels are displayed in Figure 3.1. The yellow arrow
indicates the direction of wave propagation in the tank. The circle indicates the location of
the wave dampening beach. The tow tank is equipped with a towing carriage for forward
and backward motion; the carriage was not used in the current experiment as all tests were
conducted at zero forward speed.

Figure 3.1. Tow tank and beach used for the experiments.

The waves are produced using a wedge wavemaker that has a 35° interior angle. It oscillates
vertically to produce the desired waves; up to a combination of three waves have been
used for experimental work in this set-up. The wavemaker is driven by an electric motor
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connected to a controller and linear actuator. Details about the motor and controls can be
found in the thesis work by Suriben [13]. The wavemaker is in Figure 3.2. The wedge
oscillates vertically to create the desired wave environment. A wave dampening beach made
of two perforated acrylic sheets is used at the opposite end of the tow tank. The beach is at
an incline of approximately 12° to maximize the energy dissipation. The beach is circled in
Figure 3.1. The energy dissipation allows for longer experimental runs with less reflected
energy in the data.

Figure 3.2. The wedge wavemaker oscillated to create the desired wave en-
vironment.

3.2 Model
The model used was a 15.24 cm (6 in) diameter, aluminum cylinder with a 0.317 cm (1/8 in)
wall thickness. A larger cylinder was used than the 11.43 cm (4.5 in) diameter cylinder in
previous thesis work in the lab to induce larger nonlinear loads. 3D-printed polycarbonate
hemispherical end-caps were attached to the aluminum body. A large clearance hole was

8



made in the stern end-cap to allow the sting to pass freely without any interference or
contact. Bleed holes were made in both the body and the end-caps to ensure a free-flooded
model as implemented in Turner’s work [12]. The model used is in Figure 3.3. The model
was at 0 pitch and 1.5D submerged in this figure

Figure 3.3. Cylindrical aluminum model with hemispherical end-caps used in
experiments.

The sting assembly consists of a vertical and horizontal member. The vertical member is a
2.54 cm x 3.81 cm (1 in x 1.5 in) aluminum bar. It is approximately 117 cm (46 in) long with
drilled holes in increments of 2.54 cm (1 in) apart. These holes allow for an adjustment in
model depth. The vertical sting is affixed to the U-channel in two locations via brackets. The
bottom bracket has a series of holes at 3.75° intervals for the change in pitch. The horizontal
member is a hollow aluminum rod with a 3.81 cm (1.5 in) outer diameter and a 2.54 cm (1
in) inner diameter. These two members are connected by a custom-made joint. This joint
is a polycarbonate printed piece that adapted the existing vertical sting so that previous
models can still be used. It connects to the horizontal sting while permitting the cable to
pass through unimpeded. The horizontal sting passes through the end cap and affixes to the
load cell inside of the model. A photograph of this assembly is included in Figure 3.4.

9



Figure 3.4. Sting and connector used to support the load cell.

3.3 Instrumentation
A waterproof load cell was used to measure the wave-induced loads on the model. The load
cell is an AMTI UDW3-500, which can measure forces and moments in all three axes. It
is stainless steel with a diameter of about 7.6 cm (3 in). The load cell settings and ranges
for this experiment are in Table 3.1. The load cell is connected to an AMTI Gen5 amplifier
and a signal conditioner to control individual channel settings. A transformation matrix was
used during data reduction to convert the load cell axes to the model’s coordinate system as
defined in Figure 4.1. The load cell axes are denoted with a subscript L and corresponding
model axes are denoted with a subscript M in Table 3.1.

10



Table 3.1. Waterproof Load Cell Parameters.

Load Cell Axes Fx, L Fy, L Fz, L Mx, L My, L Mz, L

Model Axes Fz,M Fy,M −Fx,M Mz,M My,M −Mx,M

Excitation [V] 10 10 10 10 10 10
Gain 4000 4000 4000 4000 500 4000

Test Range 88.9 N 88.9 N 333.6 N 1.69 N-m 14.12 N-m 2.26 N-m
+/- (20 lbs) (20 lbs) (75 lbs) (15 in-lbs) (125 in-lbs) (20 in-lbs)

A collar was made to attach the load cell to the horizontal sting and a ring was made to
attach the other side of the load cell to the body of the model. This set-up is in Figure 3.5.
The left connector attaches to the horizontal sting as shown. The right connector attaches
directly to the model. When submerged, the model is only connected to the ring and load
cell, not the sting or other support. The load cell is centered in the model. This set-up
permits a more direct measurement of forces on the model than in the previous set-up with
a non-waterproof load cell. The channels in the ring were made to allow water to easily fill
and drain from the model for handling purposes.

Figure 3.5. The load cell and internal connections used for the experiments.

Previously, the non-waterproof load cell was affixed to the U-channel above the model
where the pitching moment had to be moved to the model origin and the forces on the
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sting removed. This process introduced more uncertainty in the data. This load cell is an 
AMTI MC3A with similar load capacities. More details of the non-waterproof load cell and 
verification of its tolerances are included in the work of Turner [12].

To validate the waterproof load cell and new test set-up, a series of single wave runs 
were completed using both load cells and the results were compared. The waves ranged 
from a non-dimensionalized wavelength of 0.750 to 3.250. The wavelength, λ, was 
non-dimensionalized using the model length, L. The results in Figure 3.6 are for the load 
cell comparison of the non-dimensionalized axial force, CF x , and vertical force, CF z, on 
the model. These forces are the oscillating linear forces at the wave encounter frequency. 
’W’ is for the waterproof load cell, and ’N’ is for the non-waterproof load cell. Forces are 
measured in pounds. The horizontal axis is the wavelength, λ, non-dimensionalized by 
model length, L.

Figure 3.6. Load cell comparison results.

These results validated thewaterproof load cell as bothmeasured forces of similarmagnitude
and followed the same trend. The waterproof load cell is assumed to be more accurate as
it is a more direct measurement of forces on the model and does not include uncertainty
caused by removing the effects of the sting.

Five Senix ToughSonic 14 ultrasonic probes were used to measure wave height and the
displacement of the wedge wavemaker. One probe was positioned above the model to
measure any change in the passing wave due to wave-body interactions. Three probes
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were located in 15.2 cm (6 in) intervals ahead of the model to measure the incoming
wave conditions. The final probe was positioned above the wavemaker to record the wedge
oscillations. The load cell and probes were connected to a National Instruments USB-6363
data acquisition board to control the sampling rate of collection and convert the analog
voltage inputs to digital outputs. This board was then connected to a laptop to monitor the
experimental run. The three probes located ahead of the model are in Figure 3.7.

Figure 3.7. Senix wave probes measured wave height ahead of the model.
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CHAPTER 4:
Testing

4.1 Testing Matrix
The first set of tests were completed to measure the effect that pitch angle has on the
nonlinear loads and the ability to use superposition for the linear loads. The model was
tested at various angles ranging from -15° to +15° ; the sign convention for the experiment
is noted in Figure 4.1. The model is at a pitch of +7.5° in this Figure. Local axes are along
the model’s axes. Global axes are a fixed reference frame with respect to the tow tank. In the
coordinate systems, a negative pitch angle corresponds to the nose of the model closer to
the surface, and a positive pitch angle corresponds to the aft end of the model closer to the
surface; this is consistent with the convention for a right-handed system with the positive
z-axis up. The positive y-axis for both systems is into the page.

Figure 4.1. The positive sign convention is shown in both the local and global
coordinate systems.

At each pitch angle, the model was subjected to single-component and two-component wave
trains. The single-component waves all had an approximate 2.54 cm (1 in) amplitude and
ranged from λ /L = 0.75 to 3.00. The two-component waves had these same waves as well as
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a 1.27 cm (0.5 in) amplitude wave with a λ /L = 2.00, which was held constant. An example
testing sequence is included in Appendix A.

The model was submerged to a centerline depth of 1.5 model diameters (1.5D) for the
majority of pitch tests. A range of pitch angles from -15° to +15° were tested. It was also
submerged to a centerline depth of 2D for a 0° pitch and a -15° pitch to compare depth effects
and ensure any surface interactions were not interfering with results at 1.5D. A summary
of these tests is included in Table 4.1.

Table 4.1. Pitch Angle Test Parameters.

Depth/D Pitch Angle [°]

1.5

+15
+7.5
0

-7.5
-15

2
0
-15

The next set of tests involved a detailed study of the nonlinear loads on themodel, specifically
the low frequency loads from the presence of multiple waves. The model was kept at 0°
pitch and 1.5D. Two-component wave tests were completed using the same range of 2.54 cm
(1 in) amplitude waves as used previously. The fixed 1.27 cm (0.5 in) amplitude wave was
varied to five distinct non-dimensional wavelengths between λ /L = 1 and 3 as summarized
with their corresponding frequencies in Table 4.2. An entire sweep of the 2.54 cm (1 in)
amplitude waves was completed for each 1.27 cm (0.5 in) amplitude wave.
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Table 4.2. Frequency Effect Test Parameters

λ /L Frequency [Hz]
1 1.716
1.5 1.180
2 1.013
2.5 0.907
3 0.824

4.2 Testing Procedure
Tests were conducted by first placing the model at the desired pitch and depth. The holes
on the vertical sting were used to adjust the model while keeping the water depth in the
tank at approximately 96.5 cm (38 in) deep since water depth affects the wave amplitude to
wedge amplitude transfer function. The desired wave frequency and peak to peak amplitude
were provided to the wavemaker. A run was completed by recording the load and wave time
histories for 60 seconds. These were recorded in output voltages to be processed to physical
units during analysis. A full pass of the testing sequence was completed for a single wave. A
full pass means that each of the wedge frequency and amplitude combinations were tested in
a random order. Then, a full pass of the two-component wave runs were completed followed
by a half-pass through the testing sequence where every other wave combination was used.
In these tests, the 1.27 cm (0.5 in) amplitude wave was kept at a fixed frequency while the
2.54 cm (1 in) amplitude wave was varied in the same manner as the single component runs.
This half-pass allowed for more reliability in the data. This process was repeated for each
of the tested parameters.

4.3 Data Reduction
The data files of raw voltages were used in custom MATLAB scripts to extract the wave
parameters and forces. A zero file was taken at the start of each testing sweep to establish
electrical offset values for all of the sensors. In the data cleaning process, these values
were then removed from the data. Gain values were applied to convert from raw voltages
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to physical units. Transformation matrices were used to align the collected data with the
established sign conventions for both the local and global coordinate systems as defined in
Figure 4.1.

Then, the wave length, λ, was estimated using the third order, finite-depth dispersion
relationship [17] and the wave number relationship in Equations 4.1 and 4.2

ω2
i = gkiφi

(
1 +

9 − 10φ2
i + 9φ4

i

8φ4
i

(kiawi)
2
)

(4.1)

λi =
2π
ki

(4.2)

where ωi is the wave frequency, which was the same as the wedge frequency, g is the
gravitational constant, ki is the wave number, φi = tanh (kid), d is water depth, and awi is
the wave amplitude. All of these variables are for the ith wave component; i = 1 for single
waves, and i = 1,2 for two-component waves. The wave amplitude used in this calculation
is the desired wave amplitude since the achieved amplitude is yet unknown; Klamo et al.
found the estimated wavelength using desired amplitude to be within 1.5% of results using
achieved wave height [17]. This dispersion relationship was chosen since the waves were
steep in some runs and longer than twice the water depth in other runs.

The achieved wave amplitudes and phases were then calculated from the three forward wave
probe readings using the least squares curve fit in Equation 4.3.

f1(x, t) =
n∑

i=1

(
A1, i cos (ki x − ωit) + B1, i sin (ki x − ωit)

)
+ C (4.3)

The sum is for the wave components i = 1 to n, the total number of wave components. A1, i

and B1, i are the amplitudes for the cosine and sine components. These components were
combined into a single sine wave of amplitude awi and phase angle φwi. C captures the
mean of the data set. The spatial dependence accounts for the probe positions so that the
phases are all relative to the same location, not the measurement location.
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To estimate the drag force, vertical force, and pitching moment on the model, a least squares
curve fit was applied to the time history data. The function used is

f2(t) =
n∑

i=1

(
A1, i cos (−ωit) + B1, i sin (−ωit)

)
+

n∑
i=1

(
A2, i cos (−2ωit) + B2, i sin (−2ωit)

)
+ A+ cos (−|ω1 + ω2 |t) + B+ sin (−|ω1 + ω2 |t)

+ A− cos (−|ω1 − ω2 |t) + B− sin (−|ω1 − ω2 |t)

+ C

(4.4)

where, again, i = 1 to n = 2, the total number of wave components; A1, i and B1, i are the
amplitudes of the linear components; A2, i and B2, i are the cosine and sine amplitudes of the
nonlinear double frequency term; and A+, B+, A−, and B− are the cosine and sine amplitudes
of the nonlinear components due to multiple frequencies. C is again the mean value of the
signal. There is only a time dependence in this function since the load cell readings were
taken at the x-origin.

The linear force andmoment amplitudeswere then calculated by combining the linear cosine
and sine portions of Equation 4.4 into a single sine function for each desired quantity Fx ,
Fz, and My with amplitudes aF x, aF z, and aM y respectively. The nonlinear, low frequency
force and moment components were calculated in a similar fashion from the A− and B−
terms. The frequency sum and difference terms were not used in the single wave case as its
frequency sum and difference is included in the 2ω and the offset terms.

The linear forces and moment were non-dimensionalized using the form by Turner et al. in
Equations 4.5 and 4.6 [15].

CF =
aF

ρgAoh
(4.5)
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CM =
aM

ρgAohL
(4.6)

These equations are derived from the coefficients of Equations 2.1-2.3. Desired wave height,
h, is used to reduce the uncertainty from the wave probe measurements.

The nonlinear terms were non-dimensionalized using Equations 4.7 and 4.8.

CF,non =
aF

ρgDh1h2
(4.7)

CM,non =
aM

ρgDh1h2L
(4.8)

This form allows both wave heights of the nonlinear forcing to be included. The desired
wave heights were used, which are twice the component amplitudes. In this experiment, h2

is twice the magnitude of h1. The cross-sectional area becomes the model diameter, D, for
proper length scale non-dimensionalization.
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CHAPTER 5:
Results

5.1 Pitch Tests

5.1.1 Depth Effects
As mentioned in Section 4.1, tests were completed at 1.5D and 2D for the 0° and -15° pitch
angles to ensure surface-body interactions were not influencing results at the submerged
depth of 1.5D. The results for the single component axial load, Fx , and pitching moment,
My are included in Figure 5.1. The stars are the results at a submerged depth of 1.5D.
The squares are the results at a submerged depth of 2D. Red is the 0° case and blue is
the -15° case. The nonlinear vertical loads, Fz, from the two-component tests are shown
in Figure 5.2. These figures were chosen to provide a breadth of data. They have all been
non-dimensionalized as described in Section 4.3.
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Figure 5.1. These are results of the linear axial load in the global reference
frame and the linear pitch moment for the single wave component runs.

These results show a consistent trend in data for model submergence depths of 1.5D and 2D.
For the axial load, there is no load at λ/L = 1.1 for 0° pitch and then continue to increase.
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For the pitching moment, there is a steep increase until a maximum occurs near λ/L = 1.5,
then the pitching moment declines. This consistency shows that the surface-body effects
were not greatly influencing the data at 1.5D. The loads were larger at 1.5D since there
is a depth dependence in wave-loading as seen in Equations 2.1-2.3. Similar consistency
was apparent in the low-frequency, nonlinear loads as shown in Figure 5.2. The load is
plotted against frequency difference between the wave components. The stars are the results
at 1.5D. The circles are the results at 2D. Red is the 0° case and blue is the -15° case.

Figure 5.2. These are the non-dimensionalized results from two-component
wave runs for the low-frequency nonlinear vertical load in the global reference
frame.

For the two-wave tests where the wave amplitude reached 3.81 cm (1.5 in), there were
still consistent results between 1.5D and 2D. 1.5D was chosen as the test depth for the
remainder of the experiment as the forces were larger. Larger magnitudes were easier to
capture, especially in the nonlinear loads where the forces were less than 4.45 N (1 lb).
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5.1.2 Linear Superposition
The validity of linear superposition to use regular wave results to predict the linear loads
of multi-wave runs was confirmed by Whitmer at 0° pitch [14]. This experiment expanded
upon those results by testing linear superposition with the addition of varying pitch angle.
The linear components for axial force in the global coordinate system is in Figure 5.3.
The square markers represent the linear force amplitude results from the single-component
wave tests. The circles are the linear load amplitudes corresponding to the 2.54 cm (1 in)
amplitude wave from the two-component wave tests. The different colors represent different
pitch angles.

Figure 5.3. The non-dimensionalized axial force is shown with non-
dimensionalized wavelength for linear superposition analysis.

Linear superposition was validated as the results from two-component test and single wave
tests overlap. This result was consistent for all pitch angles tested. The positive pitch angles
are shown for clarity. The negative pitch angles had the same behavior. Only the axial force
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is included here for brevity; linear vertical force, Fz, and linear pitching moment, My , for
the positive pitch angels are included in Appendix B.

5.1.3 Pitch Effects
The effect of pitch angle on loading was then analyzed. Figure 5.4 are the results for
the linear axial loads at all pitch angels tested. The results shown are only from the two-
component tests for clarity; the regular wave tests had the same results as discussed with
linear superposition. The different colors represent different pitch angles.

Figure 5.4. The non-dimensionalized axial force is shown with non-
dimensionalized wavelength for pitch effect analysis.

The linear axial load at +/-15° is slightly larger than at the control of 0 pitch. Whereas at
+/-7.5° , there is not a clear bias. The increase in drag force is not linear with pitch angle.This
increase may be attributed to the increase in projected area with respective to the incoming
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waves. At 15°, the projected area is approximately 2.3 times as large as the 0°case whereas
at 7.5°, the projected area is approximately 1.65 times as large. Also, at 15°, part of the
model is closer to the surface where particle velocity is larger in magnitude, which may
increase the drag force. The linear axial force is symmetric about pitch angle; the direction
of pitch does not affect the load experienced. The local coordinate system results for linear
axial and vertical loads are included in Appendix C. The results are similar although the
increase at +/-15°is smaller.

Figure 5.5. The non-dimensionalized vertical force is shown with non-
dimensionalized wavelength for pitch effect analysis.

The next load analyzed was the linear vertical load from the global coordinate system in
Figure 5.5. The different colors represent different pitch angles. Unlike the axial load, the
vertical load does not have the same trend at +/-15° for the entire range tested. The change
in planform area is small, which is reflected in the consistency of the vertical force. Between
λ/L = 1.25 and 2.00, there is a slight increase in force for -15° pitch. During testing at
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λ/L = 1.25 there was an increase in horizontal movement of the model and resonance in
the tank. There was a small range of frequencies near this point where a resonant frequency
in the tank was excited, affecting the waves or the wave dissipation. The increase in vertical
force near this rangemay be caused by the excess motion of the set-up and not the pitch angle
alone. The rest of the results are more clustered and approximately twice the magnitude as
the axial forces which was expected.

Figure 5.6. The non-dimensionalized pitching moment is shown for pitch
effect analysis.

The pitching moment displays similar behavior; its results are in Figure 5.6. The different
colors represent different pitch angles. The pitchingmoment results are clustered throughout
most of the range tested. For λ/L between 1.25 and 1.75, the pitching moment for the +/-15°
cases is slightly larger. This region is where the resonance in the tank occurred. The effect
of pitch angle is greatest on the axial component of linear forces analyzed. For the vertical
force and pitching moment, the effect of pitch angle is small. The local coordinate system
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results for axial and vertical force are similar. They are included in Appendix C.

The pitch angle did have an effect on the mean pitching moment experienced by the model.
The mean forces are a result of the zero frequency combination discussed in Section 2.2.

Figure 5.7. The non-dimensionalized mean pitching moment is shown for
pitch effect analysis.

The mean load is approximately zero when the pitch angle is at zero as seen in Figure 5.7.
This load increases in magnitude with an increase in pitch angle and is symmetric about
zero. When at a positive pitch angle, the mean pitching moment is also positive, trying to
rotate the model further. The same is true for negative pitch angles. For +/-7.5° , the mean
pitching moment remains fairly constant over the range tested. At the pitch angles of +/-15°,
there are peaks around λ/L = 1.25 where the extra horizontal movement occurred. These
peaks are caused by resonance in the test set-up.

The effect of pitch angle on low-frequency, nonlinear loads was then analyzed. These

28



nonlinear loads result from the frequency difference between the two wave components.
The nonlinear axial and vertical force components are in Figure 5.8.

Figure 5.8. The low frequency nonlinear axial and vertical forces are shown
with the frequency difference between the wave components.

Both forces have a similar trend with a maximum occurring near a frequency difference -0.4
Hz and a local minimum at 0 Hz difference. The vertical force is larger than the axial force,
which is the same trend as the linear forces. Near the maximum value in Fx , there is some
increase in the +/-15°values. There appears to be minimal effects from pitch angle in Fx over
the rest of the tested range. In Fz, there exists a small increase in load for +/-15° although
the results are still closely clustered. The pitch angle does not have a large influence on the
axial and vertical nonlinear forces, but it does on the pitching moment.
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Figure 5.9. The non-dimensionalized nonlinear pitching moment is shown
with the frequency difference between the wave components.

The nonlinear pitching moment is affected by the pitch angle. For +/-15° , the pitching
moment is larger throughout the tested range of frequency differences. For +/- 7.5° , there is
an increase in load between the frequency difference of -0.2 Hz to 0.2 Hz. The overall trend
for the nonlinear moment is the same in all pitch angles with a maximum occurring near
-0.6 Hz and a local minimum at 0 Hz difference. This trend is consistent with the nonlinear
forces in Figure 5.8.

5.2 Frequency Tests
The next set of tests were completed for a detailed look at the low-frequency, nonlinear
forces. All of these frequency tests had two-wave components and were conducted at zero
pitch angle. The fixed wave was varied between λ/L = 1 and 3. The nonlinear axial and
vertical forces plotted versus frequency difference are included in Figures 5.10 and 5.11.
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The colors represent the different λ/L values that were held constant.

Figure 5.10. The nonlinear axial load is plotted versus the frequency differ-
ence of the two wave components.
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Figure 5.11. The nonlinear vertical load is plotted versus the frequency dif-
ference of the two wave components.

Both the axial and vertical nonlinear force components show similar behavior on either side
of zero. They both reach maximums at +/- 0.4 Hz frequency difference between the two
wave components. This trend is consistent with results in Figure 5.8. In Fz, the magenta
circles representing the fixed wavelength of λ/L = 1 are the smallest in magnitude followed
by the orange circles of λ/L = 1.5. The rest of the markers are similar in magnitude. This
trend is reasonable since, for a fixed depth, the influence due to the wave increases as the
wavelength increases. The magnitude of nonlinear forces is dependent on the frequency
difference of combined waves. This relationship is also clear in the pitching moment in
Figure 5.12.
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Figure 5.12. The nonlinear pitching moment is plotted versus the frequency
difference of the two wave components.

The pitching moment increases as the frequency difference increases in magnitude. The
moment continues to increase over the range tested on the positive side of the plot (where
the fixed frequency was higher than the changing frequency). On the negative side of the
plot, the moment increase until -0.6 or -0.7 Hz at which the data reaches a local maximum
and begins to decline. This trend is consistent with Figure 5.9 where the data reaches a
maximum near -0.6 Hz frequency difference and then declines. The range of testing stops
before the decline of nonlinear moment develops. The effect of frequency difference on the
pitching moment is symmetric. The λ/L of the fixed wave component alters the magnitude,
but not the shape, of the results.
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CHAPTER 6:
Conclusions and Future Work

6.1 Conclusions
Experiments were completed to analyze the wave-loading of a body at various pitch angles
and wave conditions. Single-component and two-component waves were used to examine
the linear and nonlinear loads. A detailed study on the nonlinear loads was then completed
by varying the frequency difference during two-component testing.

Results from the single and two-component wave tests validated the use of linear super-
position with a body at a pitch angle between -15° to +15°; regular wave results can be
used to predict the linear loads of complex wave environments. No modification to linear
superposition is needed when the body is pitched within the range tested during this ex-
periment. The low frequency, nonlinear loads must be determined using a different method
than regular wave testing.

The effect of pitch angle on linear loading was found to be small. An increase in linear drag
force occurs at +/-15° as the projected area increases. This force increase is not apparent
at +/-7.5°. For the linear vertical force and linear pitching moment, there was no apparent
effect from pitch angle. For the axial and vertical nonlinear loads, there was not much
effect from pitch. Both nonlinear forces had the same trend with a peak occurring near
-0.4 Hz frequency difference between the wave components. Near the peak, there was a
slight increase in force for +/-15°, but this trend was not consistent over the tested range. The
mean pitching moment, resulting from the 0 frequency combination, increases in magnitude
with pitch angle and is symmetric about the zero axis. The nonlinear pitching moment also
showed a dependency on pitch angle. The pitching moment was consistently larger for
+/-15° and was larger for +/-7.5°over the range of -0.2 Hz to 0.2 Hz frequency difference.
Overall, the pitch angle did not have a large effect on the wave-loading on the model. There
were small increases in linear axial force, mean pitching moment, and nonlinear pitching
moment.

The nonlinear loads exhibited a dependence on the frequency difference between the two

35



wave components. The axial and vertical nonlinear loads had similar behavior about zero
and had the same shape with maximums at +/-0.4 Hz of frequency difference. As the
wavelength of the fixed wave component increased, so did the magnitude of the nonlinear
force. The nonlinear pitching moment increased as frequency difference increased over the
range tested. The nonlinear loads are dependent on the frequency difference of the wave
components, not on the actual frequencies of the two waves. These results were consistent
with the low-frequency nonlinear loads analyzed for pitch effect.

6.2 Future Work

6.2.1 Nonlinear Loading Conditions
More testing to understand nonlinear loads is needed to develop an accurate model of
complex wave environments interacting with a body. Continued testing with more fixed
wavelength combinations and a larger amplitude fixed wave will contribute to a better
understanding. Whitmer conducted a three-component wave test to analyze the linear loads
[14]. Repeating this test to analyze the nonlinear loads and then expanding on the multi-
component test will develop amore robust knowledge of complex seaways. Detailed analysis
should also be conducted on the mean loads that result from the zero frequency combination
of waves.

6.2.2 Test Environment
In order to reduce the horizontal movement and resonance that was creating artificial peaks
in the data, the test set-up will need added support in the lateral direction. Also, to achieve
larger wave amplitudes and more wave components, the wavemaker vibration needs to be
dampened so that the linear actuator does not fault. These improvements will expand the
testing ability of the facility.

36



APPENDIX A:
Testing Matrix Example
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APPENDIX B:
Linear Superposition Results

Figure B.1. Linear Superposition—Vertical Force. The non-dimensionalized 
vertical force in the global coordinate system is shown with non-
dimensionalized wavelength. The squares are results from the single, regular 
wave. The circles are the linear portion of the results from the two-component 
wave tests. The different colors represent different pitch angles.
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Figure B.2. Linear Superposition—Pitch Moment. The non-dimensionalized 
pitch moment in the global coordinate system is shown with non-
dimensionalized wavelength. The squares are results from the single, regular 
wave. The circles are the linear portion of the results from the two-component 
wave tests. The different colors represent different pitch angles.
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APPENDIX C:
Pitch Effect Results

Figure C.1. Pitch Effects—Local Axial Force]. The non-dimensionalized ax-ial 
force in the local coordinate system is shown with non-dimensionalized 
wavelength. The different colors represent different pitch angles. Results from 
single wave and two wave tests are included.
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Figure C.2. Pitch Effects—Local Vertical Force. The non-dimensionalized ver-
tical force in the local coordinate system is shown with non-dimensionalized 
wavelength. The different colors represent different pitch angles. Results from 
single wave and two wave tests are included.
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