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Wave energy converters (WECs) are devices that generate mechanical or electrical power

from the motion of ocean waves. Point absorber WECs react to the motion of the ocean

waves at or near the surface, and have a characteristic surface expression of less than one

tenth of a wavelength. Two-body, point absorber WECs rely on the reaction force produced

by a submerged component, usually a heave plate, to capture power from ocean waves.

This work is motivated by limited understanding of heave plate hydrodynamics, necessary

to produce accurate WEC models.

In oscillatory flow, drag and inertial forces experienced by flat plates and cylinders have

been shown to vary with the Keulegan-Carpenter number. We demonstrate that this extends

to an asymmetric hexagonal conic heave plate suitable for a point absorber WEC. The forces

on three geometric scales of this plate were measured by forced oscillation experiments in

quiescent water. From these measurements, phase-invariant and phase-dependent coefficients

of drag and added mass are calculated using a Morison decomposition. For low amplitude

oscillations, the total force experienced by the conic heave plate is well-described by phase-

invariant coefficients that scale with the Keulegan-Carpenter number. However, for larger

oscillations, maximum forces are better described by phase-dependent coefficients. Flow

visualization is used to interpret the phase variations.



We explore the role of heave plate topology on fluid reaction forces using three repre-

sentative shapes: a hexagonal flat plate, a hexagonal conic with an open top, and the same

with a closed top that encloses a fluid mass. We force each test article sinusoidally in a

quiescent tank and decompose the reaction force using forms of the Morison equation for

phase-invariant and phase-dependent parameterizations. We find that a flat plate gener-

ates 5.3% more fluid reaction force than the open conic topology, and 21.4% more than

the enclosed conic. We also show that asymmetric topologies generate asymmetric reaction

forces, but the magnitude of asymmetry is limited by nearly symmetric fluid inertia forces,

which dominate over drag for these test articles. Additionally, we observe asymmetric vor-

tex dynamics for the flat plate when the Keulegan-Carpenter number is between 1 and 2,

accompanied by a shift in the phase of the peak force by ≈ 7% of the oscillation period. As a

consequence of this shift, the hydrodynamic coefficients estimated from the phase-dependent

Morison equation decomposition are asymmetric, suggesting that phase-dependent represen-

tations may not provide physical insight in some hydrodynamic regimes and that flat plates

may have multiple reaction force profiles for a range of Keulegan-Carpenter numbers.

Finally, we apply results from heave plate experiments to models of a two-body point

absorber WEC. We approximate these hydrodynamics using three parameterizations: (1) as

low-fidelity coefficients invariant across sea state, accurate only at the reference sea state, (2)

mid-fidelity coefficients dependent on the oscillation amplitude, but invariant in phase, which

accurately represent forces for small amplitude motions, and (3) high-fidelity coefficients

dependent on both oscillation amplitude and phase, which represent hydrodynamic forces

accurately for all oscillation amplitudes. As dynamical models of WECs often rely on a low-

fidelity representation, it is important to understand how this practice impacts wave energy

converter modelling and whether code bases should be extended to incorporate higher-fidelity

representations of heave plate hydrodynamics. Here, we validate an analytical model for a

two-body point absorber WEC against field data and a dynamical model. We then use the



analytical model to evaluate the effect of these parameterizations on estimates of heave plate

motion, tension between the float and heave plate, and electrical power output from the

WEC.

We find that predictions of electrical power output using mid-fidelity coefficients differ

by up to 30% from models using low-fidelity coefficients for regular waves ranging in height

from 0.5 - 1.9 m. High-fidelity coefficients, however, yield less than a 5% change when

compared with mid-fidelity coefficients. This suggests that mid-fidelity coefficients can be

important for accurate wave energy converter modeling, but the added complexity of high-

fidelity coefficients yields little further benefit. We show similar, though less pronounced,

trends in maximum tether tension, while heave plate motion has only a weak dependence

on coefficient fidelity. Finally, we emphasize the importance of using experimentally derived

added mass over that calculated from boundary element methods (another common practice

for dynamical models), which can lead to substantial under-prediction of power output and

peak tether tension.

In total, this work experimentally characterizes the hydrodynamics of asymmetric heave

plates across scale and topology, touches on the intricacies of vortex behavior in these exper-

iments, and models two-body WECs using heave plate hydrodynamic parmeterizations of

varying fidelity to determine the impact on WEC behavior. This fills a gap in the literature

in asymmetric heave plate hydrodynamics. This also provides the first characterization of

the impact of enclosed fluid on the reaction force heave plates provide to point absorber

WECs. Moreover, we provide guidance on the use of these hydrodynamic parameteriza-

tions to WEC modellers, assessing the changes seen in model behavior for low-, mid-, and

high-fidelity hydrodynamic representations.
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Chapter 1

INTRODUCTION

1.1 Wave energy converters

Harnessing power from the marine environment is an active area of research and development,

with a growing emphasis on blue economy applications where the global presence of wave

energy [10] provides compelling opportunities [16]. Wave energy converters (WECs) are

devices that convert the power of ocean waves into usable forms of energy, such as electricity.

This emerging technology has the potential to spur development of new activities at sea and,

at a larger scale, diversify generation on the electrical grid. One archetype for these WECs

is a point absorber, characterized as a device with a wave-actuated component much smaller

than one ocean wavelength [6]. These devices consist of a surface float connected to a

reaction body or seafloor anchor. The use of a reaction body free from the seafloor allows

for operation of the devices in deep water and free-drifting configurations. This architecture,

generically shown in Fig. 1.1, is the focus of my research, and provides a rich domain for

study. Advancement of this technology requires accurate knowledge of forces on the system,

and the ability to adequately model device dynamics. The emphasis of this dissertation is

on the heave plate hydrodynamics.

1.2 Hydrodynamic forces in oscillatory flow

Over 150 years of research informs our current understanding of oscillatory hydrodynamics.

Foundational work by Stokes [31] and Basset [2], who studied the motion of a submerged

spherical pendulum, established the complexity of this hydrodynamic problem. Work since

has covered many different geometries and applications. Much of the recent work originated

in the oil and gas industry, where calculations of force on cylindrical spars and damping plates
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Figure 1.1: Representative point absorber wave energy converter.

were important for structural design and reduction of motion on deep sea oil platforms.

The hydrodynamic force (Fh) acting on an object in oscillatory flow is often decomposed

into two component forces, drag (Fd) and added mass (Fa), written as

Fh = Fd + Fa. (1.1)

This decomposition is referred to as the “Morison equation” [18]. The drag force is propor-

tional to the squared velocity of flow past the body. Since we primarily focus on vertical

heave motion, velocity (ż) will be referenced as the derivative of vertical position, z. We

write the drag term as

Fd =
1

8
CdπρD

2ż|ż|. (1.2)

where Cd is the coefficient of drag, ρ is fluid density, and D represents plate diameter. For

non-circular plates, D is equal to the diameter of a circle with area equal to that of the body
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being studied. We call this representation the “effective” diameter.

We can similarly write the added mass term as a product of a nondimensional added

mass coefficient (Ca), fluid density (ρ), reference volume (πD3/6), and acceleration (z̈). The

reference volume is often taken as the displaced volume of the oscillating body, but for a thin

body, we use the volume of a sphere with a diameter equal to the body’s effective diameter.

This representation is employed for all heave plate topologies considered in this dissertation.

We can therefore write the added mass term as

Fa =
1

6
CaπρD

3z̈. (1.3)

The Morison equation cannot describe all possible hydrodynamic forces arising in oscil-

latory flow and other decompositions have been proposed Sarpkaya and Isaacson [30]. The

depth of a heave plate is such that it experiences negligible wave radiation, diffraction, and

excitation forces, but forces due to vortices remain a possibility. Extensive debate exists

around how to mathematically account for these effects. Competing theories typically add

a third term to the Morison equation, but there are three different realizations of this third

term.

First, Lighthill [15] accounted for the vortex force as a quadratic velocity term, grouped

with drag. He writes that the forces may be approximated through the use of an ideal added

mass coefficient and an experimentally determined drag coefficient. This is disputed by

Sarpkaya [28], who notes that this neglects links between vortex behavior and fluid memory.

Sarpkaya shows that the drag approximation accurately represents hydrodynamic forces only

for small amplitude oscillations.

A second technique characterizes the vortex force through the use of an additional inertia

term. This technique, similar to theory discussed by Basset [2], requires the use of an

experimentally measured inertia term, an ideal fluid inertia component, and a drag term.

This method, while providing a better approximation to the force for larger oscillations, still

neglects any connection between vortex forces and velocity dependent forces [28].
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As a result, Sarpkaya [29] suggests a third formulation: that the vortex force contains

components proportional to both drag and inertia, making it difficult to separate from the

drag and added mass terms of the Morison equation. Thus, the most accurate decomposition

would include a third term proportional to some combination of velocity and acceleration.

The mathematical complexity of such a decomposition leads to the suggestion by Sarpkaya

and Isaacson [30], Sarpkaya [26, 27, 29] that the Morison equation, while theoretically in-

complete, is sufficient for many ocean engineering problems. We therefore focus our analysis

on traditional Morison decomposition and, but utilizing flow visualization to contextualize

these hydrodynamics. We also revisit these theories as they relate to our results.

1.3 Nondimensional scaling of hydrodynamic forces on submerged bodies

Keulegan and Carpenter [12] were the first to explore the scaling implications of a traditional

Morison decomposition for cylinders and flat plates in oscillatory flow. Importantly, they

identify a dimensionless ‘period parameter,’ now known as the Keulegan-Carpenter number

(KC), which describes the scaling of Cd and Ca. In the original work, this parameter is

written as

UmT

D
, (1.4)

where Um is the maximum velocity of flow past the object during oscillation, and T is the

period of oscillation. For sinusoidal oscillation, Um = 2πA/T , where A is the amplitude of

oscillation, so Equation 1.4 can therefore be written as

KC =
2πA

D
. (1.5)

This reduction eliminates the dependence on frequency. It may also be evident that the KC

number is the inverse of the Strouhal number.

Additionally, the Roshko number (Ro or β) is a non-dimensional oscillation frequency
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and relates KC to the Reynolds number (Re) [33] as

Ro = β = D2f
ν
, (1.6)

Re = UmD
ν
, and (1.7)

Re = (KC)β = 2πA
D

D2(1/T )
ν

= 2πAD
νT

, (1.8)

where f is the oscillation frequency in rad/s and ν is the kinematic fluid viscosity in m2/s.

We use β and Re to assess hydrodynamics scaling effects secondary to KC.

Tao and Dray [32] studied heave plates to reduce the motion of offshore structures. This

study focused on the effect of porosity on hydrodynamic coefficients of flat heave plates, using

a Morison decomposition. They found that higher porosity increased drag coefficients at low

KC, but decreased drag at high KC. In contrast, more porous plates exhibited reduced

added mass coefficients for all KC.

Two studies using a modified Morison equation with linear damping in place of quadratic

drag. Garrido-Mendoza et al. [8] first used numerical methods to analyze added mass and

damping coefficients as a function of plate submergence depth. Both coefficients increased

when oscillations occurred “near” a seabed or free surface, and damping coefficients were

related to calculated enstrophy, the integral of vorticity over a surface. In subsequent work,

Garrido-Mendoza et al. [9] used flow visualization and force measurements from heave plate

oscillation to validate the numerical simulation. These studies concluded that hydrodynamics

become independent of depth when the oscillation midpoint is at least one object diameter

from the surface. These results, however, were limited to oscillations with KC < 2.

More recent work by Bezunartea et al. [4] focused on a heave plate used to reduce the

motion of a floating offshore wind turbine. They analyzed the scaling of drag and added mass

coefficients for three sizes of flat circular plates. Coefficients of drag and added mass were

found to depend only on KC and were independent of frequency and physical scale. Further,

they showed that a linear damping coefficient was both scale and frequency dependent. In an

effort to reduce scale and frequency dependence, we focus on a quadratic drag term, rather
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than a linear damping term, to capture viscous effects in the flow.

1.4 Studies of heave plate hydrodynamics for point-absorber WECs

Recently, studies of oscillatory hydrodynamics have expanded to two-body point absorber

WECs (e.g. Fig. 1.1). Beatty et al. [3] studied a two-body WEC that used a rigid column to

connect heave plate to floating body, comparing the performance with and without a damping

plate. This hydrodynamic comparison showed a drastic increase in added mass when using

a damping plate, which shifted the period of peak power production towards that of more

typical ocean waves. Additionally, in conjunction with a control scheme, the reduction of

high frequency motion increased power output. This demonstrated the effectiveness of heave

plates for point absorber WECs.

Brown et al. [5] characterized the hydrodynamics of both asymmetric and flat heave plates

under forced oscillation. These plates were designed for the “miniWEC”, a point absorber

consisting of a cylindrical float, connected by tether to a submerged heave plate, much like

the device shown in Fig. 1.1. Drag and added mass depended primarily on KC and weaking

on the frequency of oscillation for both geometries. However, a reconstruction of total forces

from the Morison equation was found to underestimate the peak hydrodynamic forces. This

suggested that the decomposition did not capture all forces present in the system.

WEC developer Oscilla Power also studied asymmetric heave plates for two-body point

absorbers. Mundon et al. [19] measured hydrodynamic force using a 1:50 scale plate, and

compared the results with CFD. They found drag and inertia approached a constant value

as Reynolds number was increased. Results also suggested a Reynolds dependence for the

smallest plates for tests with KC < 2, indicating a minimum scale at which KC scaling

applies. Additionally, they found good agreement between hydrodynamic forces calculated

from CFD and measured experimentally for KC > 2. Rosenberg et al. [23] modeled and

tested a prototype two-body WEC with an asymmetric heave plate. They compared numer-

ical and experimental results for full system response in survival conditions (high amplitude

waves). They found that, in some cases, dynamical models provided more accurate estimates
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of device loads than CFD, with significantly lower computational cost. Additionally, they

determined that dynamical models and CFD both under-predicted peak device loads in high

amplitude waves.

1.5 Wave energy converter modelling

Due to the cost of experiments and the wide range of candidate technologies, simulation plays

an important role in the development of WECs. My work focuses on results in the time-

domain, but frequency-domain modelling is also commonly used when WEC performance is

assessed across a large range of sea states. In the time-domain, two main approaches prevail

in WEC simulation: computational fluid dynamics (CFD) and dynamical models.

CFD is occasionally used in situations where high accuracy is required and the assump-

tions required for lower-cost simulations may be invalid. Wei et al. [36] has shown suc-

cess modelling an oscillating surge WEC in operational and storm conditions using smooth

particle hydrodynamics (SPH). Rosenberg et al. [23] used Reynolds-averaged Navier-Stokes

(RANS) modelling in the commercial code STAR-CCM+ to simulate a point absorber WEC

in extreme seas. CFD modelling, especially for geometrically complex WECs, is computa-

tionally expensive, prohibiting full simulation of all operational conditions.

Dynamical models trade high accuracy for lower computational cost, allowing for simu-

lation of complex devices across a wide range of sea states and device parameters. They rely

on prior knowledge of device hydrodynamics to simulate WEC response in the time domain.

Often, frequency-domain Boundary Element Method (BEM) solvers such as NEMOH [1] or

WAMIT [35] are used to pre-calculate hydrodynamics of simulated devices. Open source code

(e.g., WEC-Sim [37]) then uses BEM as an input to generate time-domain simulations of a

WEC. Commercial codes ProteusDS [7] and OrcaFlex [21] use BEM results or empirically

derived coefficients as inputs for time-domain simulations.

Because WEC hydrodynamics violate the irrotational flow assumption for potential flow

theory, dynamical models relying on BEM have inherent uncertainties, particularly for fully-

submerged bodies, such as heave plates. However, higher-cost CFD methods do not neces-
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sarily improve accuracy [23]. In general, dynamical models are likely to be most accurate

in normal operating conditions for a WEC, and CFD models are likely to provide better

estimates of WEC response in extreme conditions Li and Yu [14]. However, the relative

increase in fidelity for dynamical models using empirical hydrodynamics in place of BEM

is not well established in the literature. My work builds the knowledge base required for

accurate dynamical modeling of two-body point absorber WECs, with an emphasis on the

hydrodynamics of submerged heave plates.

1.6 Research objective

The objective of this work is to experimentally characterize the hydrodynamics

of heave plates for WECs, develop a fundamental understanding of how those

hydrodynamics vary with heave plate scale and topology, and assess the relative

benefit of heave plate hydrodynamic parameterizations on WEC simulations.

In Chapter 2, we perform forced oscillation experiments on an asymmetric heave plate at

three geometric scales. We characterize the hydrodynamic forces using phase-invariant and

-dependent formulations of the Morison equation, and assess the accuracy of these parame-

terizations across a range of oscillation parameters. Using these techniques, in Chapter 3 we

perform additional forced oscillation experiments to determine the effect of topology on heave

plate hydrodynamics. This work specifically investigates the impact of enclosed fluid on the

overall reaction force generated by an oscillating heave plate. In Chapter 4, we assess the im-

pact of these heave plate hydrodynamic parameterizations on WEC simulations. Using field

data from a two-body point absorber WEC, we validate dynamical and analytical models of

the device in irregular waves. We further validate the physics of the analytical model across

a range of regular waves using the higher-fidelity dynamical model. This enables us to utilize

the analytical model to test the effect of low-, mid-, and high-fidelity parameterizations of

heave plate hydrodynamics on simulations of this WEC. Finally, Chapter 5 concludes this

work, discussing the implications of these results on WEC simulation and design, as well as

identifying avenues for future work.
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Chapter 2

HYDRODYNAMICS OF ASYMMETRIC HEAVE PLATES

In this chapter, we explore the hydrodynamics of an asymmetric heave plate at three geo-

metric scales using forced oscillation experiments. We investigate scale dependence of phase-

invariant drag and added mass coefficients estimated from the Morison equation. Then, we

use a windowed Morison equation to estimate phase-dependent coefficients that, for some

KC, are shown to provide a better description of hydrodynamic force. We conclude with

a discussion of the implication of these results for WEC design. Much of the content of

this chapter is from Rusch et al. [25], published in Ocean Engineering. Content already

introduced in chapter 1 has been removed for brevity.

2.1 Morison Decomposition

We separate the hydrodynamic force acting on oscillating heave plates into components of

drag and added mass using the Morison equation [18]. Combining Eqs. 1.1, 1.2 and 1.3, we

can write the full Morison equation as:

Fh =
1

8
ρπD2Cdż|ż|+

1

6
ρπD3Caz̈. (2.1)

The quantity πD3

6
represents the volume of a sphere with the same effective diameter as the

heave plate. Ca therefore represents the fraction of the mass of that hypothetical sphere

accelerated by the heave plate. This spherical volume is arbitrarily used for flat plates, and

we extend its use to this asymmetric shape.



10

From equation 1.2, we show that the coefficient of drag can be solved for as:

Cd =
Fd

1
8
ρπD2ż|ż|

(2.2)

If the heave plate is oscillating in quiescent water, ż is generally taken to be the velocity of

the plate, though we note this is an approximation when the plate is oscillating in its own

wake.

The added mass force represents the force from the acceleration of water surrounding the

heave plate. From Eq. 1.3, the coefficient of added mass is defined as:

Ca =
Fa

1
6
ρπD3z̈

(2.3)

where z̈ represents the acceleration of the heave plate through quiescent water. We utilize

these coefficients to compare drag and added mass forces across heave plates of three different

scales.

2.2 Methods

2.2.1 Experimental Setup

We perform a series of experiments on hexagonal conic heave plates at three different sizes

using three experimental setups. The ‘full-scale’ plate, shown in Fig. 2.1, has an effective

diameter of 2.72 m and is referenced as the 1:1 scale plate since it is the largest plate in this

study and corresponds to the heave plate on the field-scale WEC described in Chapter 4.

The two smaller plates, shown in Fig. 2.2, have effective diameters of 0.54 m and 0.27 m.

We refer to these as 1:5 and 1:10 scale models, respectively. Critical dimensions for the three

plates are reported in Fig. 2.3.

The three plates were forced in sinusoidal oscillation in quiescent water and forces were

measured using an in-line load cell. The general layout of experimental setups is given in

Fig. 2.4 alongside the WEC it emulates. As described subsequently, each heave plate scale
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Figure 2.1: MBARI tank and 1:1 heave plate

Figure 2.2: (left) 1:10 and (right) 1:5 open hexagonal conic heave plates
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Figure 2.3: Measurements for experimental conic heave plates

Figure 2.4: (left) Simplified two-body point absorber type wave energy converter and (right)
general setup for forced oscillation experiments, which mimic the forcing on a heave plate
by the WEC using an actuator. This simplification neglects non-heave forces or the effect of
compliance in the tether between the WEC and heave plate.
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Table 2.1: Overview of test parameters

Facility

MBARI Dockside Lab Tank

Scale 1:1 1:5 1:10 1:10

KC 0.1 - 2 0.2 - 4.5 0.6 - 7.0 0.5 - 4.0

β (×104) 8.1 - 121 6.1 - 30.5 1.8 - 7.4 1.5 - 6.2

Re (×104) 11 - 71 6.5 - 28 4.2 - 20 2.8 - 9.1

was tested in a different facility. During testing, oscillation amplitude and period varied to

cover a relatively wide, overlapping range of KC, β, and Re, as shown in Table 2.1, allowing

us to validate conclusions across both scale and facility.

The Monterey Bay Aquarium Research Institute’s (MBARI) test tank (Fig. 2.1) was

used to characterize the full-scale plate. The tank is 12 m deep, 9 m wide, and 14 m long. A

hydraulic ram with a 1.8 m stroke length is centered above the tank and actuates the heave

plate using feedback position control. It is capable of 1.27 m/s speeds, with a maximum force

of 2.7 kN. We measured force with a Honeywell model 45 load cell, which has a maximum

rating of 44 kN and resolution of 22 N. Force and ram position were recorded at a rate of 200

Hz. During testing, the plate hung from the ram by chain and oscillation parameters were

chosen to maintain chain tension throughout each test. Load cell sensitivity determined the

minimum experimental amplitude and frequency.

The 1:5 and 1:10 scale models were tested at the University of Washington’s Applied

Physics Laboratory dock, using a modified setup from Brown et al. [5]. A belt drive linear

actuator mounted at the dock’s edge prescribes sinusoidal oscillations using feedback position

control. From the carriage of the belt driven actuator, a Futek STL S-beam load cell with

a 2.2 kN rating connects to a rigid driving rod, which suspends the plate 1.25 m beneath

the free surface. As with the MBARI testing, force and position were recorded at 200 Hz.

Oscillation parameters are limited by maximum actuator speed (≈ 0.65 m/s) and the signal-
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to-noise ratio of the load cell, which required that period decrease with amplitude to maintain

acceptable data quality, particularly for the 1:10 scale model.

The 1:10 scale model was also tested in a laboratory tank at the University of Wash-

ington measuring 1.5 m deep, and 1.3 x 1.3 m across. A ball screw linear actuator mounts

above the center of the tank, and a rigid driving rod suspends the plate beneath the water

surface. Velocity feedback control prescribes sinusoidal motion with a maximum stroke of

40 cm and a maximum speed of ≈ 0.65 m/s. An example of the commanded and realized

position, velocity, and acceleration for this system is shown in Fig. 2.5 and demonstrates

that the measured profile largely tracks the command. Aberrations at θ = 0 and θ = 0.5

result from mechanical backlash around zero velocity and exhibit no apparent effect on the

calculated coefficients. A 0.24 kN 6-axis submersible load cell (ATI Mini 40) was installed at

the interface between the heave plate and bottom of the driving rod. This acrylic tank was

also used for flow visualization by releasing dye at the inside edge of the heave plate rim and

capturing imagery at 60 frames per second with a camera (Nikon D3200 HD-SLR). To en-

hance dye visibility, processed images use only the blue color channel with the dynamic range

truncated by MATLAB’s “imagesc” function. Images are grouped by phase and averaged

over realizations from five oscillations.

2.2.2 Data Analysis

Each experimental setup produces a time series of position and force. We analyze the hy-

drodynamic forces assuming both phase-invariant and phase-dependent behavior, and then

assess the effectiveness of both approaches. We isolate quasi-steady oscillations (neglecting

startup in quiescent water) before analysis. Tests using the dockside oscillator use sine waves

with ramp-up and ramp-down periods that are discarded, leaving 40 oscillations for analysis.

Tests in the MBARI tank and the UW test tank were limited to seven oscillations to min-

imize reflections, so oscillations use negative cosine waves with no ramp-up or ramp-down

period. By removing the first oscillation, six quasi-steady oscillations remain for analysis.

The first step is to isolate the hydrodynamic force from the force measured by the load
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Figure 2.5: Commanded and measured (a) position, (b) derived velocity and (c) derived
acceleration for the 1:10 plate in the UW tank, KC = 3, T = 3 s.
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cells. Measured force is filtered using a low pass IIR filter with a 7 Hz passband frequency,

10 Hz stopband frequency, and 60 Hz stopband attenuation. For experiments at all three

facilities, weight, inertia, and buoyancy of the heave plates must be accounted for and, for the

MBARI tank and the dockside oscillator, so must the chain and driving rod. By deducting

the force of inertia (Fi), weight (Fw) and buoyancy (Fb) from the filtered measured force

(Fmeasured), we calculate the hydrodynamic force acting on the plate as

Fh(t) = Fmeasured(t)− Fi(t)− Fw + Fb(t). (2.4)

The inertial force is estimated as

Fi(t) = z̈(t)(mhp +mrod), (2.5)

where mhp and mrod are heave plate and driving rod masses, respectively. Heave plate

acceleration (z̈) is calculated by twice differentiating heave plate position (z(t)). Fw is the

product of mhp and mrod with gravity. The buoyancy force is given as

Fb(t) = ρg(Vhp + Vrod(t)) (2.6)

where Vhp and Vrod are the submerged volumes of the heave plate and driving rod (this volume

changes throughout each oscillation), respectively, ρ is water density, and g is acceleration

due to gravity. Consequently, the hydrodynamic force is given from measured force as

Fh(t) =Fmeasured(t)− z̈(t)(mhp +mrod)

−g(mhp +mrod) + ρg(Vhp + Vrod(t)).
(2.7)

The hydrodynamic force time-series (2.1) can be expressed compactly by representing

inertial and drag terms with two constants, A and B, as
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
Fh(t1)

Fh(t2)

...


= A


ż1|ż1|

ż2|ż2|

...


+B


z̈1

z̈2

...


(2.8)

which can be solved for A and B using a least squares regression. Following this decompo-

sition, the coefficient of drag is then

Cd =
A

1
8
ρπD2

(2.9)

and the coefficient of added mass is

Ca =
B

1
6
ρπD3

. (2.10)

Phase-invariant coefficients of drag and added mass are calculated from (2.8) using time-

series data from all quasi-steady oscillations.

As noted by Sarpkaya [29], the hydrodynamic force may not be adequately described by

only added mass and drag for some KC. Consequently, we evaluated the accuracy of this de-

composition by reconstructing the force time series (i.e., treating Fh as the unknown in (2.8)

and taking A and B as known constants). Comparison of this reconstructed approximation

F h to the measured Fh can identify portions of an oscillation where the Morison equation is

inadequate. We focus on error in reconstruction of peak forces, which is the average of the

normalized deviation between F h and Fh at the 95th and 5th percentiles.

All time series data has been phase-averaged. Oscillation phase (θ) is defined as θ = t/T ,

where θ = 0 corresponds to the minimum oscillatory position, as shown in Fig. 2.5a. Phase

bins with a width of 0.01T are used for averaging. We calculate phase-dependent coefficients

of drag (Cd(θ)) and added mass (Ca(θ)). These coefficients are calculated from unfiltered
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measured force, using (2.8) by partitioning the time series into windows of width 0.1T ,

overlapping such that Cd(θ) and Ca(θ) maintain the same sampling rate as the measured

data. θ is taken as the center of each window. This window size represents a compromise

between phase resolution and experimental uncertainty. Force reconstruction using phase-

dependent coefficients is denoted by F̃h. To preform this reconstruction, we first calculate

coefficients A(θ) and B(θ) from Cd(θ) and Ca(θ), respectively, using (2.9, 2.10). Then, a

phase-averaged reconstruction using phase-dependent coefficients can be constructed at each

phase, θn, as

F̃h(θn) = A(θn)żn|żn|+B(θn)z̈n. (2.11)

2.3 Results

We present results from all three plate scales in terms of phase-invariant hydrodynamics,

phase-dependent hydrodynamics, and flow visualization. In Fig. 2.6a we see that phase-

invariant Cd depends only on KC and is independent of Re, β or geometric scale in the

evaluated regimes, consistent with the original findings of Keulegan and Carpenter [12] for

oscillating flat plates. Cd exhibits high values for low KC, but approaches values typical of

steady flow as KC increases. In Fig. 2.6b, Ca exhibits a scale-independent linear region for

KC < 1.5, followed by a region with greater scale- and frequency-dependent variation that

maintains Re independence. Keulegan and Carpenter [12] similarly find two trends in Ca

across their tests, but do not explain why this change occurs.

Fig. 2.7 shows the degree to which a phase-invariant force reconstruction (F h) deviates

from the measured hydrodynamic force (Fh) near the extremes in force where Brown et al.

[5] found poor agreement. We observe that phase-invariant coefficients accurately represent

the hydrodynamics at all tested scales for KC < 1, as the error in the peak force estimate

is 10% or less. Error increases with KC and asymptotes around 25% for KC > 2. This

suggests that at higher KC a phase-dependent decomposition may yield higher accuracy.

We focus our phase-dependent analysis on two test cases representative of different char-
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Figure 2.6: (a) Phase-invariant coefficient of drag (Cd) vs. KC and (b) added mass (Ca) vs.
KC for all three heave plate sizes.
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Figure 2.7: Percent error in reconstruction of peak forces using phase-invariant coefficients
across all test cases.
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(a) KC = 0.5

(b) KC = 3.0

Figure 2.8: Phase-dependent coefficients for a 1:10 plate, tested in the laboratory tank at
(a) KC = 0.5, T = 1 s, and (b) KC = 3.0, T = 3 s. Shading denotes interquartile range for
phase-dependent coefficients.
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acteristic regions in Fig. 2.6b: KC = 0.5, representative of the linear region, and KC = 3.0,

representative of the region of largest scale- and frequency-dependent variation in Ca. For

KC = 0.5, shown in Fig. 2.8a, Cd(θ) is approximately equal to phase-invariant Cd except

when the plate approaches zero velocity, a region where drag force is negligible. Similarly,

Ca(θ) is approximately equal to phase-invariant Ca throughout the cycle. At larger KC,

shown in Fig. 2.8b, Cd(θ) also behaves similarly to phase-invariant Cd, while Ca(θ) exhibits

high variability. Potential flow theory anticipates no phase variability in Ca, but assumptions

required for potential flow are increasingly violated with increased oscillation amplitude.

To assess the effectiveness of these two methods across KC, we compare the phase-

averaged reconstructed hydrodynamic force using phase-dependent and -invariant coeffi-

cients, F̃h and F h, respectively, with measured hydrodynamic force, Fh. In Fig. 2.9a (KC =

0.5), the reconstructions from both methods are in good agreement with Fh. This demon-

strates that the Morison equation effectively describes hydrodynamic forces for KC < 1

and there is limited benefit to employing phase-dependent coefficients under these condi-

tions. Conversely, phase-invariant reconstruction departs from measured forces in Fig. 2.9b

(KC = 3), particularly during peak forces. However, F̃h continues to match Fh, indicating

high Ca(θ) variability shown in Fig 2.8b accurately parameterizes the inertial force for high

oscillation amplitudes.

The contrast between consistent drag behavior and increased added mass variation as

KC increases motivates a comparison of the magnitude of these terms in the overall hydro-

dynamic force. Fig. 2.10, which shows the ratio of the root mean square (rms) drag (Fd(θ))

and added mass (Fa(θ)) forces from phase-dependent coefficients, demonstrates that added

mass is dominant for low amplitude oscillations and remains so for all tests we conducted.

Despite increasing Ca and decreasing Cd with increasing KC, the relative contribution of

drag increases for higher amplitude motions due to the quadratic dependence on velocity.

Regardless, the added mass term accounts for more than 50% of the hydrodynamic force for

all KC tested and accounts for more than 75% of the hydrodynamic force at KC < 1. This

emphasizes the importance of correctly parameterizing added mass over the entire range of
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Figure 2.9: Reconstruction of hydrodynamic force (Fh) using phase-dependent (F̃h) and
phase-invariant (F h) coefficients for a 1:10 plate, tested in the laboratory tank at (a) KC =
0.5, T = 1 s, and (b) KC = 3.0, T = 3 s.
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Figure 2.10: Ratio of the root mean square (rms) of the added mass force to the rms of
the drag force versus KC for all tests, demonstrating the relative contributions to the total
hydrodynamic force.

KC of operational interest.

For a qualitative look at the vortex dynamics in these flows, we injected dye during oscil-

lations of the 1:10 plate. The image sharpness (i.e., lack of blurring) in the phase-averaged

images of Fig. 2.11 indicates cycle-to-cycle consistency in the coherent flow structures, con-

sistent with the relatively small inter-quartile ranges for phase-dependent force coefficients

(Fig. 2.8). There is a clear evolution of vortex formation and shedding with distinctive

differences between KC at each phase. The change in phase-invariant Ca and the increased

range of Ca(θ) with increasing KC may suggest a weak link between vortex behavior and in-

ertia. As discussed by Sarpkaya [29], the Morison equation cannot capture the vortex force,

which may be important for some KC. However, the vortex structures around the plate

(Fig. 2.11) suggest that such forces are present for an oscillating, asymmetric heave plate

and that the differences in vortex formation across KC are likely to affect Morison equation

fidelity. We therefore present these images alongside phase-dependent Ca(θ) to show that,

while we expect added mass to maintain a constant value, additional force is included by
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default in this acceleration-dependent term. The rise and fall of the resulting Ca(θ) term

is loosely linked to the growth and destruction of a vortex near the plate, indicating vortex

forces may be impacting the inertial term in a manner similar to a history or “Basset” term

[30, 2].

2.4 Discussion

2.4.1 Morison equation fidelity

The similarity of F h, F̃h, and Fh at KC < 1 indicates that phase-invariant coefficients ac-

curately represent the hydrodynamic forces for small-amplitude oscillations. Therefore, the

Morison equation can be used to represent the time-variation in hydrodynamic forces of an

asymmetric heave plate in this region and any other forces (e.g., the “vortex force”) are

negligible. This is consistent with observations by Sarpkaya and Isaacson [30], who note

that vortex forces are not significant for cylinders in oscillatory flow at low KC. Similarly,

McNown and Keulegan [17] identify a ratio of oscillation frequency to vortex shedding fre-

quency above which separation and vortex shedding become important. For KC < 1 in

our experiments, the frequency ratio remains below this threshold, such that we would not

expect vortex forces to influence the hydrodynamics.

Conversely, for KC > 3, phase-invariant coefficients cannot accurately estimate the hy-

drodynamic force at some phases of oscillation, including the phases where hydrodynamic

force is at a maximum. The phase-dependent force reconstruction, F̃h, does track the hy-

drodynamic force, demonstrating that a modified Morison equation with phase-dependent

coefficients is able to predict hydrodynamic force throughout an oscillation.

As discussed extensively by Sarpkaya [26, 27, 28, 29], Sarpkaya and Isaacson [30], sec-

ondary forces such as the vortex force may depend on higher order terms beyond linear

acceleration and quadratic velocity. In our experiments, secondary forces are seen to be

parameterized primarily by Ca(θ), because Cd(θ) ≈ Cd. Fig. 2.11 generally shows vortex de-

velopment while Ca(θ) increases and vortex shedding while Ca(θ) decreases. While Sarpkaya
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Figure 2.11: (top) Flow visualization for upstroke (θ = 0 to θ = 0.5) of 1:10 heave plate in the
laboratory tank at KC = 0.5, 1.5, and 3. (bottom) Phase-dependent added mass coefficients.
Vertical lines correspond to each lettered image column. The sinusoidal dashed line shows the
plate position and the horizontal dash-dot line denotes the added mass coefficient calculated
by NEMOH.

and others have described the vortex force by adding a third term to the Morison equation,

and Lighthill [15] suggests that the vortex force should be parameterized with drag, our

results suggest that this force can be approximated by the two term Morison equation with

a phase-dependent added mass coefficient. For consistency with theory, this might be bet-

ter conceptualized as the sum of a phase-invariant added mass coefficient and an additional

phase-dependent “inertial coefficient”, along the lines of a history term or Basset force.
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2.4.2 Implications for wave energy

WECs may be designed for a variety of sea states and operating conditions, and heave plates

may, therefore, experience a wide range of KC. Understanding the average and maximum

forces present across sea states is key to the design and control of two-body WECs. As shown

in Table 2.1, our experiments spanned KC = 0.1 to KC = 7.0. While it is conceptually

attractive to consider “low” KC values as representative of low-energy sea states and “high”

KC values as storm conditions, the amplitude of heave plate motion depends strongly on

the specific design of the WEC and the control strategy employed. With this in mind,

we contextualize our results to wave energy conversion. Specifically, as part of the design

validation for a two-body WEC, a developer should evaluate and consider the impact of

the KC regime on the fidelity of predicted hydrodynamics forces. Such a validation step is

warranted regardless of heave plate geometry.

For low-amplitude motions (KC < 1), phase-invariant coefficients accurately describe

the forces on an asymmetric heave plate. While Cd decreases rapidly as KC increases in

this regime, Ca varies linearly over a small absolute range and inertial forces are dominant.

Consequently, heave plate hydrodynamic forces should be predicted with reasonable accuracy

in this range using single-value representations of Cd and Ca.

Conversely, error in force prediction using phase-invariant coefficients increases with KC

when KC > 1. At higher KC, Cd asymptotically approaches a constant value. However,

Ca scatters above KC = 2, with a weakly asymptotic, scale-dependent trend and, in this

regime, inertial forces continue to dominate. As a result, while a narrow range of Cd values

would adequately parameterize drag forces, we expect inertial forces in this regime to be more

difficult to estimate, particularly if obtained from scale model experiments. Our results show

that, for KC > 1, we would under-predict peak loads on an asymmetric heave plate by up

to 30% if using phase-invariant coefficients. Peak loads are important to WEC development

because they drive decisions about structural design and hence impact overall cost.

These results highlight a challenge for predicting loads on two-body WECs when heave
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plate KC > 1. A number of simulation tools are commonly used by wave energy devel-

opers, including Orcaflex (Orcina), ProteusDS (DSA), and WEC-Sim (Sandia and NREL).

While we have shown that hydrodynamic force is accurately reconstructed across all KC

using phase-dependent coefficients, these tools have, at best, a limited ability to incorpo-

rate phase-dependent coefficients and, therefore, cannot accurately represent peak forces for

high-amplitude motion of asymmetric heave plates.

Further, phase- and scale-invariant added mass coefficients in these simulations often rely

on predictions from Boundary Element Method (BEM) solvers, rather than physical mea-

surements. To contrast BEM estimates with our experimental results, we calculated added

mass using NEMOH, an open-source linear potential flow solver [1]. For these calculations,

we conducted a mesh convergence study and took as representative the asymptotic added

mass coefficient for simulations with greater than 700 panels. The plate was submerged 20

m beneath the free surface (deep water assumption). For the 1:10 plate, NEMOH predicted

an added mass coefficient of 0.58, with a similar value reproduced in WAMIT. As shown in

Fig. 2.11, this is lower than phase-dependent and phase-invariant Ca values for all experi-

ments. Since potential flow theory assumes irrotational flow, this error in added mass could

be anticipated from the vortical structures formed during oscillation.

There are indications that this under-prediction of added mass is not improved by higher

fidelity methods as Mundon et al. [19] conclude that CFD similarly under-predicts loads for

an asymmetric reaction body. Further work by Rosenberg and Mundon [22] demonstrated

that despite its high computational cost, CFD provides little to no improvement over BEM.

Continued efforts to improve these models are therefore critical, and these challenges demon-

strate the value of physical experiments to characterize added mass.

Finally, in the context of wave energy, a few motivations exist for the use of a three dimen-

sional asymmetric heave plate. Flat heave plates may experience a “falling leaf” motion, with

side to side motion during vertical oscillation. As observed by our collaborators at MBARI,

the asymmetric plate studied here limits that horizontal motion during the downstroke. Fur-

ther anecdotal motivation for an asymmetric shape is potential “snap load” mitigation. Snap
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loading may occur when a WEC uses a compliant connection between the surface float and

heave plate. If the heave plate descends more slowly than the float, such that slack develops

in the tether, there is a large, transient force when the tether returns to tension, posing a risk

of structural damage. By generating asymmetric hydrodynamics, which provide less resis-

tance during the downstroke, a plate could reduce the probability of snap loading. However,

as shown in Fig. 2.10, the inertial forces constitute the majority of hydrodynamic force for all

KC tested and Fig. 2.9 demonstrates that added mass forces do not depend on the direction

of plate motion. Cd(θ) is higher during the upstroke (t = 0 − 0.5T ) than the downstroke

(Fig. 2.8b), but this difference is minor and the resulting hydrodynamic force is only weakly

asymmetric. Our results suggest that, while asymmetric heave plate geometry may reduce

lateral motion during operation, it is unlikely to significantly reduce the probability of snap

loading.

2.5 Conclusions

Through experiments, we have shown that phase-invariant drag and added mass coefficients

generally scale with KC for asymmetric heave plates. This demonstrates that similar trends

for cylinders and flat plates can be extended to novel, asymmetric geometries. Further,

these results indicate that scale-model experimental characterization of small-scale heave

plates produce phase-invariant coefficients representative of larger plates.

Consequently, the two-term Morison equation with phase-invariant coefficients is likely

sufficient for estimating heave plate forces in this region of motion. For KC > 1, we show that

phase-invariant coefficients do not adequately describe the hydrodynamic force, particularly

during times of maximum loads. This is primarily due to large deviations in Ca(θ) from Ca.

We therefore suggest that WEC developers pay careful attention to the KC range of their

heave plates and that commercial code developers consider supporting a modified form of

the Morison equation that allows a phase-dependent inertial term.

Finally, our observations of a two-term representation of oscillatory hydrodynamics as-

cribes error in the Morison equation primarily to the inertial term. Flow visualization sug-
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gests that vortex development and shedding is loosely correlated with observed trends in

Ca(θ). This suggests that a phase-varying inertial term accounting for deviation from Ca

may accurately account for the vortex forces on the plate. This result may warrant further

consideration and theoretical development.
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Chapter 3

HEAVE PLATE TOPOLOGY

The goal of this chapter is to investigate the effect of heave plate topology on fluid reaction

forces, with a specific focus on identifying the impact of enclosed fluid on the reaction force

of a hexagonal conic plate. Through this work we also identify asymmetric vortex dynamics

that yield asymmetry in hydrodynamic forces for a symmetric, flat plate. This work has

been submitted for publication in Ocean Engineering. Information discussed in the preceding

chapters has been removed from this chapter to avoid repetition. In particular, this chapter

relies upon much of the same theory as Chapter 2.

3.1 Introduction

While prior work has compared the reaction force for two-dimensional to three-dimensional

topology [5], the role of fluid inertia constrained by plate topology remains unclear (i.e.,

fluid trapped within a structure). We experimentally characterize fluid reaction forces for

three heave plate topologies depicted in Fig. 3.1: a flat, hexagonal plate (“flat plate”,

Fig. 3.1a), an open, hexagonal conic plate (“open conic”, Fig. 3.1b), and a topology created

by enclosing the open conic with the flat plate (“enclosed conic”, Fig. 3.1c). We describe

our experimental method and an overview of our data analysis techniques and present the

Morison equation decomposition in both a phase-invariant and phase-dependent sense. This

addresses an existing literature gap in the effects of enclosing fluid within a concave heaving

body and provides guidance to WEC developers on selecting an appropriate heave plate

topology. In addition, we explore a hydrodynamic asymmetry that occurs for the flat plate

(KC = 1-2) and is correlated with asymmetry in observed vortex dynamics.
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(a) (b) (c)

Figure 3.1: Three experimental test articles with varying topology: (a) flat plate, (b) open
conic, and (c) enclosed conic.

3.2 Methods

3.2.1 Experimental setup

Experiments were conducted in a transparent acrylic tank, measuring 1.5 meters tall with a

1.3 m by 1.3 m base (Fig. 3.2). An external frame supported a screw driven linear actuator

(Parker HMRS11), which provided a 40 cm maximum stroke and 65 cm/s maximum velocity.

Heave plate position was measured by an encoder integrated with the actuator. Heave plates

were attached to a solid rod coupled to the actuator, which prescribed regular sinusoidal

motion through velocity feedback control. A submersible, six-axis load cell (ATI Mini40)

was mounted between the heave plate and driving rod to measure reaction forces. Both

position and reaction forces were recorded at 1000 Hz by a DAQ (NI DAQ model 6351)

connected to a computer running MATLAB.

We initialized experiments in quiescent water and, between tests, waited 1-2 minutes for

residual fluid motion to subside. Measured load cell forces returned to their quiescent noise

floor within seconds, but suspended particles in the water took longer to come to rest. As

with experiments in Chapter 2, and depicted in Fig. 2.5a, we initiated plate motion from
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Figure 3.2: Experimental flow visualization tank. The heave plate (an open hexagonal conic)
is suspended in the tank from a linear actuator.
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the bottom of the oscillation stroke for most experiments. Starting from zero velocity allows

the actuator to immediately begin the full oscillation shown in Fig. 2.5b. We refer to the

location within an oscillation as the “phase”, θ = t/T , where t is time and T is period. For a

subset of experiments, tests were initialized at the top of the oscillation stroke (θ = 0.5t/T )

and these cases are explicitly noted in the results. For those tests, θ = 0.5 continues to refer

to the apex of the oscillation stroke for phase-averaged comparisons with tests initiated at

θ = 0. All experiments consisted of ten oscillations, but only the last eight were included in

analysis to remove any influence of the transient response.

3.2.2 Hydrodynamic analysis

As in Chapter 2, velocity (ż) and acceleration (z̈) are calculated by differentiating plate

position (z), yielding a slight increase in noise with each step (Fig. 2.5). Measured force

(Fmeasured) is filtered using a low-pass IIR filter with passband and stopband frequencies of

7 and 10 Hz, respectively, to eliminate electrical noise in the signal. Fmeasured consists of five

components: hydrodynamic forces (Fh), inertia from enclosed fluid (Fi,enclosed), inertia from

plate mass (mhpz̈, where mhp is heave plate mass), plate weight (mhpg, where g is gravity),

and plate buoyancy (Fb). This balance of forces is expressed mathematically as

Fmeasured = Fh + Fi,enclosed +mhpz̈ +mhpg − Fb. (3.1)

This is an augmentation of Eq. 2.4 that expands the inertial force term to include the

inertia from enclosed fluid. As before, Fh is the only unknown term in Eq. 3.1 and the term

of primary interest in these experiments. Fi,enclosed = 0 for the flat and open conic, and can

be calculated for the enclosed conic given the flooded volume of the topology and density

of water. For much of our analysis, we group Fh and Fi,enclosed together as the “fluid force”

(Ffluid = Fh + Fi,enclosed) to make equivalent comparisons across the three topologies. We

then apply the Morison equation [18] to the hydrodynamic force as in Chapter 2.

For purposes of comparing reaction forces across topologies, we define a “fluid inertia
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coefficient” that includes the enclosed fluid inertia by augmenting Eq. 2.10 as

Cfi =
B +mw,enclosed

1
6
ρπD3

, (3.2)

where mw,enclosed is the mass of enclosed water calculated from ρ and the interior volume

of the enclosed conic. Since both added mass and enclosed fluid inertia are proportional to

plate acceleration, Cfi parameterizes the total fluid inertia force (Ffi). For the flat plate and

open conic, mw,enclosed = 0 and Cfi = Ca.

While phase-invariant coefficients are commonly used in dynamic modeling software (e.g.,

ProteusDS, DSA, Ltd.), as shown in Chapter 2, these coefficients cannot accurately represent

open conic hydrodynamic forces for some KC. Consequently, we first evaluate the accuracy

of phase-invariant coefficients for all three plate topologies. We calculate a reconstructed

force (Fh,re) by solving for the left side of Eq. 2.8 with the known time series of velocity

and acceleration and the calculated constants A and B. We compare Fh,re to Fh using an

error metric (Ere) that emphasizes reconstruction errors during maximum hydrodynamic

force. For wave energy applications, maximum hydrodynamic force (max(Fh)) is important

for structural design. Consequently, we define min(Fh,re) as the 5th percentile and max(Fh,re)

as the 95th percentile and express the error metric as

Ere =
1

2

(
|max(Fh,re)−max(Fh)|

max(Fh)
+
|min(Fh,re)−min(Fh)|

min(Fh)

)
. (3.3)

This represents the geometric average of the reconstruction error at the force extremes during

oscillations. We note that because we are primarily interested in Morison decomposition

accuracy, Ere is based on Fh, not Ffluid, as the latter choice would artificially increase accuracy

for the enclosed conic due to the well-defined mass of the enclosed fluid, particularly at low

KC.

Because the three topologies differ in their vertical symmetry (i.e., conics are asymmetric,

plate is symmetric), we seek to understand how this asymmetry manifests in the fluid reaction
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forces (drag and inertia). For this purpose, we calculate the ratio of rms fluid reaction force

for the upstroke relative to the downstroke, as

Ffluid,va =
rms(Ffluid|0 ≤ θ ≤ 0.5)

rms(Ffluid|0.5 < θ ≤ 1)
. (3.4)

Ffluid,va > 1 corresponds to a greater fluid force on the upstroke than the downstroke.

While this can identify asymmetry in the fluid reaction force directly from measurements,

to gain further insight, we need to decompose the hydrodynamic force within the upstroke

and downstroke. Chapter 2 shows a phase-dependent Morison decomposition can accurately

reconstruct hydrodynamic forces over a full oscillation. To calculate phase-dependent hy-

drodynamic coefficients, we set t1 in Eq. 2.8 equal to the start of the first quasi steady

oscillation, and tend = t1 + 0.1T . We perform a least squares fit on this subset of data, yield-

ing representative constants A and B at the midpoint of this window (i.e., t = t1 + 0.05T ).

We shift the window forward one timestep and repeat until reaching the end of the data set.

This produces a time series of phase-dependent drag (Cd(θ)) and added mass coefficients

(Ca(θ)). These values are then phase averaged over the eight non-transient oscillations by

taking the median of data points at each oscillation phase and bin averaging in bins of width

0.1T to smooth cycle-to-cycle and phase-to-phase variations.

3.2.3 Flow visualization

In addition to force measurements, we visualized flow structures at the edge of the plate

by injecting dye into the flow. A syringe filled with dye (food coloring) was connected to a

length of flexible tubing (Tygon), which was routed along the driving rod and secured to the

outer edge of the heave plate. Being hand-regulated, the dye flow-rates are unsteady and are

only used to qualitatively assess flow structures (i.e., concentrations and corresponding image

intensity are not indicative of absolute entrainment or mixing). Video of flow visualization

was recorded with a camera (Nikon DSLR) outside of the tank at a 60 Hz frame rate.

We post-process these recordings to enhance interpretability. We re-scale the image
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colormap (MATLAB imagesc), elevating the contrast of the dye against the background. We

then phase average the video frames, calculating a mean image for each oscillation phase.

This emphasizes periodic flow structures and minimizes irregular dye motion and artifacts

introduced by hand injection. We finally subtract the median video frame to remove the

background, leaving only time varying flow structures.

3.3 Results

We present our results in the context of the two different approaches to the Morison decom-

position we employ: phase-invariant and phase-dependent. Because results are only weakly

dependent on oscillation frequency (Chapter 2), they are presented solely as a function of

KC number (Eq. 1.5).

3.3.1 Phase-invariant coefficients

The phase-invariant coefficients are shown in Fig. 3.3. The flat plate has the highest phase-

invariant Cd, while the enclosed conic has the lowest, particularly at low KC. Fig. 3.3b

shows that all three topologies have similar Cfi at low KC and that Cfi increases with KC

for all topologies. The flat plate and open conic have similar Cfi over the range of KC, but

the enclosed conic has a lower Cfi than the other topologies at high KC. The two conic

topologies generally experience lower oscillation-to-oscillation variability, as shown by the

whiskers on each data point. The higher variability for the flat plate is most evident in fluid

inertia coefficient from KC = 2.5− 3.5, highlighted by the insets in Fig. 3.3b.

As these are only phase-invariant approximations, they do not perfectly represent the

observed hydrodynamics. As shown in Fig. 3.4, peak reconstruction error increases with

KC. For KC > 2, the error approaches 20 - 25% for all plates, with little distinction

between the topologies. Conversely, for all topologies, error falls to < 10% when KC < 1.
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(a) (b)

Figure 3.3: (a) Phase-invariant coefficient of drag (Cd) vs. KC and (b) fluid inertia (Cfi)
vs. KC for all three heave plate geometries. The “whiskers” (vertical lines) represent the
range between maximum and minimum values of the phase-invariant coefficients over all
oscillations. The inset figures in (b) are shown with an artificial offset in the x-direction to
emphasize the differences in oscillation-to-oscillation variability for the topologies.

Figure 3.4: Phase-invariant peak reconstruction error (Ere) as a function of KC.
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Figure 3.5: Vertical fluid force asymmetry (Ffluid,va).

3.3.2 Phase-dependent hydrodynamics

As shown in Fig. 3.5, the open and closed conics both generate asymmetric fluid forces

(Eq. 3.4). This asymmetry increases with KC to a maximum of about 15% for the open

conic. The enclosed conic produces less asymmetry, and the flat plate remains within about

5% of a symmetric ratio for all KC.

3.4 Discussion

Our results demonstrate that a flat heave plate generates drag and added mass coefficients

that are greater than or equal to the three-dimensional topologies tested. We further show

that these phase-invariant representations are accurate for KC < 1, but that 20-25% error in

peak force reconstruction is expected at higher KC. In the following section, we assess the

breakdown of forces contributing to these results, their implications for heave plate design,

and the limits to the phase-dependent Morison decomposition.
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3.4.1 Comparison of forces

While we observe clear differences between hydrodynamic coefficients for each topology

(Fig. 3.3), the absolute fluid force has the greatest impact on heave plate topology selec-

tion. As shown in Fig. 3.6, the flat plate produces a larger fluid reaction force for nearly

every experiment, though the open conic produces only slightly less reaction force (within

10%). Counter to our expectations prior to these experiments, enclosing a moderate fluid

mass within the conic significantly reduces the fluid reaction force.

Fig. 3.7 shows the breakdown of total reaction force (defined as a sum of the time-varying

forces acting on each plate) for a representative case. Despite the lower structural inertia

forces for the flat plate, larger fluid forces produce greater overall reaction forces. In other

words, it would be more effective to generate greater reaction forces by using the additional

material in the conic to increase the diameter of a flat plate. In general, structural inertia is

small in comparison to the fluid force. We also highlight the contribution of enclosed fluid

inertia to the overall fluid force of the enclosed plate. This term provides more force than

structural inertia, but does not represent a significant contribution to total fluid force. In

fact, enclosing the conic plate reduces the drag and added mass forces, in turn reducing the

total fluid force.

The flat plate also generates larger maximum forces for many of the experiments, in-

cluding the case highlighted in Fig. 3.7. As shown in Fig. 3.7b, the flat plate produces a

maximum force 5% greater than the open conic, and 14% greater than the enclosed conic.

We note that the individual forces do not sum to the total reaction force, since drag and

inertia are out of phase. This is why the open conic plate produces a lower maximum total

reaction force despite generating a maximum added mass force 25% larger than the flat plate.

3.4.2 Implications for heave plate selection

These results clearly demonstrate that flat plates generate larger reaction forces than the

other two topologies. Given that flat plates require less material and are less complicated
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Figure 3.6: Ratio of rms fluid force for each three-dimensional topology relative to the flat
plate at equivalent experimental parameters. The circled points are shown in greater detail
in Fig. 3.7

to manufacture, they appear to be the most cost-effective topology for generating reaction

force.

However, there are some conditions where the vertical asymmetry generated by the open

conic might be desirable. Specifically, some WECs employ a compliant connection between

float and heave plate [23], which may benefit from vertical asymmetry to maintain tether

tension. Fig. 3.5 shows that conic topologies generate hydrodynamic asymmetry, and en-

closing the conic reduces this asymmetry. This asymmetry generally increases with KC,

however, we note that asymmetry is negligible for KC < 1 and even the 15% difference

at KC = 4 is not a strikingly asymmetric force profile. This is largely due to symmetric

fluid inertia forces, which constitutes the majority of the fluid reaction force (see Chapter 2).

Consequently, for WEC developers seeking force asymmetry, drag-dominated topologies are

more appropriate, though these designs (e.g., porous plates), produce lower fluid reaction

forces than solid structures [32].

Further, when modelling WECs using conventional dynamic-modelling tools that utilize
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(a)

(b)

Figure 3.7: Breakdown of (a) normalized rms and (b) maximum reaction forces for each
topology at KC = 3, T = 3 s. Each bar is normalized by the rms total reaction force for
the flat plate.
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phase-invariant coefficients, the limits of a phase-invariant Morison equation shown in Fig.

3.4 should be considered. These tools may accurately predict peak forces for KC < 1,

but at high KC (i.e., more energetic seas), may err by 20 to 25% (Fig. 3.7b). Though a

phase-dependent Morison decomposition reduces this error, the method is not without its

limitations, as discussed in the next section.

3.4.3 Limits of the phase-dependent Morison decomposition

From the preceding discussion, the hydrodynamic contributions to the fluid force asymmetry

shown in Fig. 3.5 would appear straightforward to interpret. However, more complicated

hydrodynamic behavior appears when we explore the asymmetry in drag and added mass

forces through the phase-dependent Morison decomposition. For this calculation, we apply

Eq. 3.4 to phase-dependent Fd (as calculated from Cd(θ)) and Ffi (calculated from Ca(θ) and

Fi,enclosed). Comparing the magnitude of these forces between the upstroke and downstroke

yields an estimate of vertical asymmetry for drag (Fd,va) and fluid inertia (Ffi,va). As before,

a ratio greater than 1 represents higher rms force during the upstroke than the downstroke.

As shown in Fig. 3.8, for KC > 2, drag and fluid inertia forces have relatively low

vertical asymmetry for the flat plate. The same is generally true for KC < 1. However,

in the intermediate range (1 < KC < 2), the behavior is more complex. While the flat

plate has low fluid force asymmetry in this range, the drag force asymmetry is considerable

and fluid inertia force asymmetry is also observed. For the open conic, we observe a similar

departure from the general trend in this region. For the enclosed conic, drag and inertia

forces remain relatively symmetric across all KC.

To understand if these asymmetries and discontinuities, particularly for the flat plate,

were an experimental artifact, we repeated the flat plate trials starting from the apex of its

oscillation (i.e., θ = 0.5). As shown in Fig. 3.8c and 3.8d, this produced an asymmetry

in drag and inertia that almost perfectly mirrored the original experiments where motion

originated from the minimum oscillation position (i.e., θ = 0). To investigate the source of

this behavior, we focus on a representative experiment with the flat plate, KC = 1.5, T = 2
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(a) (b)

(c) (d)

Figure 3.8: Vertical asymmetry in the estimated (a) drag (Fd,va) and (b) fluid inertia (Ffi,va)
force for each topology. The flat plate asymmetry is additionally shown for the two experi-
mental starting conditions - initiation at the bottom and top of the oscillation - for drag (c)
and fluid inertia (d). A ratio of 1, denoted by the horizontal line on each panel, represents
vertically symmetric forces.
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s, and compare the differences in the phase-dependent Morison decompositions to differences

in visualized flow around the plate. The hydrodynamic asymmetry is clearly apparent in flow

visualization, shown in Fig. 3.9a for the downstroke (0.5 < θ < 1) of two tests with identical

oscillation parameters (KC = 1.5, T = 2 s) but different initial positions. The left half of the

phase-average image corresponds to z(t = 0) = z0 = zmin, and the right to z0 = zmax. The

four image sequence shows a horizontal slice of the flow, and plate locations correlating to

each image are highlighted by the vertical dashed grey lines in Fig. 3.9b-e. Fig. 3.9 shows

a distinct correlation between vortex behavior and initial plate position. In particular, at

θ = 0.67, the vortex is attached to the plate if z0 = zmin, while a vortex is detaching from

the plate if z0 = zmax. The measured fluid forces also differ between the two cases at this

phase, as shown in Fig. 3.9c. Similarly, at θ = 0.83 the detached vortex for z0 = zmax has

moved away from the plate, and a new vortex has formed, while the fluid forces for both

cases are similar (Fig. 3.9c). The similarity between observed flow structure and measured

fluid force are also seen at θ = 0.5 and θ = 1.

Despite similar fluid force extremes, these extreme forces occur at different phases for the

two initial conditions shown in Fig. 3.9c. When z0 = zmin, more than half the oscillation

passes between the force maximum at θ ∼ 0.1 and the minimum at θ ∼ 0.7 while less than

half an oscillation is required to return to the maximum. Because upstroke and downstroke

are defined by plate position, not the direction of the fluid force, this distorts the calculated

asymmetry in the forces between upstroke and downstroke. Further, as a result of this

phase shift, the Morison decomposition allocates more of the fluid force to drag during the

downstroke when z0 = zmin, and vice versa. This produces the apparent asymmetry in

drag and fluid inertia (which are calculated using the Morison equation), despite the limited

asymmetry in fluid reaction force (which is derived directly from measurements).

In summary, though geometrically symmetric, a phase-dependent Morison decomposition

of flat plate hydrodynamic forces may suggest high drag and added mass asymmetry for some

KC. This behavior depends on the initial conditions for oscillation. While the magnitude of

the peak reaction force is independent of initial condition, the phase shift in peak reaction
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(b)

(c)

(d)

(a) (e)

Figure 3.9: (a) Visualization of flow structures near the flat plate oscillating with KC = 1.5,
T = 2 s when the initial condition is z0 = zmin (left), and z0 = zmax (right). (b) Position
of the plate relative to phase, and a comparison of the (c) fluid force, (d) drag force, and
(e) added mass force for each starting condition. Vertical dashed lines correspond to each
snapshot shown in (a).
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force produces apparent asymmetries when a Morison decomposition is employed. The dif-

ferences in the phase of fluid reaction force are correlated with visualized vortex dynamics,

suggesting potentially significant links between vortex behavior and hydrodynamic force for

an oscillating flat plate.

3.5 Conclusions

We test three heave plate topologies to characterize the role of three-dimensional structure

and enclosed fluid on the reaction force generated during oscillation. We show that a flat

hexagonal plate generates more fluid force than open or closed hexagonal conics. Addi-

tionally, we show that enclosing a hexagonal conic reduces the fluid force generated by the

structure.

Phase-dependent analysis of the fluid forces are used to assess the asymmetry between

upstroke and downstroke for these topologies. First, the asymmetric topologies are shown to

produce asymmetric fluid forces, with a 5 - 10% difference in rms fluid force at low KC, and

a maximum of a 15% difference in rms fluid force at KC = 4 for the open conic plate. Over-

all, these non-porous topologies produce limited force asymmetry because they are inertia-

dominated and inertial forces are generally symmetric between upstroke and downstroke.

Finally, we show that phase-dependent analysis can produce unexpected results for flat plate

topologies when KC = 1− 2, suggesting asymmetric drag and added mass for a symmetric

flat plate. This is an artifact of how drag and inertia are partitioned by the Morison equa-

tion, but caused by real hydrodynamics that are correlated with vortex behavior lock-in and

depend on initial plate position.
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Chapter 4

EFFECT OF HEAVE PLATE HYDRODYNAMIC FORCE
PARAMETERIZATION ON A TWO-BODY WAVE ENERGY

CONVERTER

This chapter incorporates the heave plate hydrodynamic parameterizations from Chapters

2 and 3 into two WEC models, both validated against field data. This work is in preparation

for submission to the Journal of Ocean Engineering and Marine Energy, and information

covered in prior chapters has been removed to avoid repetition.

4.1 Introduction

As shown in Chapter 2, KC-dependent, phase-invariant coefficients of drag and added mass

(Cd(KC), Ca(KC)) accurately represent time-average hydrodynamic forces when KC < 1,

but may underestimate peak forces by up to 25% at higher KC. That work also showed

that coefficients varying in both KC and phase (defined as nondimensional time relative to

the minimum oscillation position, θ = t/T ) accurately represent Fh(θ) over a range of KC

(0 < KC < 4). However, given that heave plate hydrodynamics are just one component

of the force balance on a WEC, the benefit of higher-fidelity representations of these forces

on aggregate characteristics, such as WEC power output, have not been established. This

is, in part, because dynamical models used to simulate WECs (e.g., Proteus DS [7], WEC-

Sim [37]) do not support phase-varying coefficients and, in practice, coefficients for a single,

representative sea state are often employed. Computational fluid dynamic (CFD) models face

no such limitations, as the hydrodynamic forces evolve from the governing equations, but

such models can be less accurate than dynamical models, despite their higher computational

cost [23]. Regardless of the modeling approach employed, it is important to benchmark
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model performance against field data, which are relatively limited.

Consequently, our objective is to determine the significance of time-resolved heave plate

hydrodynamics for WEC dynamical simulations. Because most dynamical models cannot

accommodate such a parameterization, we employ an analytical model, first verifying its

performance against field data, then exploring how increasing the fidelity of heave plate

hydrodynamics translates to changes in predicted WEC performance.

4.2 Methods

Drawing on experimental measurements of heave plate reaction forces, we evaluate the im-

pact of three hydrodynamic force parameterizations on WEC performance predicted by an

analytical model and, from this, draw conclusions about the significance of these parameter-

izations for dynamical modeling. The WEC used in our study is a two-body point absorber,

called the Wave Energy Buoy that Self-deploys (WEBS). Field data from an instrumented

prototype are used to validate a dynamical model, constructed in Proteus DS (DSA, Ltd.)

[7], and an analytical model implemented in MATLAB. The dynamical model is used to

establish the validity of several simplifications required for analytical modeling.

4.2.1 Heave plate hydrodynamics

As establish in Chapter 2, there are three parameterizations of varying fidelity that could

describe the hydrodynamic forces acting on a heave plate. First, across the full matrix of

regular sea states, we could represent the hydrodynamics using a single coefficient of drag

(Cd) and added mass (Ca), defined for a reference sea state. This is a relatively low-fidelity

representation as it will accurately reflect the time-average hydrodynamic forces for sea states

near the reference, with errors increasing for sea states further from the reference. Second, we

could assign coefficients of drag and added mass based on the KC number experienced by the

heave plate (Cd(KC) and Ca(KC)). This is a mid-fidelity approximation, which accurately

represents hydrodynamic force for KC < 1, but has been shown to under predict peak forces

for KC > 1. Third, for each sea state, we could employ phase-varying coefficients of drag
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(a) (b)

Figure 4.1: Coefficients of (a) drag and (b) added mass, plotted against KC from experiments
Chapter 2, with the best fit equations used to estimate Cd(KC) and Ca(KC). The scatter is
a consequence of a secondary dependence on non-dimensional oscillation period. For (a), the
approximate lines of fit are Cd = 7.70−2.22KC−0.90KC2 +0.93KC3−0.26KC4 +0.02KC5

and Ca = 0.72 + 0.44KC − 0.07KC2.

and added mass based on the KC number experienced by the heave plate (Cd(KC, θ) and

Ca(KC, θ). This is the highest-fidelity representation we could employ, as it captures time-

resolved hydrodynamics for all sea states under consideration. All three representations can

be implemented in the analytical model, while only the low- and mid-fidelity representations

can be implemented in the dynamical model.

Hydrodynamic coefficients are based on prior results (Chapter 2) which experimentally

evaluated the hydrodynamic forces acting on a hexagonal conic heave plate with a geometry

identical to WEBS, but scaled to 1/10th the size. Fig. 4.1 shows these experimental values

with a best fit representation of the coefficients as a function of KC. The dynamical and

analytical models predict heave plate motion between KC = 0.5 and KC = 3 for the sea

states considered. For the low-fidelity parameterization, we choose a single value of Cd and

Ca based on the central sea state in our matrix of modeled regular waves (H = 1.2 m, T = 10

s). For the mid-fidelity parameterization, we begin by selecting Cd(KC) and Ca(KC) from
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the best fit equations (Fig. 4.1) using heave plate KC values from the low-fidelity model at

the same sea state. We then iterate, calculating new Cd(KC) and Ca(KC) values from the

actual heave plate KC until differences between iterations are less than 0.1%. For all sea

states, the model converged after three iterations.

For high-fidelity, KC- and phase-dependent coefficients (Cd(KC, θ) and Ca(KC, θ)), we

draw upon additional data from Chapter 2. This consists of time series of Cd(θ) and Ca(θ)

at discrete KC values. These curves are interpolated across KC to create a surface in KC -

θ - Cd/Ca space, as shown in Fig. 4.2a and 4.2b that can be queried for any KC and θ. As

with the mid-fidelity representation, we employ an iterative solution, which also converges

to within 0.1% in three iterations. For all cases, we neglect the first full oscillation, which

removes data that occurs before quasi-equilibrium.

4.2.2 WEBS overview

As shown in Fig. 4.3, WEBS is a two-body point absorber with a compliant tether connecting

the surface body to a submerged, asymmetric heave plate. The surface body consists of

three connected cylinders. The central cylinder, or nacelle, houses a gearbox and generators,

remains fully submerged throughout deployment, and is rigidly attached to the aft float.

The fore float is free to rotate about the nacelle, and both fore and aft floats are positively

buoyant. As the floats heave in response to surface waves, this motion is resisted by the heave

plate, producing a change in the relative angle between the surface floats. This rotation

drives the generator and allows the WEC to produce electricity. The floats are 3 meters long

and mounted 1.2 meters from the nacelle, center to center. The heave plate is suspended

roughly 60 meters beneath the nacelle, and measures about 2.5 meters across. Complete

specifications for WEBS, which was developed by UW’s Applied Physics Laboratory and

CPower (Corvallis, OR) are described Appendix A.1.

WEBS was deployed as a freely drifting WEC on the Pacific Ocean in 2016. The con-

ditions during the test were relatively calm, with a 9.66 second peak period and 1.33 m

significant wave height, measured by a SWIFT [34] that was deployed alongside WEBS. Rel-
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(a)

(b)

Figure 4.2: (a) Coefficient of drag and (b) coefficient of added mass in KC - θ space, from
experiments presented in Chapter 2
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Figure 4.3: Wave energy buoy that self-deploys (WEBS). Note that the tether length is not
to scale.
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evant data collected throughout the deployment includes generator encoder position, tether

tension, and heave plate pressure.

4.2.3 WEBS models

We employ two time-domain models to predict the response of WEBS across sea states:

an analytical model implemented in MATLAB, and a dynamical model implemented in

a commercial code, Proteus DS [7]. We identify the main sources of differences between

models using a simplified dynamical model, which approximates the analytical model. In

this section, we discuss these models and their assumptions.

WEC geometry is identical between the models. We neglect all radiation and excitation

forces in both models and assume that nacelle and heave plate motion are restricted to

heave. The PTO dynamics are parameterized as a spring-damper system with constant

spring and damping coefficients. Electrical power output is calculated from PTO velocity

and incorporates estimates for generator efficiency (Appendix A.1).

The two models differ in three main ways, as summarized in Table 4.1. First, the ana-

lytical model makes the assumption that the WEC dynamics are driven solely by changes in

buoyancy due to variable submergence of the fore and aft floats. In contrast, the dynamical

model also includes drag, added mass, and Froude-Krylov forces on the floats and nacelle.

Second, the analytical model assumes a perfectly rigid connection between the heave plate

and nacelle, while the dynamical model represents the tether as a cable with 20 elements.

Third, the analytical model assumes that the heave plate does not experience any wave

orbital motion, while the dynamical model explicitly calculates the wave-induced velocities

acting on the heave plate.

For validation against field data, we force these models with an irregular wave field with

the same statistics as the field test. The dynamical model produces a time series of surface

elevation that follows a Pierson-Moskowitz spectrum with Hs = 1.33 m and Tp = 9.66 s,

and this time series is subsequently used as input for the analytical model. A simulation

with 695 s duration was chosen so as to utilize one full ‘repeat period’ [7]. Additional
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Table 4.1: Main differences between dynamical and analytical model

Model
Parameter Dynamical Analytical

Float forces

Buoyancy
Gravity
Drag
Added mass
Froude-Krylov

Buoyancy
Gravity

Tether 20 element cable Rigid connection
Heave plate depth 61 m ∞ (below orbital motion)

details of the dynamical model are provided in Appendix A.2. We represent heave plate

hydrodynamics using a single coefficient of drag and added mass, chosen using the peak

wave height of 1.33 m. Assuming the heave plate experiences motion similar to the wave

height, we predict KC ≈ 1.5, yielding Cd = 4.4 and Ca = 1.2. This is analogous to a mid-

fidelity parameterization, but the irregular waves yield instantaneous heave plate motions

with both higher and lower KC values.

The dynamical model is then used to verify the analytical model for a range of regular

waves. We analyze model outputs for waves with periods (T ) from 7 - 13 s, and wave heights

(H) of 0.5 - 1.9 meters. For larger wave heights and smaller periods, slack loading occurs

in the tether and dominates the WEC response. Since this cannot be represented by the

analytical model, we present results only for regular wave cases without slack loading. The

source of observed differences between the dynamical and analytical models is explored with a

simplified dynamical model that incorporates the same assumptions as the analytical model.

While a few minor difference remain, as discussed in Sec. 4.2.3, the simplified dynamical

model is as similar to the analytical model as we can control for within the framework of the

commercial software.

The analytical model solves the equations of motion governing WEBS, namely linear mo-

tion in z-direction and rotational motion about the nacelle. These are presented in Appendix

A.3. The governing equations are solved using MATLAB’s ordinary differential equation



55

solver ODE45. Sea surface elevation is the model input and WEBS motion is the model

output.

4.2.4 WEC performance metrics

We use three metrics to assess the performance of WEBS: heave plate motion, tether tension,

and electrical power output from the generator. As we will show, heave plate KC, which is

a measure of the range of heave plate motion for a given sea state, is critical to the selection

of accurate hydrodynamic coefficients. Tether tension is the reaction force transmitted from

the heave plate to the surface body, and we focus on maximum tension in analysis, which

is critical for design load calculations on the tether and connection points. Electrical power

output is the ultimate measure of WEC suitability for a given application and we focus on

time-average power for each sea state. For all models, start-up effects impact the first full

wave period, which is discarded prior to analysis.

4.3 Results

4.3.1 Dynamical and analytical model verification in irregular seas

We first compare model results in irregular waves with field data from WEBS. Fig. 4.4

shows that the models produce similar distributions of WEC performance metrics. Heave

plate position is represented most accurately, with both models picking up the slight skew

in the data and the general shape of the distribution. The differences in tether tension are a

consequence of model assumptions. The dynamical model slightly under-predicts the slack

loading conditions observed in the field data, likely due to the chain weight that kept the

WEBS load cell in slight tension through slack loading conditions, a feature not included in

the models. The analytical model is skewed because the approximation of the tether as a

rigid member allows for compression. This is reflected in the negative tensile loading data.

Power approximations follow the same trends, though the models each have a longer tail than

field data, leading to an over-prediction of mean power output. Overall, these results suggest
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Figure 4.4: Probability distributions of WEC performance metrics for field data with corre-
sponding outputs from the dynamical and analytical model for an irregular sea state with
TP = 9.66 s and Hs = 1.33 m. Below each distribution is a box plot showing the median
value for each dataset (symbols), along with the interquartile range (thick lines) and extent
of 10th and 90th percentile values (whiskers).

that the dynamical and analytical model are both reasonable approximations of WEBS at

this sea state.

4.3.2 Dynamical and analytical model comparison in regular waves

With confidence that the models are consistent with WEBS performance, we estimate the

accuracy of the analytical model by comparing it to the dynamical model across a range

of regular sea states. At the center of this range is a wave with a 10 s period and 1.2

m wave height. As shown in Fig. 4.5, predicted heave plate motion is similar between

the dynamical and analytical model, which estimate a heave plate KC of 1.58 and 1.64,

respectively. Quantitative agreement is poorer for tether tension and power output. Given

that the simplified dynamical model, which uses the same assumptions as the analytical

model, (Table 4.1) has better agreement, this suggests that the differences are primarily

explained by the differences in assumptions. However, we note that despite the differences

in amplitude and phase, the dynamical and analytical models predict similar average values

(e.g., electrical power outputs of 0.37 kW and 0.41 kW, respectively).
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Figure 4.5: Comparison of a representative time series between the analytical, dynamical,
and simplified dynamical models for a regular wave with H = 1.2 m and T = 10 s, for heave
plate position, tether tension, and electrical output.

Figure 4.6: Comparison of tether tension time series (kN) predicted by the analytical, dy-
namical, and simplified dynamical models for waves with periods of 7, 10 and 13 s, and
heights of 0.5, 1.2, and 1.9 m.
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A similar comparison is shown for tether tension over the full range of sea states is shown

in Fig. 4.6. As expected, tether tension depends onH and T , and we see greater disagreement

for shorter periods and larger waves. This is a consequence of slack loading, which is poorly

represented by a rigid heave plate connection. As such, cases with slack loading are excluded

from further comparisons. Outside of this region, the analytical model shows acceptable

quantitative agreement with the dynamical model, with differences decreasing when the

dynamical model uses the same assumptions as the analytical model.

4.3.3 Effect of KC-dependent coefficients

Given the demonstrated accuracy of the analytical model, we turn to comparisons between

low- and mid-fidelity coefficients (i.e., Cd,a vs. Cd,a(KC)). Fig. 4.7a shows a small change in

heave plate motion between these parameterizations. Predictably, error is minimized at the

center of the heat map, which corresponds to the reference case for the single coefficient pa-

rameterization. The difference between Cd,a and Cd,a(KC) increases as wave height diverges

from H = 0.9. The use of KC-dependent coefficients increases predicted heave plate motion

by up to 9% at a wave height of 1.9 m, and decreases predicted motion by about 6% for a

wave height of 0.5 m. Maximum tether tension is predicted with 10% lower values at H =

0.5 m and 15% higher at H = 1.9 m for KC-dependent coefficients (Fig. 4.7b. We see the

largest impact on average power prediction (Fig. 4.7c), where differences between mid- and

low-fidelity coefficients range from -30% to +30%.

4.3.4 Effect of KC- and phase-dependent coefficients

High-fidelity coefficients dependent on both KC and phase can accurately represent time-

dependent heave plate hydrodynamics from KC = 0− 4 (as shown in Chapter 2). Shown in

Fig. 4.8a, this parameterization (Cd(KC, θ), Ca(KC, θ)) yields almost identical heave plate

motion as the mid-fidelity parameterization (Cd(KC), Ca(KC)), with less than 2% difference

for all cases. While the impact on tension and power is larger, overall differences remain

relatively small. For maximum tether tension (Fig. 4.8b), phase-dependent hydrodynamics
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(b) Maximum tether tension
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(c) Average electrical power output

Figure 4.7: Heat map showing the percent change moving from a model with low-fidelity
coefficients to mid-fidelity coefficients for (a) heave plate KC, (b) maximum tension and (c)
average electrical power when comparing. The ‘X’ denotes the case in which coefficients are
identical between models. Sea states with tether compression are shown in grey as NaN.
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(c) Average electrical power output

Figure 4.8: Heat map showing the percent change moving from a model with mid-fidelity
coefficients to high-fidelity coefficients for (a) heave plate KC, (b) maximum tension and (c)
average electrical power. Sea states with tether compression are shown in grey as NaN.
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Figure 4.9: Percent change in average electrical power output that occurs when using KC-
dependent coefficients of drag and added mass compared to a model using coefficients of
added mass from BEM and drag from theory.

yields peak differences of -6% to +6%. Average power output is predicted to be slightly

lower for nearly every wave case (Fig. 4.8c), but are, at most 7% lower.

4.4 Discussion

4.4.1 Impact of KC-dependent hydrodynamics

Predictions of heave plate motion, tether tension, and electrical power output change based

on the heave plate hydrodynamic parameterization. For the low-fidelity model, as H and

T diverge from the reference case at H = 0.9 m, T = 12 s, Cd(KC) and Ca(KC) simi-

larly diverge from their reference values (e.g., for larger wave heights, Cd(KC) < Cd and

Ca(KC) > Ca). Since heave plate hydrodynamic force is dominated by added mass force (see

Chapter 2), higher added mass coefficients predictably yield higher maximum tension values

and average power outputs. Less obviously, this also correlates to larger heave plate motions

due to higher heave plate inertia and lower drag. Because heave plate hydrodynamics are

modeled solely as a function of KC, these changes are primarily dependent on wave height,

rather than period.
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If experimental data are not available to estimate hydrodynamic coefficients, WEC models

may employ a Boundary Element Method (BEM) to calculate hydrodynamics for a given

geometry. For the conic heave plate used in WEBS, the BEM code NEMOH [1] predicts an

added mass coefficient of 0.6, which is less than the prediction from experimentally-derived

values for KC = 0 (Fig. 4.1). If we pair this BEM estimate of added mass with a theoretical

drag coefficient of about 1.5 for a cone (averaged between the two orientations, [11]), electrical

power estimates differ from those of our low-fidelity representation by 200-300%, as shown

in Fig. 4.9. This emphasizes the importance of accurate, geometry-specific hydrodynamic

coefficients for dynamical modeling, particularly for added mass.

4.4.2 Impact of phase- and KC-dependent hydrodynamics

The change in predicted WEC performance that occurs from low- to mid-fidelity parameteri-

zations is substantial. However, the additional complexity associated with moving from mid-

to high-fidelity parameterizations does not lead to substantial changes in WEC performance.

High-fidelity parameterizations predict similar values for heave plate KC, maximum tether

tension, and average power output relative to mid-fidelity prameterizations. While average

power output uniformly decreases when high-fidelity paramweterizations are employed, the

change (< 7%) is inconsequential compared to other model uncertainties (i.e., difference be-

tween model outputs and field data). Overall, implementing phase-varying hydrodynamics

adds significant complexity to the model, while producing limited benefits for simulation

accuracy.

4.4.3 Limitations

A few caveats apply to these results. First, we have only considered the effects of hydrody-

namic parameterizations on a single two-body point absorber for a relatively narrow range

of significant wave heights. This limitation is a consequence of the field data available to

validate the models and the inability of the analytical model to represent slack loading in

the tether, which becomes increasingly likely for larger wave heights and shorter wave pe-
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riods. While the first consideration can only be addressed by broader availability of WEC

field data, the accuracy of mid-fidelity parameterization suggests that a wider range of sea

states could be effectively explored by with a dynamical model employing KC-dependent

coefficients (i.e., the unquantified quadrants of Fig. 4.7 and 4.8 could be populated with a

dynamical model). However, given the poor accuracy obtained by a low-fidelity parameteri-

zation for sea states that do not produce a slack loading, this would not fundamentally affect

our recommendation to employ mid-fidelity hydrodynamic parameterizations.

4.5 Conclusion

We have shown that an analytical model of WEBS provides a realistic representation of the

WEC behavior in irregular seas. The analytical model also shows good quantitative agree-

ment to a dynamical model with additional physics in regular waves, provided that no slack

loading occurs in the tether connecting the nacelle and heave plate. As such, the analytical

model is suitable to evaluate the effect of low-, mid-, and high-fidelity parameterizations of

heave plate hydrodynamics on WEC performance.

We find that a mid-fidelity parameterization, in which hydrodynamic coefficients vary

only with heave plate KC, provides significant accuracy improvements in modeling WEC

performance, with up to 30% improvement in estimates for electrical power output relative to

a low-fidelity parameterization assuming a constant KC for all sea states. Further, even the

low-fidelity model significantly out-performs a simulation relying on estimates of drag from

theory and added mass from BEM. Finally, we show that a high-fidelity parameterization,

in which hydrodynamic coefficients vary in both KC and phase, provides limited benefit to

model accuracy. We thus conclude that dynamical WEC models should employ experimental

coefficients that vary with KC, but should not attempt to incorporate phase variation.
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Chapter 5

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

Through this work, we characterize the hydrodynamics of heave plates for two-body, point

absorber wave energy converters using a Morison decomposition and incorporate these hydro-

dynamics into an analytical model, which we verify against field data. This provides a more

in-depth analysis of scaling for phase-varying hydrodynamics than any prior work. The effect

of enclosed fluid on the dynamics of an oscillating body has also not been well-studied, and

the additional observations of hydrodynamic asymmetry correlated with vortex behavior for

a flat oscillating plate is valuable information for design of future experimental campaigns.

Finally, this work represents one of few public efforts to validate dynamical and analytical

models of a two-body WEC against a field deployment. This provides guidance to future

WEC researchers to use empirical, KC-dependent coefficients in their simulations and not

to rely on canonical or BEM-derived coefficients as these may only be order of magnitude

approximations.

In Chapter 2, we characterize the hydrodynamics of an asymmetric heave plate at three

scales. This work shows that coefficients of drag and added mass scale with KC for an

asymmetric heave plate. The accuracy of the phase-invariant Morison equation decomposi-

tion decreases as KC increases. Phase-dependent decomposition of the Morison equation,

which accurately reconstructs heave plate hydrodynamics for all KC, shows that intra-cycle

added mass variability increases with KC and is primarily responsible for the increased re-

construction error using phase-invariant coefficients at KC > 1. Further, flow visualization

shows vortex development and shedding that is correlated with trends in phase-dependent

added mass.
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In Chapter 3, we investigate the role of topology in the reaction force produced by heave

plates. To achieve this, we re-test the open hexagonal conic used in Chapter 2, alongside

a flat plate with equal planform area, and an assembly of the flat and open conic plates,

trapping fluid inside the cavity of the hexagonal conic. The results show that enclosing

a hexagonal conic counter-intuitively reduces total reaction force due to a relatively large

reduction in hydrodynamic forces. Conversely, we show that a flat plate produces more

reaction force than the three-dimensional topologies, but experiences hydrodynamic force

asymmetry from KC = 1 − 2 in regular oscillation. We determine that this asymmetry

appears alongside asymmetric vortex shedding, and that both phenomena are dependent on

the starting condition for the test.

Finally, in Chapter 4 we verify dynamical and analytical models for a two-body point

absorber WEC with a hexagonal conic heave plate in irregular waves against field data. We

further verify the analytical model in regular waves using the dynamical model, showing

that, despite many simplifications (neglecting all surface forces aside from buoyancy, rigid

heave plate to nacelle connection, infinitely deep heave plate), the analytical model captures

most of the relevant physics. We implement three different parameterizations of heave plate

hydrodynamics in the analytical model to assess the impact of these parameterizations on

modelled WEC response. The results show that the use of mid-fidelity, KC-dependent

coefficients provides a 30% change in modelled power output at the edges of our evaluation

domain (H = 0.5 − 1.9 m, T = 7 − 13 s) when compared to a low-fidelity coefficient

that is accurate for the center of the domain. Further, the use of high-fidelity, phase- and

KC-dependent coefficients yields less than a 5% change when compared to models with mid-

fidelity coefficients. Finally, we show that a BEM-derived added mass coefficient leads to

power prediction errors in excess of 200%. This informs a recommendation for modellers to

use mid-fidelity, KC-dependent heave plate hydrodynamic coefficients, as these represent a

balance between the inaccuracy of BEM-derived coefficients or low-fidelity KC-independent

coefficients and the complexity of high-fidelity KC- and phase-dependent coefficients.
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5.2 Future work

While multiple avenues for future work exist, we wish to highlight two key focus areas. First,

most of these results apply to regular waves. Given the irregular nature of real ocean waves,

further experimental characterization of heave plate hydrodynamics in irregular waves is a

logical next step. This would help assess the accuracy of KC-dependent coefficients when

they are applied to models of a WEC in irregular waves. These experiments would involve

force measurement during irregular oscillation of a heave plate, and subsequent evaluation of

reconstruction error when using KC-dependent coefficients that align with the experimental

significant wave height. If this technique shows significant error, additional strategies could

be explored to represent irregular wave hydrodynamics in a phase-varying sense.

Additionally, this work could spur further research on optimal heave plate design. With

a validated WEC model, iterative modelling efforts would allow for convergence on heave

plate hydrodynamic coefficients that maximize power production or regulate maximum tether

tension. We have shown that hydrodynamics are important to WEC response, and therefore

optimization of those hydrodynamics is key to maximizing power output. Given a range

of optimal hydrodynamics, new designs could work towards these ideal coefficients through

experimental tests of small-scale heave plates, as demonstrated in Appendix B.
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Appendix A

WAVE ENERGY BUOY THAT SELF-DEPLOYS (WEBS)

A.1 WEBS specifications

Figure A.1: Design measurements for the WEBS open hexagonal conic heave plate.

Here we show the specifications for WEBS, as presented in [24], which are also used in

the dynamical and analytical models. Table A.1 outlines specifications for all critical WEBS

components. Table A.2 shows secondary specifications required for numerical simulation.

The values listed for center of gravity are for the device in a horizontal position, where the

nacelle arm is parallel to the sea surface (i.e., φ = 90◦).

Additional detail for the heave plate design is given Fig. A.1. Elongation properties
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Figure A.2: Model of WEBS PTO used to estimate electrical power output from generator
shaft speed.
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Table A.1: System properties

Component Specification
Nacelle diameter 0.5 m
Nacelle length 3 m
Nacelle mass 557 kg
Fore and aft float diameter 0.575 m
Fore and aft float length 3.1 m
Fore float mass 327 kg
Aft float mass 305 kg
PTO spring constant 668 Nm/rad
PTO damping coefficient 3092 Nms/rad
Spring reference angle 260◦

Gearbox ratio 126.9
Gearbox efficiency 96%
Frictional torque 207 Nm
Heave plate mass 440 kg
Heave plate buoyancy 124 kg
Tether length 52.5 m
Tether stiffness 13.6 kN/m
Chain length 3 m
Chain mass 16.2 kg
Yoke Mass 159.8 kg

used to determine tether stiffness properties are based on manufacturer specifications (3/4”

Samson Tenex). Additionally, the model used to estimate electrical power output for WEBS

from PTO velocity (φ̇) is shown in Fig. A.2. This model was constructed using synchronized

measurements of electrical power output and power take-off (PTO) velocity from WEBS

field testing.

A.2 Dynamical model

The dynamical model (Proteus DS) relies on the parameters outlined in Appendix A.1.

Floats and nacelle are constructed from standard cylinder rigid body features. The PTO is

represented using a “RigidBodyConnectionABAJoint” with spring and damping coefficients
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Table A.2: System properties for numerical simulation

Description Specification
Nacelle Ixx 545.15 kg m2

Nacelle Iyy 13.52 kg m2

Nacelle Izz 544.38 kg m2

Nacelle center of gravity [0 0 0] (relaxed state)
Fore float Ixx 559.2 kg m2

Fore float Iyy 95.4 kg m2

Fore float Izz 640.3 kg m2

Fore float center of gravity [1.133 0 0] m
Fore arm cross section 0.229 x 0.0254 m

Fore arm length 1.09 m
Aft float Ixx 497.8 kg m2

Aft float Iyy 73.7 kg m2

Aft float Izz 557.8 kg m2

Aft float center of gravity [-1.182 0 0] m
Aft arm cross section 0.229 x 0.0254 m

Aft arm length 1.01 m
Heave plate center of mass [0 0 60.3] m

Generator/gearbox Iyy 18.9 kg m2

Mooring yoke and mast Ixx 441 kg m2

Mooring yoke and mast Iyy 118 kg m2

Mooring yoke and mast Izz 324.5 kg m2

Mooring yoke center of gravity [0 0.0948 -0.65] m

as specified in Table A.1. As Proteus DS may experience difficulties with hydrodynamics on

concave surfaces, a solid cone is used to represent the heave plate, and buoyancy calculations

within Proteus DS are turned off for the heave plate and specified manually.

The wave spectrum is defined using a Pierson-Moskowitz spectrum as described in [7].

This spectrum has a wave heading of 0◦, period of 9.66 s, height of 1.33 m, with 270 wave

segments and a wave seed of 12,345. The number of wave segments and peak period affect

the return period of the wave field, or the length of time that a simulation is run before the

wave field repeats. For this case, the maximum run time is 695 s. No wind or currents are

included in this simulation.
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(a) (b)

Figure A.3: Free body diagram for WEBS surface body and heave plate. lcb denotes the
distance from nacelle to center of buoyancy of the float, and lcm denotes the distance from
nacelle to the center of mass of the float.

A.3 Analytical model

The analytical model is constructed from the equations of linear motion governing the com-

ponents of WEBS in the vertical direction and from the equations of rotational motion about

the nacelle. From an initial set of equations describing the floats, nacelle, and heave plate,

as well as compatibility conditions, these can be simplified to one equation in the vertical

direction of motion and one equation to describe the rotation about the nacelle. A free body

diagram describing the direction of force acting on the device in equilibrium is shown in

Fig. A.3. The displacement between the center of mass and center of buoyancy (Fig. A.3a)

affects the moments induced on the PTO by the forces of buoyancy and gravity, reflected in

the equation of motion describing rotation about the nacelle:
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φ̈(JPTO − J1 − J2) = sinφ[lcb(Fb,1 + Fb,2)− lcmg(m1 +m2)]

+ 2k(φ− φ0)− 2cφ̇.
(A.1)

In this equation, JPTO is the rotational moment of inertia for the PTO, and J1 and J2 are

the moments of inertia for the two floats about the nacelle. Fb represents forces of buoyancy

on the nacelle (subscript 0), aft float (subscript 1), fore float (subscript 2), and heave plate

(subscript hp). m represents mass, g is the gravitational constant, lcm is the distance from

the center of the nacelle to the center of mass of the float, lcb is the distance to the center of

buoyancy of the float, and phi is the angle of the arm from vertical. As φ is half of the angle

between floats, φ0 = 130◦. Finally, k is the spring constant and c is the damping constant

used to approximate the PTO. The spring reference angle shown in Table A.1, represents

the angle between floats at which the spring from the PTO exerts no force in the positive φ

direction.

The equation of motion in the vertical (z) direction is:

(m0 +m1 +m2 +mhp + Caρπ/6D
3
hp)z̈0 = g(m0 +m1 +m2 +mhp)

− [FB + Cd(1/8ρπD
2
hp)ż0|ż0|]

− (m0 +m1)(lcmφ̇
2 tanφ sinφ+ lcmφ̇

2 cosφ)

−m2(lcmφ̇
2 tanφ sinφ+ lcmφ̇

2 cosφ).

(A.2)

The added mass force of the heave plate is represented as a product of the coefficient of

added mass Ca, the fluid density (ρ), the volume of a sphere with an effective diameter equal

to that of the heave plate (Dhp), and the vertical acceleration of the plate (z̈). Buoyancy of

all bodies is represented as FB = Fb,0 +Fb,1 +Fb,2 +Fb,hp. Drag is calculated as a product of

the drag coefficient (Cd), the area of the heave plate, and the square of vertical velocity (ż).

Because of the rigid coupling, heave plate motion is equal to nacelle motion.

In the model, these equations are solved for φ̈ and z̈, respectively. We then rewrite the
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equations as a set of first order linear ordinary differential equations, which we solve using

ODE45 in MATLAB. The model updates every time step with new values for Fb,1 and Fb,2.

These change based on the position of the floats with respect to mean water level (z = 0) at

the current time step and the position of the free surface for the next time step. We assume

the water surface is uniform and level across the floats.

These equations are derived from the full list of fundamental equations balancing rota-

tional and linear forces, as well as compatibility conditions between the two sides of the

system:
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J1φ̈ = (m1g − F1) sinφ(lcm,1gm1 − lcbFb,1) + τ1 (A.3)

(m0 +m1)z̈cm1 = (m0 +m1)g + T3 − (Fb,0 + Fb,1)− T2z (A.4)

(m0 +m1)ẍcm1 = T2x (A.5)

−J2φ̈ = −τ2 + sinφ(Fb,2lcb −m2glcm,2) (A.6)

m2z̈cm2 = m2g − Fb,2 + T2z (A.7)

m2ẍcm2 = −T2x (A.8)

ẍcm1 = ẍ0 − lcm,1φ̈ cosφ+ lcm,1φ̇
2 sinφ (A.9)

z̈cm1 = z̈0 + lcm,1φ̈ sinφ+ lcm,1φ̇
2 cosφ (A.10)

T3 + Fhp −mhpg = −mhpz̈hp (A.11)

ẍcm2 = ẍ0 + lcm,2φ̈ cosφ− rcm,2φ̇2 sinφ (A.12)

z̈cm2 = z̈0 + lcm,2φ̈ sinφ+ lcm,2φ̇
2 cosφ (A.13)

JPTO(φ̈) = τ1 + τ2 + 2k(φ− φ0)− 2cφ̇ (A.14)

Fb,1 = ρglf

[
πR2

1 −R2
1 cos−1

(
η(t)− z1(t)

R1

)
...

+ (η(t)− z1(t))

√
R2

1 − (η(t)− z1(t))2

]
(A.15)

z1 = z0 − lcb cosφ (A.16)

Fhp = Cd

[
1

8
ρπD2

hp

]
żhp|żhp|+ Caρ

π

6
D3
hpz̈hp + Fb,hp (A.17)
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Appendix B

EFFECT OF GEOMETRY ON HEAVE PLATE
HYDRODYNAMICS

The following section covers additional results from experiments on heave plate geometry

that were presented at the Marine Energy Technology Symposium in 2018. This study was

conducted in collaboration with CalWave (Berkeley, CA, U.S.)

B.1 Methods

This study assesses the hydrodynamic forces generated by thirteen different heave plates, all

shown in Figure B.1. Three geometric groups are tested: squares, rectangles, and so-called

“Newman shapes”. These groups contain two heave plate types: solid and perforated. The

area enclosed by the perimeter of each heave plate is identical (0.16 m2). The perforated

plates have a constant solidity of 90%, but varied hole sizes. Of the five square plates, one

is solid and the remaining four have 2, 4, 6, and 10 holes, as shown in Figure B.1. Five

rectangular plates, with a 2:1 aspect ratio, are also tested, with 0, 4, 6, 8, and 10 holes. The

Newman shapes, whose geometries are based on a weighted sum of sines and cosines, are

inspired by work to amplify surface waves conducted by J. N. Newman [20]. The last row of

Figure B.1 shows the three Newman shapes, which we denote A, B, and C, from left to right.

These shapes allow for large changes in perimeter while maintaining constant projected area.

The heave plates are tested using the vertically oriented linear actuator placed at the

edge of a dock as described in Chapter 2. Total force induced in the heave direction is

measured using a 2200 N rated S-beam load cell, with a noise floor of about 3 N, and the

data acquisition system records force and position at 2 kHz. The water at the side of the

dock is open to recreational boating and small commercial shipping traffic, but the occasional
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Square Plates

Rectangular Plates

Newman Shapes

Figure B.1: Heave plates used in varied geometry testing
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Figure B.2: Plot of rms total hydrodynamic force (based on the force reconstruction) for
each plate, alongside the rms drag and added mass forces, when KC = 0.35 and T = 0.5 s.

wakes that reach the dock are of minimal size, and are observed to have negligible impact

on the data. The distance from water surface to mean plate position is 1.02 m, with a total

water depth of just over 3 meters and effectively unbounded sides. Both surfaces are more

than two diameters away from mean plate position, indicating negligible surface effects [9].

The suite of tests is the same for each plate, covering periods from 0.5 - 4 s, and KC

numbers from 0.14 - 5.59. Critical to this analysis, in Eq. 1.5, we use an effective diameter,

D, defined as the diameter of a circle with area equal to that of the test plate. This definition

results in an equal effective diameter for all heave plates tested.

Sinusoids producing higher forces (larger amplitude and higher frequency) improve the

signal to noise ratio, but are limited by the maximum Oscillator speed of about 0.65 m/s.

Table B.1 shows the maximum speeds reached for each test. As the KC number increases,

a larger oscillation period is required due to the maximum speed restriction. For each

new period, an overlap in KC number with other periods allows for analysis of frequency

dependence.
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Table B.1: Maximum cycle speed (cm/s) for each conducted test.

Period (s)
KC 0.5 1.0 2.0 4.0
0.14 12.6
0.21 18.8
0.28 25.1 12.6
0.35 31.4 15.7
0.52 47.1 23.6
0.7 31.4 15.7
1.4 62.8 31.4
2.09 47.1
2.79 62.8 31.4
4.19 47.1
5.59 62.8

These heave plates are candidates for field-testing with a small wave energy converter

deployed in a scaled wave environment, with expected heave plate KC ¡ 1. Therefore, as

seen in Table B.1, experimental assessment focuses on KC numbers in this range, with a

more limited set of experiments to explore hydrodynamic responses to larger oscillation

amplitudes.

Data analysis follows the methods outlined in Chapter 2.

B.2 Results and Discussion

Figure B.2 provides a summary of the balance of forces acting on the thirteen plates tested

for a single KC number and period. We note that the rms hydrodynamic force is not equal

to the sum of drag and added mass forces because those two forces are out of phase.

As shown in Figure B.2, the solid square plate produced the largest total hydrodynamic

force, as well as the largest added mass force. Additionally, the forces decrease dramatically

when holes are added, in line with prior results [13, 5, 32], with little change as the number
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Figure B.3: Calculated coefficients of drag and added mass for the tests with the solid square
(blue), the solid rectangle (red), and Newman plate C (yellow). The error bars represent the
25th and 75th percentile, with respect to the median value, and the dashed line shows the
case depicted in Figure B.2.

of holes increases (porosity held constant). Newman shape B has a force breakdown that is

similar to the solid rectangle, likely due to the similarity in shape between the two. Figure

B.2 emphasizes the dominance of added mass forces at low KC number in solid plates, and

displays how the added mass and drag forces are nearly equivalent for plates with holes.

Trends in the hydrodynamics for all tests are shown in Figure B.3. Coefficients of drag

and added mass are dependent on the KC number, and independent of oscillation frequency.

The coefficient of drag is highly nonlinear for KC ¡ 1, and asymptotes to a constant value at

higher KC numbers. In contrast, the coefficients of added mass follow a linear, increasing

trend across the range of KC numbers tested.

Comparisons between the three plate groups are also instructive. Figure B.3 shows that

at high KC numbers, drag coefficients are nearly invariant across the geometries, with only

slight differences at small KC numbers. At low KC numbers, the square plate has the

highest added mass coefficient, while the Newman plate the smallest. For KC ¿ 1, the
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Newman plate overtakes the rectangle, and even approaches the added mass of the square.

This suggest that, at low KC number, the added mass may be governed by some cross-

plate length scale. For smaller cross-plate distances, plates may exhibit lower added mass

coefficients, while larger distances would result in higher coefficients. This makes continuous,

symmetric shapes (such as the square) more desirable for wave energy conversion. For high

KC numbers, small features, such as the concave corners of Newman shape C, may become

engulfed in the boundary layer of the plate, changing the effective cross-plate distance. This

leads to strikingly similar hydrodynamics between different radially symmetric shapes at

high KC numbers, despite their differences at low KC number.

Not shown in the plots, radially symmetric plates tend to exhibit greater stability in

the surge and sway directions than asymmetric plates. For example, on some oscillations,

the rectangular plates induce a slight side-to-side vibration, a phenomenon not seen in the

squares. Additionally, Newman plates A and B, which are less radially symmetric, experience

similar vibration, while the more radially symmetric plate C is more stable.

B.3 Conclusions

At low KC numbers, added mass is the dominant component of the total hydrodynamic

force, but is significantly reduced when porosity is introduced. Drag shows little change

between all of the plates tested.


