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ABSTRACT

A rising demand for macroalgae (or seaweed) has led researchers to seek out methods of
increasing macroalgae aquaculture yields. Macroalgae is a food product, and may be used in
biofuel, animal feed, and fertilizer. Applying upwelling technology to macroalgae aquaculture
has been shown to increase biomass yield. A wave-powered upwelling device (or water pump)
generates cold, nutrient-rich water ow to the surface of an aquaculture operation. A wave
pump device developed at University of New Hampshire was refurbished and out tted with
instrumentation to determine its performance. Testing in the laboratory on both the device
and instrumentation was conducted to prepare for eld testing. An ocean eld deployment

of the device was conducted in March 2023. Five days of high-quality data were produced,
revealing a maximum average ow rate of 16.5 gallons per minute, in corresponding average
sea state conditions of 2.2 feet signi cant wave height and 5.9 second period. The maximum
e ciency of the device over the course of deployment was estimated at 0.5%, which is an
indicator that the current design is undersized for the tested wave conditions. A WEC-
Sim numerical model of the wave pump was created, and validated using the eld data.
Comparing the average WEC-Sim model data to the eld data resulted in a percent di erence
of approximately 19% for ow rates, 22% for stroke heights, and 16% for stroke periods, which
is considered a successful model validation. A conceptual design for a modi ed, improved
wave pump was generated, where increased ow rate and drawn depth were the motivating
speci cations. The modi ed design was modeled using WEC-Sim, which produced an average
ow rate of 119.6 gallons per minute, and an e ciency of 4.8%. Determining and improving

the e cacy of wave pump devices to bene t macroalgae production is a developing e ort.
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CHAPTER 1

Introduction

1.1 Background

Widespread interest utilizing upwelling technologies for aquaculture to increase productivity
is a forward-thinking approach to sourcing crucial constituents for many global industries.
An article from the Economist in October 2021, \Floating O shore Farms Should Increase
Production of Seaweed" [22] discussed several teams around the world using wave powered
upwelling technology to increase kelp productivity. Experiments have shown that upwelling
can increase kelp productivity by up to four times and extend the kelp growing season further
throughout the year [45]. The Climate Foundation is working on a four phased approach
to develop several marine permaculture projects, including deploying upwelling devices in
the eld at a macroalgae farm in the Philippines. The devices used in that project will
be developed by the company Atmocean. The Helmholtz Center for Ocean Research has
also been examining upwelling technology and has found that pumping rates which are too
high are less e ective at keeping the cold, nutrient rich waters at the surface. The fast rate
causes the water to sink back to the bottom before the kelp has had a chance to bene t from
its presence. Secondary mixing type devices may be required to increase e ciency for fast
pumping or large-scale devices. Another project includes Otherlab, which has an ARPA-E
grant to work on tethering kelp beds close to the ocean oor using ROVs and developing
upwelling devices for mariculture. The ARPA-E MARINER program aims to develop the
United States' macroalgae industry into a global biomass producer to create viable feedstocks

for biofuels, chemicals, and animal feeds [39].



The UNH Wave Powered Water Pump (wave pump) enhances macroalgal mariculture
by upwelling the colder, nutrient-rich waters from lower in the water column to the surface.
The macroalgae can additionally produce more biomass and can continue producing longer
through the warmer seasons. Analysis and optimization of the device design and operation
was essential to understanding its capabilities. The device's survivability, e ciency, and ow
rates in various wave conditions required evaluation. Knowledge of device performance will
allow for correct sizing to individual mariculture projects. Evaluating the design also creates
opportunities for optimization. Field data of device performance was used to validate a
WEC-Sim numerical model of the device. A validated numerical model allows for simulated
design changes, which can aid in optimization and decision making for development of future

models of the device.

1.2 Oceanic Characteristics to Enhance Macroalgal Mariculture

There were several varieties of kelp which were considered optimal for biofuel feedstock.
In the Gulf of Maine Saccharina latissima(sugar kelp) andLaminaria digitata (oarweed)
are mariculture crops that have potential for use as a biofuel feedstock [32]. Around the
world, there are other kelp species being considered for biofuel feedstock sucBaharina
japonica (ma-konbu), Macrocystis pyrifera (giant kelp), and others [42]. Each species of kelp
has its own optimal growth conditions dependent on water temperature, nutrient pro les, and
light conditions. Regional and seasonal variations in ocean conditions drive di erent device
requirements for each mariculture location. Given that factors related to kelp mariculture
are highly variable, designing an upwelling device to aid kelp growth depends upon many
site- and project-speci ¢ characteristics. These characteristics will determine the depth of
the device intake pipe and optimal ow rate. The amount of kelp grown will also determine
the number of upwelling devices required to serve the farm area.

Several kelp studies determined that optimal water temperatures and exposure to high

levels of nutrients had positive kelp growth correlations. A laboratory study oih. digitata



found that at water temperatures of 26C 100% of specimens died, whereas at°@040%
died, and at 16C they all survived within a three-week period [70]. The highest growth rates
occurred at 12C, and the macroalgae were able to absorb more nitrogen in the colder water.
This con rmed the ndings in an earlier study by Bolton and Luning (1982)[12], which found
L. digitata experienced peak growth at 1T, and did not survive at temperatures beyond
23°C. This indicates that a temperature di erence of 4C can have a large impact on the
health and yield ofL. digitata farms. Where there are steep thermoclines, an upwelling device
that gradually cools the surface waters could help increase survivability and productivity of
L. digitata.

Similar studies were completed fo6. latissimato determine what conditions best foster
growth. S. latissima has a slightly larger temperature range for optimal growth from 10
to 15°C and cannot survive in water temperatures beyond 2@ [12]. A land-based study
compared the growth rates of5. latissimain tanks of surface water (13.9C) and in tanks of
deep water (10.2C and higher in nitrate concentrations). The kelp in the deep-water tanks
grew at a rate approximately three times larger than that of the kelp receiving surface water
[30]. Another land-based tank study involvingS. latissima also found a positive correlation
between kelp growth and nutrient availability [11]. An o shore S. latissima growth study
determined that the highest growth rates occurred when the temperatures were cooler and at
depths of 5m [5]. These studies indicate that cooler and nitrogen rich waters were conducive
to producing optimal growth in S. latissima while the macroalgae still has access to sunlight
in shallower waters. Upwelling devices i%. latissima mariculture can aid in creating these
optimal conditions for longer periods of time throughout the year.

Similar to employing upwelling devices in kelp mariculture, another practice proposed by
growers was depth cycling the cultivation lines to expose the macroalgae to the cold nutrient
rich waters at night and returning them to shallow waters in the day for photosynthesis.
In California, a study on giant kelp (M. pyrifera) attempted this novel growth practice

of depth cycling and found the kelp had increased biomass of four times that of the non-



depth-cycled kelp [45]. During the daytime the cultivation lines were 9m deep, and at
nighttime they were dropped to 80m deep. Throughout the experiment from May to July,
the water temperature at the 80m location remained within 10-TC, and at the 9m location
varied from 16-20C. Nitrate concentrations on average were much higher at the deep-water
location (18 M) compared to the surface (approximately OM). The depth-cycled kelp had a
maximum growth rate of 5% per day, and had elevated protein and Nitrogen concentrations
compared to non-depth-cycled kelp. Continuous upwelling of the deep, cold, nitrogen-rich
water to the surface could potentially create the same enhanced growth e ect fior. pyrifera.
While site- and project-speci ¢ characteristics will drive exact device speci cations, many
macroalgae biological studies indicate that exposing kelp to deeper waters which were cooler
and more nutrient-rich will increase growth. Upwelling this water directly to the kelp at the
surface using the UNH wave pump device may provide optimized growth conditions. Creating
a kelp mariculture site with an environment primed for excellent productivity may increase
the harvest yield by up to two to four times, and could also extend the kelp growing season.
The number and size of devices and depth of the intake pipe will need to be considered for

each mariculture location and kelp species.

1.3 Prior Work on Wave Powered Upwellers

Development of wave powered upwelling devices was a research focus for several groups
worldwide. One of these devices was the UNH wave pump that upwells nutrient rich water
to the photic zone to enhance macroalgae mariculture. This review mainly focuses on wave
powered upwelling devices designed since 1976, and reviews some Wave Energy Converter
(WEC) devices that utilize pumped water for electric energy generation. Reports on WEC
devices contain applicable lessons learned, novel designs, and numerical modeling e orts
similar to the UNH wave pump modeling e orts.

A similar conclusion was drawn by di erent research groups that WEC devices in the

eld and in numerical modeling had increased device e ciency in lower frequency waves and



irregular waves compared to higher frequency waves and regular waves. This trend may aid
in informing the UNH design. Another common trend was that when WEC devices were in

the eld for experiments, many researchers report device durability as a critical issue.

Figure 1.1: Simpli ed overview diagram of UNH wave powered water pump design, which
was made using CAD SolidWorks software.

The UNH wave pump design was a two-body point absorber (PA) WEC that acts as
an upwelling pump (Figure 1.1). The UNH design was novel amongst the eleven devices
reviewed. Amongst the reviewed devices, no other WEC upwelling device was con gured in
the same way with two check valves at a centralized, underwater location.

Several of the reviewed research papers focused their WEC development process on nu-
merical modeling. In these papers the software tool WEC-Sim [55] was a reliable method for
numerical modeling e orts. The WEC-Sim tool was a Matlab based code, which uses device
geometry and Power Take O (PTO) characteristics to model performance in various wave
elds. These papers were used to inform the UNH e orts to apply WEC-Sim for modeling

the wave pump.



Isaacs et al. (1976) [28] developed a simple, one-body wave powered water pump design,
which has been utilized by many other researchers since (Figure 1.2). The goal for this device
was electric energy generation, and the focus of the paper was not on upwelling or ow rate.
This design comprised a vertical riser (or pipe) in the water column, with a single one-way
apper valve (upwards ow only) located midway on the intake pipe. A slack tethered
oat attached at the top of the tube utilized the wave motion to gradually pull water from
signi cant ocean depths to a reservoir at the surface. The pressure within the reservoir
relied on the length of the pipe and the sea state conditions (wave height and frequency).
By testing a variety of di erently sized prototypes in several wave conditions, the researchers
determined that devices must employ the full extent of available wave heights for maximum
e ciency. They also determined that for device success, survival in various wave elds and
durability was critical. In 1.8m waves Isaacs tested a 61m and 92m long device where each
device was positioned vertically in the water column. The 92m long pump, which had a
diameter of 5cm, created a pressure equivalent to 30psi in wave heights of 2ft. This device

had a successful deployment of two months, and a reported e ciency of about 30%.

Using a similar version of the Isaacs wave pump, Wick and Castel (1978) [69] conducted
eld tests in Kaneohe Bay, Hawaii. A small-scale model of the Isaacs design was used to
produce electricity, and the data were sent ashore using a telemetry system. The device's
three polyethylene intake pipes were each approximately 5cm in diameter and 92m long. The
pumped water was considered a by-product of electrical energy generation, so the ow rates
were not measured or reported in the data. The generator failed early due to corrosion, but
these tests lasted a total duration of four months and ended when the mooring system failed.
The dead weight to hold each pipe in place during deployment was 400 pounds. While the
tests did last four months, this team also experienced durability issues when one of their
pipes broke during deployment. In wave heights of 3 to 4ft, and wave periods of 6 seconds,
the pump was able to achieve a peak pressure at the outlet of 40psi, which was reported at

around 25% e ciency.



Figure 1.2: Representative diagram of Isaacs et al. (1976) WEC upwelling device, diagram
not to scale. [28]

Vershinskiy et al. (1987) [66] created a single-body wave pump speci cally for upwelling,
which was moored and ballasted. This device comprised a vertical tube, with the valve at
the top instead of the bottom. The goal was to determine whether it would create increased
algal blooms or e ect local coastal climate. Water characteristics were tested alongside the
device including temperature, salinity, oxygen, and mineral content. Two di erent lengths of
devices were tested, 22m and 204m, in the Black Sea in 1983. The device was characterized
as low cost by the design team. For the device pumping from 22m depth, mineral contents
increased by two to nine times that of naturally occurring levels, and temperature decreased
by approximately 8°C. For the 204m device, mineral contents increased by six to fty times
naturally occurring levels, and surface temperature decreased by’C5From the 22m device
with a 0.30m diameter in 0.35m wave height and 4 second wave periods, ow data was
approximately 36n¥ per hour. The team also estimated the ow rate for a 100m long device
with a 1.2m pipe diameter in 2m high waves with 8 second periods as 363Qmer hour. They
concluded their study emphasizing the likelihood of these devices being able to generate algal

blooms and to cool local coastal climates.



Liu et al. (1991) [37], a team from University of Hawaii performed laboratory testing
of another wave powered upwelling device. This device was a two-body point absorber and
used a deep-water pipe, a valve at the top, and a oating tank with an air chamber. The
wave driven relative motion forced water out the discharge pipe at the surface. The goal of
this device was to enhance sh mariculture through upwelling by increasing mineral content
and ushing out pollutants. It was designed to operate in wave conditions of 2m height with
8 second periods. The research team recognized that a potential challenge for their device
was controlling the plume mixing after achieving regional upwelling. The scale model for
laboratory tests was 1:20, and the model was constrained to move vertically. Theoretical ow
rates for the device were calculated for various pressures within the chamber from 0.6psi to
1.8psi. For the full-scale device predicted ow rates for each range of pressures wereFEéOl
and 680:]‘—:’, respectively.

Numerical modeling of a similar device, but with the reservoir at the top removed was
conducted in 1995 [38]. The device had a oat buoy 4m in diameter, with a pipe of 1.2m in
diameter open at the top. The length of the pipe was 300m and had the check valve near the
top. Both regular and random waves were simulated in the numerical model. Modeling the
random waves was done using a Bretschneider Spectrum using the same 2m high, 8 second
period waves characteristically found o Oahu, Hawaii. Assuming the oat was a wave
follower, random waves were found to produce a nearly continuous ow, whereas regular
waves had more time where the ow was zero. The results for this device in the numeric
model were ow rates of 3420rhper hour in random waves and 1620#rper hour in regular
waves. To validate the numerical model, wave tank experiments using a 40:1 scale physical
model of the device were later performed. Using the numerical model, ow rates of 1860m
per hour in regular seas were calculated for the full-scale device [36]. These laboratory and
numerical results followed similar trends to Isaacs' and Vershinskiy's test results.

Kirke (2003) [34] modi ed the designs of Liu and Vershinskiy to create an upwelling

device designed to operate over a large area in the ocean. The motivation behind this design



change was to increase algae in surface waters which would ultimately support larger schools
of sh. Side e ects of this kind of device would reduce ocean temperatures, which would
help to decrease storm severity and coral bleaching in tropical areas. If negative side e ects
occurred, the team proposed that removing the devices from the water would easily reverse
those e ects. The devices were designed to upwell from 500 to 600m depths, which was the
deepest upwelling device reviewed. Kirke proposed a design with the following modi cations:
moving the check valve to the bottom of the pipe, using three vertical pipes for upwelling
instead of one, using fabric for the tubes to enhance durability, using an e cient WEC
terminator (like Salter's \Duck") instead of a simple oat, and mooring the device on the
bottom using elastic tethers. The check valve at the bottom of the pipe would maintain
rigidity of the exible pipe on upstrokes. A numerical feasibility study was completed to
determine whether the design would be capable of pumping 5®mer second (180,000
per hour). Kirke predicted that a oat 21.5m in diameter and 40m in height operating in
2m high waves with wave periods of 12s at 80% e ciency would be su cient to achieve the
desired pumping rate. This was a much larger device than the previously reviewed works
and was also much larger than the UNH wave pump research project.

A commercially available wave powered upwelling device by Atmocean was tested o the
coast of Hawaii in 2010 [68]. The design of the pump was based on the pump created by
Isaacs in 1976, but its goal was changed to upwelling and not electricity generation. Due to
the changing objective, the modi ed design increased the pipe diameter. This design di ers
from the UNH design in that the water travels up the length of the tube, with a single apper
valve at the bottom (Figure 1.3). The pumps were tested by pulling 300m water depths to the
surface and achieved an approximate ow rate of 163 per hour. Flow rate was measured
by a MAVS3, and ocean gliders were deployed to measure local environmental properties.
In a mean wave height of 2.4m the device experienced a critical failure after 17 hours. The
team analyzed the failures and believed the main issue was due to lack of durability in

the tube material, which was made of polyethylene. Additional failures included mangled



hardware in various regions along the pump. The e ciency of the pump was also very low,
at approximately 10%. Friction losses in the tubes could have contributed to the e ciency
losses. One key takeaway from this paper was that upwelling velocity depends heavily upon
wave amplitude and frequency, which were the two important inputs for numerical modeling.

Pressure was not measured in the pump for this study.

Figure 1.3: Representative diagram of Atmocean WEC wpwelling device, diagram not to
scale. [68]

In 2015 a French team of researchers published the results of a twelve-year case study
on their WEC development, SEAREV [17]. This WEC was a free- oating point absorber
that utilizes an internal, heavy pendulum to produce electricity. While this device does
not create upwelling e ects, the lessons learned in this study were applicable to the UNH
project. The researchers found that the three most important factors in WEC design were
survivability, maintenance, and performance. The device shape was optimized over several
iterations of the prototype. Optimization factors included reduction in slamming as waves
pass by and of waves breaking on the oat, greater stability, and avoiding at panels. The
shape of the oat that the team ultimately settled on was very similar to Salter's \Duck".

By utilizing a braking mechanism of the internal pendulum at optimal moments, the energy

10



e ciency of the device was improved by 35% in their rst-generation design and by 15% for
their second-generation prototype. Unfortunately, the team found in their cost analyses that
the rst-generation prototype was too expensive to be market competitive at full scale, and
while the same was true for their second-generation prototype it at least produced double
the energy generation.

Returning to the concept of using wave energy for a hydraulic pump, a team of researchers
from the Netherlands had a novel idea for a device [67]. Instead of the single vertical
upwelling pipe, this team had the idea to use a system of oats, referred to as a oater
blanket, to power multiple piston pumps. The oater blanket aligns with an incident wave,
to provide power to the multiple piston pump PTO system more continuously. The team
created a numerical model of their device using WEC-Sim, which was used to evaluate
both analytical and laboratory experiments. Good agreement between experiments, other
analytical models, and the WEC-Sim model, indicates that the WEC-Sim model was reliable
for this device. The numerical model takes approximately a day to complete the simulation
in the Matlab code. In the numerical model, the team found that the device performed
well in wave conditions with long periods, but not for short period waves due to di raction
and radiation e ects. The team also noted that varying the piston spacing and employing a
control algorithm drastically a ected the e ciency of the device.

Another wave powered pumping design that di ers from the upwelling devices was com-
prised of exible tubes and check valves which direct the ow downwards into an accumulator
and turbine located underwater [47]. The exible composite tubes were unique to this ap-
plication and were made of an elastomer and carbon ber. The material was capable of
withstanding high pressure, non-corrosive in saltwater, durable, and required no moving
parts. Due to the exibility of the tubes, a small external load creates a large volume
change. As a wave approaches the surface oat rises, and the attached tube was stretched.
The bottom of the tube was attached to a stationary plate. In the wave trough, the tube

was relaxed, and allowed water inside through the tube's top. As the oat neared the wave
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crest, the tube stretched closing the valve at the top and opening the valve at the bottom,
which caused the water to be forced downwards. The water pumped downwards was stored
in an accumulator which can then be used to power a generator (Figure 4). Both a numerical
model analysis and 50:1 physical scale model test were performed for the prototype device.
The reduced model scale testing produced e ciency of 40%, with 0.21W produced. For the
full-scale version, the researchers expect this technology to produce 180kW. The researchers
also note that the composite material could also be used for PTO tethers in other two-body

point absorber WEC designs.

Figure 1.4: Representative diagram of WEC downwelling device, diagram not to scale. [47]

A smaller scale electrical energy generating WEC device was designed speci cally for the
Colombian Paci ¢ Ocean [41]. This device does not use pumps or upwelling and was modeled
using WEC-Sim. This device was designed for coastal communities which were far removed
from electrical grids. Heave motion drives a linear generator for the power. The surface
oats were attached to an arm, and they move vertically with the wave motion. The other
end of each arm was attached to a pivot mounted at the top of a vertical piling embedded
in the sea oor. The arm rotates about a horizontal mean position as the oat oscillates
vertically. The linear generator was stored in each arm, which were oriented horizontally,

and the translator slides along the stator coils. Numerical models were created for the device
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in WEC-Sim and Ansys Agwa. In typical swell conditions found along the Colombian Paci c
coast (1.17m height and 10.6 second period), the device generated 1.17kW in irregular waves
and 0.5kW in regular waves. The research team reported an e ciency of 42%, where lower
wave frequencies increased the e ciency. This was another instance of long period waves
producing higher e ciencies.

Table 1.1: Summary of Reviewed WEC Device Designs and Performance
* Indicates modeling e ort, with no laboratory or eld tests performed at time of publication.

Source Device Device Float or Pipe | Target Reported Reported
Type Production Diameter Depth | Performance | E ciency
Isaacs et al. | One-Body | Electricity 0.05m 92m 30psi 30%
1976 [28] P.A.
Wick and One-Body | Electricity 0.06m 92m 40psi 25%
Castel 1978 [69] P.A.
Vershinskiy One-Body | Upwelling 0.30m 22m 36 mé/hr N/A
et al. 1987 [66] P.A.
Liu et al. Two-Body | Upwelling 4.0m 300m 1800 n¥/hr N/A
1999 [36] P.A.
Kirke et al. One-Body | Upwelling 21.5m 500 - 180,000 M 80% *
2003 [34] P.A. 600m /hr
White et al. One-Body | Upwelling 1.0m 300m 45m?/hr 10%
2010 [68] P.A.
Cordonnier One-Body | Electricity 30m Surface| 1620 MWh/yr 25% *
et al. 2015 [17] P.A.
Wei et al. Attenuator | Electricity N/A Surface Varies * Varies *
2017 [67]
Philen et al. | Attenuator | Electricity 0.006m Surface 0.21W 40%
2018 [47]
Romero et Attenuator | Electricity N/A Surface 1.17kwW 42%
al. 2019 [41] (irr. waves)
Yetkin et al. Two-Body | Electricity Varies Varies Varies * Varies *
2021 [71] P.A.

Another numerical approach to a two-body point absorber WEC was studied by taking a
closer look at optimizing control systems on the WEC to increase e ciency and survivability
[71]. Both hard and soft constraints on the device motion were analyzed in this numerical
model, to determine e ectiveness and the impact of these additional costs on WEC devices.
WEC-Sim was used to develop the numerical model and study the relationship between

the constraints and energy absorption. End stops were employed in the simulated PTO,
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which were also used in the UNH WEC-Sim numerical model. A more advanced control
system may also be necessary to apply forces to counteract excessive sea state conditions,
which will increase the durability and longevity of the device. The researchers' control model
incorporated the energy expended by using the control force, which had not yet been done
in earlier control models.

A summary of the WEC devices reviewed in this paper is found in Table 1.1.

The techniques described in these papers to study WECSs, and their lessons learned will
be applied to the UNH wave pump research project. Speci cally, device durability, WEC-
Sim for numerical modeling, and ideal wave conditions will all be used to in uence the
UNH design. The UNH design will be eld tested for volume ow rate in various wave eld
conditions to evaluate performance. This data will also be used to validate numerical models
of the UNH wave pump. Lessons learned from the eld test will inform improvements to the

design as well as provide insight into a commercial scale design.

1.4 Project Objectives

The objectives for this project were as follows:

Upgrade existing UNH wave pump device
Develop numerical model of wave pump device using WEC-Sim
Conduct ocean eld test of existing wave pump device measuring: ow rate, relative

motion, and wave conditions
Validate WEC-Sim model using ocean eld data

Redesign wave pump with knowledge gained and WEC-Sim model

1.5 Project Approach

An ocean eld test was required to evaluate the existing wave pump device design. To ensure
the device survived and succeeded in an ocean eld test several hardware improvements,

instruments, and laboratory tests were required. Details of the hardware refurbishment were
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included in chapter 2. Instrumentation was purchased and integrated, as well as developed
speci cally for the device. Instrumentation includes a Sofar spotter buoy for capturing
nearby wave conditions, a lidar, and a ow meter. A custom-designed data acquisition
(DAQ) module was built to power and capture the data. Details of the instrumentation
were included in chapter 5. These instruments allow for recording volumetric ow and
relative motion of the wave pump in various sea states.

The process detailing the ocean deployment methods was included in chapter 6. The data
from the deployment were applied to validate numerical models of the device. A numerical
model in WEC-Sim and Matlab were constructed to simulate the device in a variety of wave
conditions. A comprehensive description of the numerical model was included in chapter 3.
The performance of the wave pump device during the ocean eld deployment was assessed
in (chapter 7). These results were applied to the numerical model for validation (chapter 8).
Using the validated numerical models, optimizations and improvements to the device design
were suggested, and a modi ed, larger-scale design was proposed in chapter 9. Key ndings

and potential for future work was reviewed in chapter 10.
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CHAPTER 2

Wave Powered Water Pump Design

2.1 Overview

This chapter covers details of the wave pump design and how it operates. Applicable theory

for WEC dynamics are also reviewed.

2.2 Detail of Design and Operation

The wave pump is a two-body WEC point absorber device. The two main components are a
oat buoy and a spar buoy (Figure 2.1). The oat buoy is characterized as a 'wave follower
and moves vertically with the waves at the surface. Whereas the spar buoy remains relatively

stationary in the water column due to an attached heave plate.

Inside the spar was a piston, which was connected to the oat buoy. At the lowermost
end of the spar was an inlet and outlet pipe system with check valves. As the waves move
the oat up and down, the motion moves the piston which causes seawater to be pulled and
pushed through the pipe system. The inlet was angled downwards to pull in deeper water,
and the outlet was attached to a hose that brings the water towards the surface. The hoses
were not shown in (Figure 2.1). The wave pump operates by drawing water in on the wave

upstroke and pushing the water back out on the down-stroke (Figure 2.2).

The device was approximately twenty-two feet tall when in its equilibrium position (when

there were no waves acting on the device), approximately sixteen feet of which were sub-
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Figure 2.1. Detailed overall diagram of wave powered water pump design, created using
CAD SolidWorks software.

merged when deployed. The oat buoy was ve feet in diameter and yellow, which provides
high visibility for spotting of the device. The oat buoy was made of Surly ionomer foam.
The heave plate at the bottom of the spar buoy helps inhibit vertical motion of the spar
buoy due to wave action. The spar buoy was constructed from a Schedule 40, size 8 PVC
pipe (8.6-inch outer diameter). The wave pump device's total weight was estimated at 680
pounds.

Additional details on the wave pump design and construction were included in chapter 4.
The majority of the device construction was detailed in previous UNH technical reports [13].
The piston cylinder was the four inch diameter PVC pipe that was installed inside the main
spar oat PVC pipe. The piston was an aluminum 6061 cylinder which was machined to
contain three O-ring grooves. The piston was attached to a piston rod, made of 316SS.

The rod is comprised of three, four-foot long sections, which were joined together with
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Figure 2.2: Cross section of wave pump with Detail on Pump Operation

small threaded rods. The check valves were o -the-shelf (OTS) components, purchased from
McMaster-Carr, part number 7746K47. The gantry or aluminum frame attached to the
oat buoy was constructed from extruded aluminum 6061 components. The stopper plates
installed on the spar buoy to constrain the oat motion were constructed from plywood. The
plate at the top of the spar is constructed from marine-grade UHMW-PE. The majority of
the ballast is comprised of a pipe ange at the bottom of the spar, which is also OTS from
McMaster-Carr with part number 68095K397.

During the previous eld test in April 2021, the wave pump was measured pumping ap-
proximately two gallons per minute [13]. However, prior to the March 2023 eld test, the
range of pumping ow rates for this device were unknown. Numerical model simulations
indicate pumping rates up to eleven gallons per minute were possible in the average sum-
mertime wave conditions. The maximum stroke length for the device was four feet and was

constrained by stopper plates and compression springs.
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2.3 Applicable Theory

The existing wave pump design was developed utilizing dynamics of oating bodies, hy-

drodynamic stability, and typical wave conditions present in the Gulf of Maine [14], [43],

[13].

Motion of oating bodies in a time series approach was characterized by:

mX = Fext(t)"' Fmd(t)"' Frad (t)+ Fpto(t)+ I:v(t)"' Fme(t)"' I:B (t)+ Fm(t); (2-1)

[55] where:
m = Mass matrix
X = Translational and rotational vector of the device
Fext = Wave pressure force includes a Froude-Krylov force component and di rac-

I:md

I:rad

|:pto
Fv
Fme

Fe
Fm

tion component

Mean drift force

Force and torque vectors produced by wave radiation includes an added
mass component and wave damping component

= Force and torque vector produced by PTO

= Force and torque vector produced by damping

= Force and torque vector produced by Morison Element, speci cally the drag
term from the Morison Equation [44]

= Force and torque vector produced by net buoyancy

= Force and torque vector produced by mooring connection.

The dynamics of the oat buoy and spar buoy were analyzed in the WEC-Sim numerical

model (see chapter 3 for more detail). The results were then compared to the lidar eld data

which collected relative motion data. This comparison was utilized in chapter 8 to validate

the WEC-Sim numerical model.

Dynamic stability of the existing wave pump device has been a challenge throughout the
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course of the project, even as recently as April 2021 [13]. The rst challenge lies within
balancing the ballast and buoyancy forces along the spar buoy so that the waterline was
located between the stopper plates. See section 4.9 and subsection 9.3.1 for more details on
this topic.

If this was achieved in a hydrostatic environment, the next challenge was applying this
balance in an environment with ocean waves. Examining the pitch (or roll) dynamics of the
device in waves indicates the device's ability to right-itself or remain upright in wave forcing.

Resonant periods or frequencies of buoys indicate the wave period at which buoys experi-
ence the most motion. For a two-body WEC, the resonant period indicates the frequency or
period at which the most relative motion between the bodies was present. Response Ampli-
tude Operators (RAO) were a good indicator of resonant frequencies. For both the eld data
and the WEC-Sim modeling, relative motion RAO's were calculated in subsection 7.11.1 and

subsection 8.2.1.

2.4 Hydrostatics of Existing Device

The existing device for the eld deployment experiment was analyzed for its hydrostatic
characteristics and stability. By focusing on the spar components, which excluded the oat
buoy, gantry, and piston, the following information was calculated using SolidWorks. Den-
sities for each material were de ned for each component in SolidWorks, to determine the
total weight and center of gravity. The total weight of the spar oat assembly, including
the ow meter sensor and data acquisition (DAQ) module, was 179.148kg. The center of
gravity (hg), equilibrium waterline location (hy,), and center of buoyancy k) are shown on

Figure 2.3. Locations for these distances on the diagram are approximate.

The waterline location was determined by measuring the device submerged in saltwater
with an approximate density of 102#%. The center of gravity was determined using Solid-

Works. The center of buoyancy was estimated as half the waterline location, assuming that
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Figure 2.3: Diagram of spar buoy assembly with equilibrium waterlirtg,, center of buoyancy
h,, and center of gravity locations showrhg (not to scale).

the volume of the heave plate was negligible, and that the spar assembly had a uniform
geometry.

The distance between the center of gravity and the metacentric height, m, is calculated

by:
|
gm= o + bg; (2.2)

[64], where:
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gm = Distance between the center of gravity and metacentric height = 0.152m
I = Second moment area of inertia = 1.113e#*
\% = Total submerged volume, calculated using SolidWorks = 0.176°

bg = Distance between center of buoyancy and center of gravity = 0.151m

Since the metacentric height is above the center of gravity, the spar is initially stable.
However, since the metacentric height is close to the center of gravity, in large wave states
the spar is susceptible to tipping. This was later observed during the eld deployment
(chapter 6). A lower center of gravity and higher metacentric height will reduce instability

in future designs, which was explored in chapter 9.
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CHAPTER 3

Development of WEC-Sim Numerical Model

3.1 Overview

A simulation based on a numerical model is a useful design tool for engineers, researchers,
and scientists. By creating an accurate model and simulation, designers can modify wave
conditions to match di erent sites and determine device performance. The device geometry
and hydraulic Power Take-O (PTO) can also be iteratively modi ed within a model and
simulated to determine what features increase device performance and survivability. Field
data was used to validate the WEC-Sim model in chapter 8. The validation process indicates
the degree of accuracy for the WEC-Sim model that can be expected during the design
process.

WEC-Sim is a numerical modeling software speci cally designed for simulating wave
energy projects [55]. For the wave pump device, simplied geometry les were created
using SolidWorks [10] and Meshmagick [53]. Then using Capytaine [3] [6], the Boundary
Element Method (BEM) analysis was completed using the geometry les to determine the
hydrodynamic response of the device. Capytaine software is a linear potential ow solver.
This analysis was then uploaded to WEC-Sim. By modifying the included Reference Model
3 and corresponding hydraulic PTO model in the WEC-Sim software, a numerical model of
the wave pump was created. Matlab [40] and Simulink [62] are required to use the WEC-Sim

program. The outputs from the WEC-Sim program include device dynamics and ow rate.
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3.2 Applicable WEC-Sim Theory

WEC-Sim simulations involve relationships between wave state, WEC device dynamics, de-
vice power-take-o (PTO), and WEC mooring. Calculations of radiation and di raction

allow for predictions of device performance in a given wave state. These calculations rely
upon hydrodynamic forces solved using BEM analysis. For a comprehensive description of

WEC-Sim's operational theory, see [55].

Coordinate System and Units The WEC-Sim coordinate system was oriented so that
the surge and sway motions were along the X and Y axes, respectively. Heave was oriented

along the Z axis (Figure 3.1).

Figure 3.1: WEC-Sim coordinate reference system diagram [55]

The units for WEC-Sim were metric. Distance was measured in meters, mass in kilo-

grams, and time in seconds. Angles were measured in radians, but wave directionality was
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measured in degrees.

Hydraulic PTO The two governing equations for the hydraulic PTO were given by:

Fpro = Ppiston Apiston ; (3.1)
and
Prro = FeproXte; (3.2)
[55] where:
Fepro = Force from the PTO (units)
Ppiston = Di erential pressure across the piston
Apiston = Surface area of the piston face interacting with the sea water
PrT0 = Power output of the PTO
Xsel = Velocity of the piston relative to the spar.

The power and force of the PTO were critical to the dynamic analysis, representing
the power extracted by the wave pump and the force acting between the oat and spar
buoys. Using these values, the relative motion can be determined, which was instrumental
in validating the WEC-Sim model with eld data of relative motion. By including the
hydraulic PTO component, an accurate calculation of the piston relative motion can be

achieved. The equation for calculating the pump ow rate was included in section 3.6.

3.3 Generating Geometry Files

The wave pump SolidWorks CAD design les [13] were used to develop geometry les which
could be used in the BEM analysis. Simpli ed versions of the spar and oat buoy part les
were created based on the wave pump device design les. If the heave plate connection rod
were included in the geometry, the accuracy of the model would be increased. This is an

opportunity to increase accuracy of the numerical model in future work.
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The simplied oat CAD le was created with its origin located where the waterline
exists at equilibrium. This waterline was located ve inches above the base of the oat. The
oat was ve feet in diameter, with an inner diameter of nine inches. The oat was eighteen
inches tall overall, with a radius on the external edge of ve inches at the base.

The spar's origin and waterline location was located 44-inches from the its top. The
simpli ed spar le was created by using a single cylinder with an outer diameter of 8.625-
inches and a length of 228.5-inches. The heave plate was modeled as an additional cylinder
at the spar base with a diameter of 36-inches and thickness of 1-inch.

The orientation of both parts in SolidWorks must align the Z coordinate axis with the
upwards direction (or so that the Z coordinate aligns with the device's vertical axis in the
water column). Both Solidworks part les were saved as STL type les. The SolidWorks

STL le type must have the units saved in meters.

The CAD les for both the oat and spar were then processed by the Meshmagick
software [53], which transforms the SolidWorks generated STL le type into a ".nemoh" le
type. This le type was a text le containing all the geometric information. This geometric
information was organized in a triangular nite element mesh with X, Y, and Z coordinates

(Figure 3.2).

3.4 BEM Analysis Using Capytaine and BEMIO

The WEC-Sim Reference Model 3 (RM3) example was used as the basis for the numerical
model, since it was a two-body point absorber WEC similar to the wave pump device.
Modi cations were made throughout the RM3 example, to increase the model's similarity
to the wave pump device. The RM3 example included both Capytaine and BEMIO code
developed by the WEC-Sim team, which were also used as a basis for the wave pump
numerical model.

Capytaine is a linear potential ow solver, determining the device's hydrodynamic re-
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Figure 3.2: Meshmagick Viewer Showing the Float and Spar Meshes Combined, Waterplane
Shown (for BEM analysis les were kept separate)

sponse in a variety of wave frequencies. In the RM3 Capytaine example code, few parameters
were changed other than updating le and variable names. The geometry les of the wave
pump were used instead of the RM3 les. The location of the center of gravity for both the

oat and spar were updated to re ect the wave pump. These values were relative to the
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geometry les' origins or waterplane location. The oat had a center of gravity location of
0.188m above the waterplane, and the spar had a center of gravity location of 2.110m below
the waterplane.

The BEM analysis was completed over a range of wave frequencies, beginning at 0.02

—fad_ and ending with 10 (229, in 520 intervals throughout this range. This frequency
range spans wave periods between 0.63 seconds and 314 seconds. Wave headings for the
BEM analysis in Capytaine were set to zero in the Y and Z coordinate directions, so that
the waves were traveling only along the X coordinate direction.

Water depth was set to the deep water assumption, where the water depth must be greater
than half the wavelength [19]. This was an accurate assumption for the eld deployment
location, which requires wavelengths less than 20 meters to be considered deep water. Typical

wavelengths in this region of the ocean were less than 20 meters [23]. Water density was set

to 102559

m?3?

which is a standard ocean water density.

Given the simpli ed geometry of the wave pump when running in the Capytaine BEM
program, the results took approximately two hours to complete with a 2.5GHz processing
speed, 16GB RAM computer.

The results from the BEMIO Matlab script were shown here. The rst gure Figure 3.3
Normalized Added Mass of the device in the various wave states were shown. For an accurate
model, both the oat and spar bodies should tend towards a constant value as the frequencies
increase. Since both the oat and spar tend towards a constant value in all three degrees of
freedom, this indicates an accurate simulation. Normalized added mags; , was unitless.
Normalized added mass in heave for the oat buoy was approximately equal to one for most
of the frequency range. There appears to be an error for the oat normalized added mass
in heave at approximately 9‘:-" where the values are negative. At this frequency, the wave
periods are 0.7 seconds. Wave periods below 0.7 seconds are not used in the WEC-Sim
simulations, which made this error not a concern. For the spar, it tends towards zero for the

entire frequency range. The subscripts i and j for the normalized added mass value indicate
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what values in the greater added mass matrix correspond to the directional motions: surge,

heave, and pitch.

Figure 3.3: BEMIO normalized added mass result for wave pump device in various wave
states.

The next result from BEMIO Figure 3.4 shows the system's normalized radiation damping
result, Bj; , which is dimensionless. For an accurate simulation, both damping terms should
tend towards zero between 0.02 and 5.%. The wave conditions measured during the
eld test were sampled at a rate of 2.5Hz. This sampling frequency negates the need to
examine WEC-Sim generated wave frequencies smaller than 1.25Hz (gﬁﬁ) more closely
when comparing the WEC-Sim data to the eld data. The radiation damping response in
heave motion was the most critical for this type of system. Focusing on the heave plot, the
spar damping response remains at zero throughout the range of frequencies. This indicates

that the spar was a poor radiation wave generator through the given range of frequencies.

The oat has a term which remains low, and spikes at approximately 0.7 second periods (8.9

Sgggnd). This indicates that the oat will generate large radiation waves, the most of which
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occurs at 0.7 second period waves.

Figure 3.4: BEMIO normalized radiation damping result for wave pump device in various
wave states.

The normalized radiation impulse response was also an indicator for simulation accu-
racy. In Figure 3.5 radiation IRF K was dimensionless. The normalized radiation impulse
responses for each body were plotted in the time domain, and must tend towards zero within
the speci ed time. All results in each three plots do tend towards zero, indicating accurate
radiation impulse response for modeling the device dynamics. The spar remains at zero or
decays quicker than the oat in all three instances of motion, which indicate smaller radiation
response in wave forcing. The oat has the largest magnitude radiation response, compared
with surge or pitch. This indicated that the oat has a large oscillatory response to radiation

impulses, and will tend to create large relative motion between the oat and spar in heave.

The normalized excitation impulse response indicates how the oat and spar will behave
in an excitation scenario. If each body was acted upon by an excitation force, the normal-

ized response was shown decaying over timK,; was the i-th component of the time- and
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Figure 3.5: BEMIO normalized radiation impulse response for wave pump.

direction-dependent incident-wave-excitation force on each body ( oat or spar) per unit wave

amplitude [31]. In Figure 3.6, both components should tend towards zero in the given time
frame. In all three degrees of freedom, both components drop to zero within a short period
of time, indicating accurate device dynamic modeling in the simulation. The expression
shown on the gure representing normalized excitation impulse response, includes the term
Xi. This term was the i-th component of the frequency- and direction-dependent complex
transfer function for incident-wave excitation force on each body (oat or spar) per unit

wave amplitude [31].

3.5 Modi ed Reference Model 3 (RM3)

The WEC-Sim RM3 model was used as a basis for the wave pump numerical model. Several
aspects of the RM3 model were changed to better re ect the wave pump design. The

masses of the oat and spar buoys, moments of inertia, and centers of gravity were shown

in Table 3.1. The center of gravity was relative to the equilibrium waterline location.

CAD models of the oat and spar were also uploaded for use in the simulation graphics.
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Figure 3.6: BEMIO normalized excitation impulse response for wave pump.

Table 3.1: Mass and Moments of Inertia for Float and Spar Buoys in WEC-Sim

Property Float Buoy | Spar Buoy
Mass (kg) 95 173
Moments of Inertia: X, Y, Z (%) 89, 89, 18 | 470, 470, 2.8
Center of Gravity (m) +0.188 -2.110

These models need their origins located not on the waterplane, like for the BEM analysis,
but at the center of gravity.

The mooring constraint chosen for the model was oating with six degrees of freedom.
This was changed from the RM3, which had a constraint that was oating with three degrees
of freedom. The three degrees of freedom constraint was de ned as allowing motion in heave
(Z-planar), surge (X-planar), and pitch (Y-rotational), and preventing motion in yaw (Z-
rotational), roll (X-rotational), and sway (Y-planar). The six degree of freedom constraint
was chosen because it most closely resembles how the device will be moored during a eld
deployment. The mooring during the eld deployment was anticipated to have little wave

response dynamic e ect, which makes the six degree of freedom constraint a good choice.
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In some cases, detailed further in chapter 8, a xed spar constraint was utilized. The xed
spar constraint reduced simulation runtime and was consistent with minimal spar motion.
However, the six degree of freedom constraint was the more accurate choice.

The highest level Simulink diagram for the oat and spar was shown in Figure 3.7. The
oat and spar bodies were represented by the yellow boxes. The PTO or pump simula-
tion blocks were shown by the blue and upper white box. The blue box was the standard
translational PTO actuation block from the WEC-Sim library. The white box was modi ed
to represent the wave pump device. The mooring constraint was the lower white box, and
the green box represents the global reference frame for the model. The bodies, reference
frame, PTO, and mooring constraint all remained standard given the RM3 setup or from
the WEC-Sim library. The PTO-Sim block received some additional alterations, detailed in

the next section.

3.6 Modi ed RM3 Hydraulic PTO

One of the WEC-Sim Advanced Features is PTO-Sim, accessed through the WEC-Sim Ap-
plications Repository. By utilizing the RM3 Hydraulic PTO example, modi cations were
made to more closely resemble the wave pump device. A simplistic diagram representing the
wave pump device was shown in Figure 3.8. Where P represents pressure and Q represents
ow rate at the indicated location. This simple diagram includes the two check valves and

piston that comprise the pump.

The lower portion of the piston was lled with seawater, and the upper side of the
piston was open to the atmosphere. The upper portion of the piston was removed from the
Simulink model, since it was open to the atmosphere. The lower portion of the piston was

characterized by:
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Figure 3.7: WEC-Sim Simulink model overview diagram for wave pump model.

ya
it B (Qvalves Qpiston ) dt

inf XreIApiston + Vpiston

= I:)piston ; (33)

where:
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Figure 3.8: Simpli ed diagram of single piston pump operation with PTO variables

B = Bulk modulus of seawater

Quaves = Flow rate through the check valves

Qpiston = Flow rate through the piston

Xrel = Position of the piston relative to the spar

Apiston = Surface area of the piston face interacting with the sea water
Vpiston = Volume of the piston at neutral position

Ppiston = Pressure in the piston's lower chamber.

In Equation 3.3, the hydraulic uid was compressible; however in this application with the
upper portion of the piston open to air, the uid is not compressed. Consequently, the

volume ow rate of the valves were characterized by:

Quaves = Qinlet  Qoutlet ; (3.4)

where:
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Quaves = Flow rate through the check valves
Qinlet = Flow rate through the inlet check valve
Qoutlet = Flow rate through the outlet check valve.

The volumetric ow rate through the piston was given by:

Qpiston = Apiston Xrel ; (3.5)
where:
Qpiston = Flow rate through the piston
Apiston = Surface area of the piston face interacting with the sea water
Xrel = Velocity of the piston relative to the spar.
Volumetric ow rate through the inlet check valve was given by:
Qinet = Cy
Prax + Pmi A Anmi A Anmi

tanh ky (P Ppsin) _max © T min max TImin g A 4 —max fimin

2 < 2 2

2(Pin Ppstn)tanh(kl(Pin Ppstn): (3.6)

The equations used to derive Equation 3.6 were the ori ce equation and valve area equa-
tion as a variable area poppet valve [58], these are also used to develop the expression for

ow through the outlet valve. For the outlet check valve, volumetric ow rate was:

Qoutlet = Cy

P + Py A Anmi A Ani
tanh ko (Ppstn  Pout) "‘axfm'” w + Amin"'w

S

2(Ppstn Pout)tanh(kl(Ppstn I::'out) (3 7)
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In Equation 3.6 and Equation 3.7:

Qinlet = Flow rate through the inlet check valve

Qoutet = Flow rate through the outlet check valve

Cq = Flow coe cient

ks = Valve Coe cient

Pintet = Pressure at the inlet valve

Poutlet = Pressure at the outlet valve

Ppison = Pressure in the piston's lower chamber

Pmin = Cracking pressure of the valve, given by manufacturer
Pmax = Approximately twice the value of valve cracking pressure
Amax = Valve cross- ow area when open

A min = Valve area when closed

k1 = Valve coe cient = 200

= Density of seawater.

The valve coe cient, k;, was expressed by:

2 1, 3
k, = tanh 14 Vv _ts 1 ;
CdAmax 2 I:)min I::'min

(3.8)

where:

\L. = Volumetric ow rate of pump.

The Simulink diagram of the modi ed RM3 Hydraulic PTO contains these PTO equa-
tions.
Additional parameters needed to create an accurate model of the wave pump were in-

cluded in Table 3.2:
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Table 3.2: Parameters representing the wave pump device in WEC-Sim
Property Value
Constant Pressure at Inlet (Pa) 24,000
Constant Pressure at Outlet (Pa) | 10,055
Piston Area (m?) 0.007
Bulk Modulus of Seawater (Pa) 2.34e9
Check Valve Discharge Coe cient 0.61
Check Valve Max. Area (nf) 0.002165
Check Valve Min. Area (nt) le-8
Pressure for Fully Open Valve (Pa)| 17236.9
Valve Cracking Pressure (Pa) 3447.4

3.7 Preliminary Results

To determine whether the model was producing results that appeared reasonable and on the
correct order of magnitude, regular wave conditions of 0.3m signi cant wave height, with a
period of 4 seconds were selected. After the selection of these wave conditions, the model
simulated the device dynamics and ow rate.

Figure 3.9 indicates the ow rate of the wave pump for the xed spar constraint. The
ow rate was instantaneous and shown for a thirty second simulation with a ten second ramp
time. The outlet ow rate was shown in blue and the inlet ow rate was shown in orange.
Upon reaching steady state, the outlet and inlet instantaneous ow rates were similar levels

around 25gpm.

Figure 3.10 indicates the relative distance between the oat and spar (also the piston
motion) for the xed spar constraint. Since the spar was xed in this simulation, the relative
motion tracks the motion of the oat buoy. The oat buoy was acting as a near-perfect
wave follower, where it matches the height of the 0.3m waves. The peaks of each stroke were

shown for reference.
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Figure 3.9: Example wave pump ow rate representation in regular wave state of 0.3m
signi cant wave height with 4 second periods with xed spar constraint.

Figure 3.10: Example wave pump relative distance representation in regular wave state of
0.3m signi cant wave height with 4 second periods with xed spar constraint.
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CHAPTER 4

Device Upgrades

4.1 Overview

Device improvements were made prior to lab or eld testing, to ensure that the wave pump
would be able to survive ocean conditions for several weeks. The main motivations for these
improvements included increased corrosion resistance, upgraded quality of data collection,
and improved hydrodynamic stability. All three of these categories are obligatory for a

well-functioning marine energy research device.

4.2 Hardware

One signi cant consideration for ocean-going equipment is cathodic corrosion. If metallic
materials are used which are highly susceptible to corrosion, parts could break or degrade.
This could cause a potential failure, or diminished operation, during an ocean eld de-
ployment. All hardware on the wave pump oat which appeared to have corrosion were
replaced. This included all rods, nuts, bolts, pins, and washers. These were replaced with
marine grade stainless steel (316 Stainless Steel) by disassembling the wave pump device and

then reassembling it (Figure 4.1), (Figure 4.2).

Locations where 316 Stainless Steel bolts came into contact with aluminum, plastic wash-
ers were used as an insulator to prevent corrosion. The springs used in conjunction with the

physical constraint plates were not replaced with a marine grade steel because the existing
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Figure 4.1: Wave pump oat subassembly with corroded hardware removed.

Figure 4.2: Wave pump oat subassembly with new 316 Stainless Steel hardware installed.

corrosion appeared super cial and unlikely to create a structural issue within a few weeks of

ocean deployment.
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Figure 4.3: Aluminum gantry at the top of the oat buoy subassembly with new aluminum
brackets retro tted.

The L-Brackets on the aluminum frame had received some abrasion from a previous
deployment, and those were replaced (Figure 4.3). The aluminum grade was 6105 and was
anodized to prevent corrosion. In addition, the bracket hardware were also replaced with

316 Stainless Steel extruded nuts and bolts, and with plastic washers to act as insulators.

4.3 Underwater Electrical Connector

An underwater electrical connector was added onto the spar buoy. This addition to the wave
pump device allows for more reliable data collection from the ow meter sensor. By sending
the data to the DAQ module at the top of the spar, via the underwater electrical connector,
the ow meter housing does not need to supply a power source or DAQ module for the
sensor. It also was more reliable in preventing the data from being corrupted due to water
intrusion. Additionally during the deployment, the entire data set can be retrieved from the
DAQ module at the top of the spar and examined, to ensure high data quality throughout

a eld deployment.

To create this addition to the wave pump device, several steps were taken. First, a patch
part was designed and then manufactured at a machine shop (Figure 4.4). This patch part
was made of PVC, and was designed for the connector to mount onto it. Then the curved
back surface was PVC cemented onto a drilled hole in the spar buoy. The connector cabling

was routed up through the spar to the top of the buoy. The patch part was manufactured
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Figure 4.4: Underwater electrical connector mounted to patch part, prior to adhesion to spar
buoy.
using CAD les, and therefore a manufacturing drawing was not required.

The underwater electrical connector was purchased OTS from Birns Aquamate, part
number: MCBH6M. The corresponding underwater cable and dummy plugs were also pur-
chased. The cable was used to move the power and data between the ow meter sensor and
the spar connector. The dummy plugs were used while the equipment remains in the lab to

protect the connector pins.

The connector was rst soldered onto a longer piece of cable which covers the length
of the spar required, approximately ten feet (Figure 4.5). This cable was purchased OTS,
and was six stranded and shielded. It was covered with a PVC conduit to protect the wire
strands. Once the solder joint was completed with several layers of heatshrink to protect
it, the entire length of cable was covered in several long pieces of heatshrink and conduit to

protect the cable structurally and from water intrusion.

The connector was mounted to the patch piece with a nut and permanent thread-locker
adhesive to prevent it from coming loose. A small, berglass piece at a 90 degree angle was

secured to the inside of the cable to protect it, as well as bend the cable away from the
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Figure 4.5: Soldering underwater electrical connector wires to OTS shielded cable to move
data from underwater location along the spar to the top of the spary buoy where the DAQ
module was located.

Figure 4.6: Underwater electrical connector cable routed to top of the spar buoy. Shown in
picture by black cable.

inner PVC cylinder. The cable was routed up to the top of the spar (Figure 4.6). Next, the

patch piece was PVC cemented to the spar using a cleaner, primer, and cement (Figure 4.7).
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Figure 4.7: Underwater connector and patch piece subassembly fully assembled onto spar
buoy.
Lastly, a silicone seal was added around the outside of the patch as a secondary waterproof
seal.

Throughout the process of preparing the wave pump device for deployment, the electrical
connector was tested using a multi-meter to ensure the wiring had no defects between the

connector and the wires at the top of the spar.

4.4 3D Printed Flow Meter Housing Mounting Brackets

To securely attach the ow meter housing to the spar buoy, two brackets were 3D printed

at the UNH Technical Services Center (Figure 4.8). These were designed to work with 316
Stainless Steel hose clamps which encompass the spar buoy and hold the brackets in place.
This allows for adjustable placement of the ow meter housing. The hose clamps were lined

with a neoprene foam to prevent slippage.

Two additional 316 SS hose clamps encircle the ow meter housing to securely attach it
to the brackets (Figure 4.9). The brackets were printed using the densest available setting

to discourage water retention. The brackets were comprised of polylactic acid plastic, and
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Figure 4.8: Mounting brackets for ow meter housing installed onto spar buoy.

were designed with a lip at each end to prevent the ow meter housing from sliding out on
either end. For a longterm deployment, PVC or Delrin or other similar material should be
used in-lieu of 3D-printed polylactic acid. While these parts were su cient for a short-term
deployment, anything beyond a few days was not recommended for this material. Since these

were manufactured using 3D printing software, a manufacturing drawing was not required.

4.5 Spar Top Plate Replacement

The plate at the top of the spar was replaced with a new design. The updated design was
slightly larger. This allowed for an overhang for all four of the air vent ports at the top
of the spar. These were critical for proper pump operation, however, they do pose a water
intrusion risk. By designing the plate with an extended overhang, it will aid in preventing
rain from intruding the air vents during an ocean deployment. The top plate also has a place

for the DAQ module, lidar, and room for other small sensors to mount. The top plate has
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Figure 4.9: Flow meter housing installed onto spar buoy.

a 316 Stainless Steel cable gland which routes the ow meter power and data cable to the
DAQ module. This piece was made of marine grade HDPE to survive an ocean deployment.
The Olsen Center at UNH manufactured the plate using water jet cutting (Figure 4.10). The
manufacturing drawing for this part was included in Appendix A. The plate also required

replacing the linear bearing for the piston in the center with a new linear bearing.

4.6 Built-In Ballast

Previous deployments of the wave pump required approximately thirty pounds of ballast [13]
to achieve the hydrostatic stability for the system. The previous teams had used shackles
around the heave plate pipe to attach the ballast. However, a built-in ballast solution would

be more secure for a lengthier deployment.
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Figure 4.10: Top plate of spar buoy with updated design for DAQ module and lidar mounts
and enlarged overhangs to prevent water ingress.

An OTS steel pipe ange was purchased to act as this ballast. It weighed twenty-six
pounds, and was covered with an anti-corrosion marine grade paint to prevent corrosion
during an ocean deployment. This ange was added onto the aluminum end cap at the lower
end of the spar, with extended bolts (Figure 4.11). Thirteen pounds of additional ballast
were also used attached to the heave plate.

With the addition of this ange, the mounting hardware for the heave plate needed an
adjustment. Two smaller bolts with a coupling nut were used for a blind mate of the heave

plate pipe onto the aluminum end cap.

4.7 Lidar Target

The lidar sensor was mounted to the top plate facing upwards. This allows for the lidar
cable to travel a short distance over the plate to the DAQ module to receive power and send

data. However, the lidar sensor faces upwards, with nothing to register the relative distance
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Figure 4.11: Ballast weight of twenty-six pounds incorporated directly onto spar buoy using
OTS steel pipe ange, coated in marine-grade anti-corrosion paint.

between the spar and oat. To bounce the laser signal o of an object, a lidar target was

added to the oat's aluminum frame.

The target was made of aluminum grade 6061 to prevent corrosion. It was a small,
lightweight addition to the frame, to reduce changes to the oat dynamics. It was secured

to the aluminum frame using hardware designed for the extruded aluminum frame.

4.8 Waterproof Tests and Leak Repairs

During the rst test of the wave pump in the UNH Engineering Tank on November 4th, 2022,

a signi cant water leak within the main spar was detected. In a thirty minute interval, over
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Figure 4.12: Aluminum lidar target mounted onto oat buoy's aluminum gantry.

six gallons of water entered the main spar. This rate of water intrusion would be su cient to
signi cantly alter the device dynamics during an ocean deployment. To repair the leak, the
device needed to be deconstructed, and potential leak paths for the device were individually

tested.

The tests included testing the ange faces against the gaskets, the pipe anges' radial
sealing face along the main pump PVC, the inner PVC threaded coupling, the mid-point
PVC coupling, and the pump's inlet and outlet PVC construction (Figure 4.13). The two
HDPE plates in between the pipe anges and gaskets were removed due to suspected gasket

leaks.

In all the potential leak locations, only one leak path was determined. The pipe anges'
radial sealing faces (along the pump's main PVC segment) did not correctly adhere, and had
created a pathway for water intrusion. The leak was patched with Marine Weld 8272 along

the junction between the ange and pipe (Figure 4.14). Two layers were added and cured,
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Figure 4.13: Cross-sectional view and diagram of pump section with potential leak paths
identi ed. Diagram constructed utilizing CAD SolidWorks software.
before the entire device was reassembled and tested in the UNH Engineering Tank. After
an interval of thirty minutes, there was no water found within the main spar. The piston
head does appear to allow water ow past, so that the inner cylinder will Il with water.
However, by using 3M 4200 FC on the inner spar pieces, this should prevent this water from
entering the main spar during operation.

The torque specication on the bolts for the pipe ange attachments was forty foot-

pounds, as designated on each ange.
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Figure 4.14: Device's pump section with marine weld applied and cured to repair leak.

4.9 Additional Flotation for Spar Buoy

After ensuring the leaks were repaired in the spar buoy, the waterline location of the spar
was lower than the optimal position. To increase the waterline position, the spar required
additional otation. Calculating the di erence between the current and optimal waterline lo-
cations resulted in determining the additional buoyancy required. Approximately 36 pounds
of buoyancy were necessary to add to the spar.

A buoyancy collar was devised using otation foam. The foam was molded using an
18-inch sonotube and a piece of 8-inch PVC pipe. The otation foam used waﬁ%éldensity,
marine-grade polyurethane closed-cell pourable foam. The nal result was painted with a
marine based paint. The foam was held in place on the spar using neoprene and hose clamps.

The manufacturing process and nal result were shown in Figure 4.15.
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Figure 4.15: Buoyancy collar developed to achieve ideal spar equilibrium location. Manu-
facturing process (left), and nished result installed on spar (right).

4.10 Pump Inlet and Outlet Hoses

The existing hoses for the pump were a typical pool type hose with many internal ridges.
These ridges created additional losses in the pump ow, and were replaced by a hose with a
smooth interior. These new hoses were cut to a two foot length for the inlet, and a eight foot
length connecting the outlet to the ow meter sensor. The hose was constructed of clear PVC
with an internal polyester structural element. The hoses were kept in place at the ttings

by hose clamps. A 316 Stainless Steel mesh screen was added to the inlet hose to prevent
bio-fouling of the pump. The mesh screen has openings of 0.075 inches to allow water to
pass through, but prevent macroalgae from creating blockages within the pump. The mesh

screen surrounded a volume of approximately one liter so that ow was less inhibited.

4.11 Marine Light for Float

The marine lights used in previous ocean deployments were no longer functioning so a re-

placement light was necessary. To meet the safety and NEPA requirements in the Biological
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Assessment (see more detail in section 5.3), a Carmanah marine lantern, part number: M550
was purchased. A custom setting was requested for the ash pattern to meet the NEPA re-

quirements, where the white light was on for 0.5 seconds, and was o for 1.5 seconds.

Figure 4.16: Carmanah Marine Lantern for Safety and NEPA Requirements

The bracket for mounting the marine light onto the oat was modi ed to accommodate

the new light.
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CHAPTER 5

Experimental Design

5.1 Overview

An ocean eld deployment of the wave pump device was a critical component of the devel-
opment process. The deployment provided data to validate the numerical model. Addition-
ally, the data from the ocean eld deployment revealed device performance characteristics,
exhibited its functionality in its intended environment, and revealed instances for design
improvement. The plan for the ocean eld deployment, laboratory tests, instrumentation
selection and calibration, and the DAQ module design and manufacture are included in this

section.

5.2 Site Conditions

The Isles of Shoals is an archipelago of nine islands o the coasts of Maine and New Hamp-
shire. One of the islands, Appledore, is home to the Shoals Marine Laboratory, which is
jointly run by UNH and Cornell University. From the UNH pier in New Castle, NH to the

dock on Appledore Island is approximately seven miles [15].

The mooring eld at Appledore Island, ME was selected as the ocean eld test site for
the wave pump because of the convenience of the moorings already installed. The team's
familiarity with the location, vessel ability to travel to the island, and facilities on the island
all made it the right choice for the eld test. The deployment location was near to shore,

and the radar tower maintained by SML has an Internet connected camera. This webcam
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Figure 5.1: Map of Maine and New Hampshire coast with Isles of Shoals shown [15].

allowed for visual monitoring of the wave pump and Sofar Spotter buoy during deployment.

The water depth at the mooring site was twenty- ve feet deep in MLLW according to the
NOAA navigational chart (Figure 5.2), however SML divers report a depth of thirty-seven
feet at MLLW [54]. Given the equilibrium depth of the buoy was approximately sixteen
feet, there was open water beneath the device between approximately nine to twenty-one
feet. This depth was su cient for normal device operation given the wave heights at the
location. Wave conditions at the Appledore mooring eld during March were signi cant wave
heights of approximately 1.2 meters, and up to 3.0 meters with periods of 3 to 5 seconds.
These conditions were roughly estimated from the nearby Je rey's Ledge NOAA buoy data,
which has been shown to be a good estimate of wave conditions at the Appledore site [14]

[43]. Extensive Sea Surface Temperature (SST) and salinity data taken at another nearby
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