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Abstract	
	

The	energy	efficiency	of	wave-power	machines	is	dependent	on	their	energy	dissipation	and	
on	their	ability	to	operate	at	resonance	with	the	incoming	wave	train.	For	this	reason,	the	
maximum	 output	 of	 wave-energy	 converters	 is	 strongly	 influenced	 by	 their	 internal	
damping,	as	this	limits	the	amplitude	of	operation	at	resonance.	

In	 the	 process	 of	 obtaining	 an	 optimal	 machine,	 there	 are	 three	 situations	 where	 the	
process	of	scaling	is	involved:	when	different	laboratory	models	are	changed	in	size;	when	a	
laboratory	model	is	scaled	up	to	a	prototype-size	machine;	and	when	the	size	of	an	existing	
prototype	is	varied.			

The	 research	 presented	 focuses	 on	 the	 effects	 caused	 by	 uni-dimensional	 scaling	 on	 the	
hydrodynamic	damping	of	small-scale	laboratory	models	of	converters,	with	the	assumption	
that	 the	 results	 found	are	applicable,	 in	part,	 to	all	 three	 categories	of	 scaling	mentioned	
above.		This	form	of	scaling	is	less	common	(as	it	does	not	satisfy	the	geometric	similarity),	
yet	 real-life	 situations	 can	 be	 found	where	 this	 type	 of	 scaling	 is	 required	 due	 to	 spatial	
constraints	 etc.	 Moreover,	 uni-dimensional	 scaling	 is	 effectively	 a	 variation	 of	 a	 single	
parameter	at	a	time,	permitting	a	systematic	analysis	of	the	physics.	

The	scaling	effects	were	obtained	through	free-decay	experiments,	as	the	main	geometrical	
parameter	 of	 the	 devices,	 the	 diameter,	 was	 varied.	 The	 dissipation	 phenomena	 were	
quantified	through	the	analysis	of	 the	damping	decay	rates	and	ratios,	extracted	from	the	
exponential	 decay	 curves.	 The	 results	were	 justified	 and	 confirmed	 using	 qualitative	 flow	
visualisation	of	local	advection.		

The	 experimental	models	 used	 in	 the	 research	 represented	 cylindrical	 heaving	 buoys	 and	
cylindrical	oscillating	water	columns.			

For	 the	 heaving	 buoys,	 the	 diameters	 of	 the	models	were	 27,	 33,	 42,	 48,	 60	mm	with	 a	
length	 of	 350	mm.	 They	were	 connected	 to	 a	 spring	 to	 simulate	 the	mass-spring	 system	
used	in	the	literature.	The	fluid	damping	and	the	spring	acted	as	a	power	take-off	system.	
The	models	were	tested	submerged	and	piercing	the	surface.	The	initial	displacements	used	
were	40,	30	and	20	mm.	In	addition,	the	effects	on	the	damping	of	having	models	operated	
in	arrays	of	two	have	also	been	 investigated.	The	 inside	diameters	of	the	oscillating	water	
column	models	were	26,	31,	46,	56,	96	mm	with	a	wall	thickness	of	2	mm.	The	submergence	
lengths	used	were	400	and	200	mm.	The	initial	displacements	were	140	and	70	mm.		

The	results	show	strong	nonlinearities	in	the	evolution	of	the	damping	as	the	models	were	
varied	 in	 size.	 These	 nonlinearities	 do	 not	 follow	 similar	 trends	 as	 operation	 regimes	 are	
changed	(submergence	depth,	initial	displacement).	This	nonlinear	evolution	of	the	internal	
dissipation	can	be	explained	by	the	presence	of	nonlinear	damping	sources,	such	as	vorticity	
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and	 boundary	 layer	 friction,	 which	 are	 often	 not	 considered	 in	 the	 literature—focused	
primarily	 on	 radiation	 damping	 (linear	wave	 theory).	 Thus,	 during	 the	 oscillatory	 cycle	 of	
operation,	 there	 is	a	varying	contribution	 from	turbulence	to	 the	overall	natural	damping,	
depending	on	the	size	(velocity)	of	a	model.	Coupling	devices	in	arrays	further	complicates	
this,	as	energy	is	transferred	from	one	machine	to	another.	

Thus,	 the	 present	 research	 has	 uncovered	 how	 the	 same	 variation	 in	 size,	 in	 some	 cases	
even	for	the	same	diameters,	can	lead	to	different,	often	opposing	trends	in	damping,	not	
predicted	 by	 linear	 wave	 theory.	 Consequently,	 the	 importance	 of	 selecting	 adequately-
sized	experimental	models	and	conditions	is	highlighted	and	explained	case	by	case.	When	it	
comes	 to	 arrays,	 situations	 where	 the	 damping	 of	 arrays	 is	 pseudo-identical	 to	 that	 of	
individual	devices	were	found	and	discussed.	This	proved	that,	in	certain	scenarios,	running	
experiments	for	a	single	device	is	sufficient	if	trying	to	assess	the	damping	of	an	individual	
array	 member.	 Lastly,	 flow	 visualisation	 results	 have	 identified	 unique	 flow	 patterns	
corresponding	to	specific	machine	sizes	and	operating	conditions.			
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Symbols	and	abbreviations	
	

𝒇𝒆𝒙𝝎		waves	of	combined	

effect		

𝑃!!		maximum	power	that	

may	be	absorbed	by	an	

array	

𝑃!! power	output	of	the	i-

th	body		

𝑃!! isolated	device	power	

output	

𝑉!!	amplitude	flow	

oscillation	velocity	

𝛾!!,!		variables	

𝜂!!"#		maximum	efficiency	

𝐴!		amplitude	of	oscillation	

𝐴!		added	mass	coefficient	

𝐴			radiation	susceptance	

𝑩𝑮𝒆𝒏𝑷𝑻𝑶		damping	

coefficient	matrix	

𝐵!"#		damping	coefficient	

𝐵!		radiation	damping	

coefficient	

𝐵		radiation	conductance	

𝐶!		added	mass	coefficient	

𝑐! 		critical	damping	

coefficient	

𝐶! 		drag	coefficient	

𝐶!	inertia	coefficient	
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𝐷! 			coefficient	

𝐷!		width/diameter	of	the	

air-water	chamber	

𝐸!! 	energy	losses	-	

damping	

𝐸!! 	energy	conveyed	into	

water	surface	heave		

𝐸! 		energy	losss	–diffraction	

𝐸! 		kinetic	energy	

𝐸!		potential	energy	

𝐸! 		energy	loss	–	radiation	

𝐸!		energy	loss	–	slosh	

𝐸!/! 		energy	loss	–	wall	

wash/downwash	

𝐸!		energy	loss	–	vortices	

𝐸! 		elasticity	modulus	

𝑓!		buoyancy	

𝐹!_!			drag	component	

𝐹!_!		laminar	drag		

𝑓! 		fluid	damping		

𝑓!		overall	damping	

𝑭𝒆𝒙		external	or	excitation	

force	

𝑓!		gravity	

𝐹! 		inertial	force	

𝐹!  inertial	component	

𝐹!" 		in-line	damping	

𝑓! 	spring	force	

𝑭𝑷𝑻𝑶		power	take-off	force	

𝑓! 		radiation	damping	

𝐹!		wave-force	

𝐹!"		wave-force	if	fixed	

𝐺!"!		total	weight	

𝐺! 		weight	of	water	

𝐻!		vertical	displacement	

𝑲𝑨		moorings	matrix		

𝐾!"(𝑡)		force	response		

𝑲𝑯		hydrostatic	stiffness	

matrix	

𝐾!"#		power	take-off	

stiffness	

𝐾! 		restoring	force	constant	

𝑲𝒓𝒂𝒅		radiation	impulse	

response	matrix	

𝑘!		spring	constant	

𝐿! 		characteristic	length	

𝑴𝒃		generalized	mass	

matrix	

𝑚!"#$ 	mass	of	water	

displaced	by	model		

𝑚!"#$s		mass	of	water	

displaced	by	partially	

submerged	models	

𝑚!"		effective	mass	

𝑚!"𝑠		effective	mass	of	

partially	submerged	models	

𝑚!		mass	of	water	under	

waterline	

𝑚!		mass	of	model	

𝑚! 		mass	of	water	above	

the	waterline	

𝑃!		the	power	transferred	

from	the	waves	

𝑞!! 		interaction	factor	

𝑞! 		radiated	waves	

component	

𝑟, 𝜃  	polar	coordinates	

𝑅𝑒!		oscillating	Reynolds	

𝑅𝑒!" 		real	part	

𝑆! 		cross-sectional	area	of	

water	surface		

𝑇∗ 	transpose	

𝑢!"! 		translational	velocity	

of	vortex	ring	

𝑢!,𝑢!  fluid	velocity	

components	
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𝑢!"			axial	component	of	

the	velocity	

𝑈!		free-stream	flow	

velocity	

𝑢!"# 		radial	component		of	

velocity	

𝑉!		volume	vortex	

atmosphere	

𝑉!			velocity	of	body	

𝑣!		wave-group	velocity	

𝑉!		velocity	of	water	surface	

𝑉!	characteristic	velocity	

𝑉!"# 	or	V		volume	

𝑊!		energy	flux	

𝜂! 		efficiency	

𝜆!!		damping	

𝝁!		added	mass	matrix	

𝜇!!		added	mass	

𝜇!		non-dimensional	

radiation	susceptance	

𝜈! 		non-dimensional	

radiation	conductance	

𝜏!		shear	stress	

𝜔!		natural	frequency	

a	or	A	amplitude		

Av.		mean	

c		actual	damping	

coefficient	

D		diameter	

E		energy	

f		frequency	

Fr		Froude	

FS		frontal	surface	

g		gravitational	acceleration	

h		mean	water	level	(depth)	

H		wave	height	

I		identity	matrix	

𝐼𝑚		imaginary	part	

InD		length	of	water	column	

above	waterline	

k		wavenumber	

Kc		Keulegan-Carpenter	

L		length	

LS		lateral	surface		

𝑀,𝑚	mass	

ME		margin	of	error	

N		number	of	devices	

P		power	

p		pressure	

𝑃𝑐ℎ		power	losses	-

conversion	chain	

q		Budal	interaction	factor	

Re		Reynolds	

S		cross	sectional	area	

SD			standard	deviation	

sL		submerged	length	

sLS		submerged	lateral	

surface	

sV		submerged	volume	

T		period	

t		time	

𝒖		velocity	vector	

X		amplitude	of	motion	

𝛾		surface	tension	

𝜁		damping	ratio	

𝜂  surface	elevation	

𝜆		wavelength	

μ		dynamic	viscosity		

𝜌		fluid	density	

𝜌𝑔𝑆𝒁		hydrostatic	restoring	

force	

𝜏		time	delay	

𝜙		velocity	potential	
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𝜓		angle	(fluid	flow,	surface	

of	body)	

ω		angular	frequency	
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1]	Introduction	and	research	questions	

The	research	presented	in	this	thesis	is	focused	on	the	effects	of	size-change	(scaling)	on	the	

natural	damping	of	wave-energy	converters.	In	the	next	few	pages,	an	introduction	into	the	

research	topic	and	its	context	will	be	made,	explaining	how	the	research	gap	was	identified	

and	culminating	with	an	outline	of	the	thesis	chapters.	All	the	information	provided	in	this	

introductory	chapter	will	be	further	expanded	throughout	this	work.		

As	climate	change	has	become	a	 topic	of	high	 interest	and	debate,	 renewable	energy	 is	a	

path	many	countries	have	started	taking.	Often,	a	single	category	of	renewable	energy,	such	

as	 solar,	wind,	hydro	or	ocean	energy,	 cannot	 continuously	 supply	 the	power	 required	 to	

support	 modern	 society.	 As	 energy	 storage	 solutions	 are	 imperfect,	 a	 way	 to	 solve	 this	

problem	is	to	use	a	mix	of	the	renewable	energy	sources	mentioned	earlier.	Within	this	mix,	

ocean	waves	can	provide	a	significant	portion	of	the	renewable	energy	needed.		

In	Australia,	for	instance,	between	Western	Australia	and	the	southern	tip	of	Tasmania,	the	

energy	delivered	by	ocean	waves	is	four	times	greater	than	the	requirements	of	the	whole	

country	 [1,	 2].	 When	 it	 comes	 to	 energy	 density,	 in	 the	 NW	 of	 Spain	 the	 energy	

concentration	is	around	40	kW/m;	25-35	kW/m	was	estimated	for	the	Southern	Australian	

shelf;	for	the	US	Pacific	NW,	35	kW/m;	for	Scotland	and	Ireland,	75	KW/m;	and	30	kW/m	for	

the	N	part	of	the	Norwegian	shore	[3-6].	Therefore,	numerous	wave-power	machines	aimed	

at	harnessing	this	energy	are	proposed	or	under	full-scale	trials	all	across	the	world	[7-10].	

Thus,	the	research	presented	within,	around	machines	that	convert	wave-energy	into	other	

forms	of	energy	(electric,	hydraulic	etc.),	is	well	justified	in	this	context.		

In	 order	 to	 harness	 the	 energy	 delivered	 by	 the	waves,	 it	 is	 necessary	 to	 understand	 the	

hydrodynamic	properties	of	 ocean	waves.	 These	properties	 have	been	explored	 for	many	

centuries,	 generating	 a	 large	 amount	 of	 scientific	 literature	 and	 knowledge.	 The	 most	

common	ocean	waves	used	 for	energy	extraction	are	gravity	waves,	which	are	created	by	

the	wind.	As	their	name	suggests,	these	waves	propagate	due	to	the	effect	of	gravity,	after	

absorbing	energy	from	the	air	motion	through	a	mechanism	combining	frictional	stress	and	

fluctuations	 in	 pressure.	 The	 nature	 of	 this	 process	 gives	 ocean	 waves	 the	 capacity	 to	

transfer	 energy	 over	 long	 distances,	 thus	 allowing	 for	wave-energy	 to	 be	 independent	 of	
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local	weather.	Another	benefit	of	using	wave-energy	is	that	 it	fluctuates	with	the	seasonal	

demand,	 in	 the	 case	 of	 climates	 with	 cold	 winters	 and	 moderate	 to	 moderately-hot	

summers.	 Thus,	 there	 is	more	 energy	 delivered	 by	waves	 in	 the	winter,	 when	 there	 is	 a	

higher	demand,	and	a	lower	delivery	in	summer,	when	the	demand	is	normally	reduced	as	

well	[7,	11].				

With	a	history	spanning	over	decades	and	the	first	patent	for	a	wave-power	machine	being	

filled	 in	 1799	 [12],	 the	 desire	 to	 extract	 energy	 from	 the	 waves	 has	 led	 to	 a	 variety	 of	

technical	 solutions	 being	 developed	 for	 wave-energy	 conversion	 and	 over	 1000	 device	

patents	 in	 the	 field	existing	 today	 [7,	13].	 These	devices	are	 commonly	divided	 into	point	

absorbers,	 attenuators,	 terminators	 and	 overtopping	 devices.	 However,	 the	 diversity	 of	

wave-energy	converters	 is	so	high	that	even	the	task	of	classifying	them	is	not	simple	and	

several	 alternative	 classifications	 are	 proposed,	 each	 with	 their	 own	 advantages	 and	

disadvantages	[14].		

A	 crude	 definition	 for	 these	 types	 of	 wave-energy	 converters	 can	 be	made	 as	 follows:	 a	

point	absorber	is	a	device	with	dimensions	significantly	smaller	than	the	wavelength	and	is,	

usually,	 axisymmetric;	 an	 attenuator	 is	 a	 device	 placed	 with	 its	 dominant	 horizontal	

dimension	 perpendicular	 to	 the	 wave	 front;	 a	 terminator	 has	 its	 dominant	 horizontal	

dimension	parallel	to	the	wave	front;	and	an	overtopping	device	funnels	the	water	from	a	

wave	crest	through	a	power	take-off	system.		

The	two	machines	studied	in	the	present	research	are	the	heaving-buoy	point	absorber	and	

the	 oscillating	 water	 column	 device.	 Judging	 by	 its	 size,	 geometry	 and	 orientation,	 the	

oscillating	water	column	can	fall	in	the	point	absorber	or	the	terminator	category.	According	

to	 the	 literature,	 these	 two	machines	are	 two	of	 the	most	popular	 technical	 solutions	 for	

harnessing	wave-energy	[12,	15].		

A	heaving-buoy	device	can	be	described	as	a	structure	that	follows	the	motion	of	the	water	

surface	 and	which	 is	 connected	 to	 a	 power	 take-off	 system.	 An	 oscillating	water	 column	

works	 by	 having	 a	 pocket	 of	 air	 trapped	 inside	 a	 chamber,	 above	 the	water	 level.	 As	 the	

water	surface	rises	and	drops	(driven	by	the	pressure	differential	caused	by	the	passing	of	a	

wave),	the	air	inside	the	chamber	is	forced	to	travel	back	and	forth,	in	an	oscillatory	motion,	

through	a	power	take-off	system	(e.g.	a	turbine	generating	electricity).		
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In	 order	 to	 design	machines	 capable	 of	 extracting	wave-energy,	 theories	 to	model	 ocean	

waves	have	been	employed.		

Real-ocean	phenomena	 is	complex	and,	 thus,	 the	Navier-Stokes	equations,	which	describe	

fluid	motion,	 are	 usually	 reduced	 to	 linear	 wave	 theory	 (potential	 flow).	 This	 is	 done	 by	

simplifying	 the	 complex	 wave-motion	 to	 a	 small-amplitude,	 sinusoidal	 motion	 (satisfying	

specific	 boundary	 conditions)	of	 a	 fluid	 that	 is	 inviscid,	 thus	 requiring	 irrotational	motion,	

and	incompressible.		

Since	 most	 wave-power	 devices	 are	 designed	 as	 resonators	 (having	 a	 frequency	 of	 free	

oscillation	 designed	 to	 be	 similar	 to	 the	 prevailing	 ocean	wave	 frequency),	 the	maximum	

power	extracted	is	critically	dependent	on	the	damping	of	the	motion	of	the	machines	[16-

18].		

As	 the	primary	goal	of	any	energy	converter	 is	 to	extract	as	much	energy	as	possible,	 the	

main	aim	is	to	have	the	device	tuned	in	such	a	manner	as	to	operate	at	resonance	with	the	

predominant	 incoming	 wave	 frequency	 [19].	 Different	 ways	 of	 achieving	 this	 for	 wave-

energy	converters	have	been	devised.		

In	 addition,	 for	 any	 resonator,	 according	 to	 linear	 theory,	 the	 internal	dissipation	 (natural	

damping)	of	wave–energy	converters	forms	at	least	50%	of	the	total	energy	that	is	absorbed	

by	a	machine	 [12].	 Thus,	 the	 correct	 estimation	of	 the	 internal	 damping	of	 a	 converter	 is	

vital	 in	 wave-energy	 converter	 design.	 This	 current	 work	 is	 focused	 on	 providing	 aid	 in	

correctly	 estimating	 this	 natural	 damping	of	wave-power	machines,	 in	 the	 context	 of	 size	

change	(scaling).		

Recognising	 the	 importance	 of	 damping,	 plus	 the	 limitations	 of	 linear	 wave	 theory,	 the	

literature	 provides	 solutions	 for	 mitigating	 the	 discrepancy	 between	 linear	 wave	 theory	

(which	considers	only	radiation	damping	while	ignoring	nonlinear	sources	of	damping	such	

as	vortex	 formation	and	shedding,	boundary	 layer	 friction	etc.)	and	real-ocean	conditions.	

Such	methods	include,	but	are	not	limited	to,	using	an	energy	balance	equation	instead	of	

the	 solid-body	 assumption,	 employing	 a	 modified	 version	 of	 linear	 wave	 theory	 that	

includes	viscosity,	or	modifying	the	damping	terms	in	the	governing	equations.		
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As	expected,	the	overall	damping	of	wave-energy	converters	is	 influenced	by	several	fluid-

dynamical	 phenomena	 that	 are	 directly	 linked	 to	 machine	 design	 and	 operational	

parameters.	At	present,	machine	design	relies	mainly	on	laboratory	scale	experiments	and	

numerical	 simulations	 that	 may	 also	 entail	 issues	 of	 scale,	 owing	 to	 the	 need	 to	

parameterise	reciprocating	turbulent	flow	as	well	as	wave-radiation	physics	[12,	20-27].		

After	 laboratory	models	 are	 completed	 and	 tested,	 they	 are	 scaled	 up	 to	 prototype,	 full-

sized	sized	devices.		

In	addition,	there	are	certain	circumstances	that	demand	a	change	in	size	of	existing	models	

or	 prototypes.	 For	 example,	 a	 shore	 location	might	 allow	 the	 installation	of	 an	oscillating	

water	column	with	a	wider	air-chamber	of	the	same	length,	thus	yielding	more	power	while	

keeping	the	natural	frequency	relatively	constant;	a	laboratory	wave-flume	might	facilitate	

the	 testing	of	 longer	heaving-buoy	models,	but	not	of	 larger	diameter	ones,	due	 to	 space	

constraints.	This	uni-dimensional	scaling	is	the	type	of	scaling	considered	in	this	work.	While	

rarely	studied	in	the	literature,	as	it	represents	the	case	of	an	imperfect	geometric	similarity,	

it	has	the	advantage	of	systematically	analysing	different	aspects	of	the	physics.	In	the	case	

of	wave-energy	converters,	the	literature	is	limited	when	it	comes	to	general	scaling	as	well,	

especially	in	the	area	of	experimental	research.	

To	 anticipate	 the	 behaviour	 of	 a	 device	 of	 a	 different	 size,	 starting	 from	 the	 displayed	

behaviour	of	 an	already	 tested	device	of	 a	 specific	 size,	 scaling	 laws	are	used.	 In	 an	 ideal	

situation,	a	strong	similarity	between	the	two	different	sizes	can	be	reached	and,	thus,	the	

behaviour	of	the	new	size	can	be	accurately	estimated.		

In	 order	 to	 reach	 this	 strong	 similarity,	 the	 geometric,	 kinematic	 and	 dynamic	 similarities	

should	 all	 be	met.	 Thus,	 the	 new	 sized	model	must	 have	 the	 same	 shape	 characteristics	

(geometric	 similarity),	 experience	 similar	 flow	 conditions	 (kinematic	 similarity)	 and	 the	

ratios	between	forces	acting	on	the	original	sized	model	should	be	the	same	as	those	acting	

on	the	new	sized	model	(dynamic	similarity).	Often,	in	practice,	meeting	all	these	similarity	

requirements	is	impossible.	

As	mentioned	before,	in	the	case	of	uni-dimensional	scaling,	the	geometric	similarity	cannot	

be	met.	
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In	 the	 case	 of	 the	 dynamic	 similarity,	 the	 ratios	 between	 forces	 are	 illustrated	 through	

dimensionless	 numbers,	 which	 are	 matched	 between	 the	 two	 different	 sizes	 in	 order	 to	

yield	 a	 dynamic	 similarity.	 Numbers	 used	 for	 wave-energy	 converters	 are	 the	 Reynolds	

number	Re,	the	Froude	number	Fr	and	the	Keulegan-Carpenter	number	Kc.	Often,	matching	

Re	 is	 impossible	 as	 the	 testing	 facilities	 for	 small	 models	 cannot	 replicate	 the	 velocity	

magnitudes	needed	for	matching	the	Re	of	real-ocean	conditions.		

Due	 to	 the	 limitations	 of	 the	 theory	mentioned	 earlier,	 plus	 the	 imperfect	 similarities	 in	

scaling,	discrepancies	are	often	discovered	between	the	power	predicted	to	be	delivered	by	

a	 converter	 and	 the	 actual	 output	 of	 constructed	 prototypes.	 The	 literature	 puts	 these	

discrepancies	at	20%,	with	some	cases	seeing	even	larger	values	[28].	

In	order	 to	better	 improve	 the	predictability	 in	behaviour	of	wave-energy	 converters,	 the	

research	presented	in	this	work	has	the	objective	of	visually	illustrating	the	scaling	relations	

between	the	hydrodynamic	damping	experienced	by	these	machines	and	their	characteristic	

geometry	(size).	The	existence	of	a	reciprocating	regime,	in	which	there	is	zero	mean	flow,	

and	 the	 consequent	 periodic	 onset	 of	 turbulence	 during	 the	 cyclic	 motion	 presents	

challenges	to	conventional	fluid-dynamical	scaling	assumptions	that	are	worth	investigating	

[29].		

Thus,	the	research	questions	that	are	answered	in	this	thesis	are,	as	follows.	How	does	the	

internal	 damping	 of	 heaving-buoys	 and	 oscillating	 water	 columns	 vary	 with	 diameter	

change?	What	is	the	effect	of	scaling	on	their	damping?		

The	 research	 done,	 performed	 for	 small-scale	 models,	 with	 a	 maximum	 scale-up	 ratio	

(maximum	 diameter	 considered/minimum	 diameter	 considered)	 of	 2.2	 (for	 the	 heaving	

buoy)	 and	3.7	 (for	 the	oscillating	water	 column),	 suggests,	 through	 the	different	damping	

curves	found,	that	at	certain	frequencies	and	for	certain	changes	in	geometry,	the	onset	of	

turbulence	or	vortex	formation	has	an	influence	which	can	prove	problematic	when	scaling	

up	 from	 laboratory	models	 of	wave-energy	machines	 to	 real	 size	 devices	 or	when	 simply	

varying	the	size	of	existing	models	or	prototypes.	 It	 is	worth	mentioning	that	 the	scale-up	

ratio	from	tank	testing	to	full-size	devices	can	reach	scale-up	ratios	of	10-20	or	higher.	
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The	 literature	 available	 is	 limited	 in	 this	 area,	 as	 will	 be	 further	 demonstrated	 in	 later	

sections.	 Most	 modern	 studies	 are	 purely	 theoretical	 or	 numerical	 or	 based	 on	 an	

experimental	 confirmation	 for	 a	 specific,	 detailed	 engineering	 design	 of	 one	 size	 of	 a	

machine.	Earlier	work	is	often	focused	on	offshore	structures	and	ship	hydrodynamics	and	

less	on	wave-energy	machines.	Consequently,	there	is	a	clear	gap	in	the	literature	when	it	

comes	to	the	topic	of	this	thesis.			

Ergo,	 this	work	 is	 the	 first	 comprehensive,	 experimental	 study	 to	 show	 the	effects	of	 size	

variation	on	the	natural	damping	of	wave-power	machines.		Another	aim	of	this	work	was	to	

go	one	step	further,	to	break	down	the	damping	term	into	turbulent	and	viscous	damping	

components	 (by	 focusing	 on	 form	 drag	 and	 skin	 friction)	 and	 to	 analyse	 each	 of	 their	

respective	contributions	in	relation	with	size	change.	An	understanding	of	these	elements	is	

crucial	when	trying	to	scale	up	laboratory	experiments	in	order	to	predict	the	behaviour	of	

full-scale	wave-energy	converters	in	real-ocean	conditions.		

In	order	to	look	at	the	effects	of	size	change	on	the	internal	damping	of	the	heaving-buoy	

energy	converters,	free-decay	tests	were	performed	on	models	of	heaving-buoys,	analysing	

five	different	diameters	(27,	33,	42,	48,	60	mm).	The	models	had	a	constant	 length	of	350	

mm.	The	power	take-off	was	simulated	by	using	a	spring	combined	with	the	fluid	damping.	

Two	 scenarios	were	 considered,	 one	 being	 underwater	 operation,	 and	 the	 other	 surface-

piercing	operation.	For	both	cases,	different	initial	displacements	were	tried.	The	free	decay	

of	 the	 models	 was	 recorded	 using	 video-tracking	 equipment	 and	 the	 experiments	 were	

repeated	a	sufficient	number	of	times	in	order	to	yield	statistically	significant	results	(over	

30	times).	Thus,	the	data	gathered	allowed	for	the	decay	constants	and	damping	ratios	to	be	

extracted	 from	 the	 exponential	 decay	 curves.	 Their	 variation	 with	 diameter	 was	 then	

discussed.		

In	 addition,	 it	 is	 of	 interest	 to	 thoroughly	 understand	 the	 interaction	 of	 these	 machines	

when	 they	are	operated	 in	arrays,	 as	damping	 components	 (radiation	damping)	 from	one	

device	are	able	to	transfer	energy	and	influence	the	behaviour	of	other	devices	found	in	its	

proximity	[30-32].	Array	operation	has	been	shown	by	the	literature	to	provide	an	increase	

in	efficiency	and	to	be	cost	effective	[33-37].		
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For	this	reason,	in	the	case	of	the	heaving-buoy	point	absorber,	the	effects	of	scaling	on	the	

damping	are	also	illustrated	for	a	two-system	array	of	heaving-buoys.	Thus,	the	variation	of	

the	 damping	 could	 be	 investigated	 when	 the	 interaction	 between	 systems	 was	 also	

introduced	as	a	contributing	factor,	as	devices	were	used	in	arrays.		

For	 these	 experiments	 an	 array	 of	 two	models	was	 created,	 using	 the	 different	 diameter	

buoy	 models	 described	 earlier.	 The	 separation	 distance	 between	 the	 devices	 was	 one	

diameter-length.	Apart	from	testing	the	surface-piercing	and	underwater	operating	regimes	

as	 before,	 the	 models	 were	 also	 tried	 in	 two	 different	 regimes	 of	 operation:	 when	 one	

system	from	the	array	was	excited	and	when	both	systems	from	the	array	were	excited	at	

the	 same	 time.	 Then,	 the	 damping	 constants	 and	 ratios	 were	 discussed,	 as	 before,	 as	 a	

function	of	diameter	and	operating	regime.		

For	 the	 oscillating	water	 column,	 free-decay	 tests	were	 performed	 for	models	 having	 the	

internal	diameters	of	26,	31,	46,	56,	 and	96	mm.	Two	different	 initial	 displacements	 (140	

mm	and	70	mm)	were	tested,	aiding	the	comparison	with	the	requirement	of	 linear	wave	

theory,	i.e.	that	the	motion	should	be	of	small	amplitude.	The	submergence	lengths	of	the	

air-chambers	used	were	400	and	200	mm.	 Similarly	 to	 the	heaving-buoy	 case,	 the	 results	

obtained	allowed	for	the	extraction	of	the	decay	constants	and	damping	ratios,	as	a	function	

of	 size	 variation	and	operating	 regime.	 Experiments	on	arrays	of	oscillating	water	 column	

were	briefly	tried,	but	could	not	be	performed	in	the	facilities	available	due	to	shortages	in	

measurement	equipment.	

The	last	experimental	study	in	this	work	is	a	qualitative	flow	visualisation	of	local	advection,	

which	 revealed	unique	 flow	patterns	pertaining	 to	 specific	 sizes	and	operating	conditions.	

These	experiments	were	centred	around	the	27	and	60	mm	heaving-buoys	and	the	26	and	

96	mm	oscillating	water	columns.	The	flow	visualisation	results	allowed	for	the	conclusions	

drawn	in	the	experimental	sections	to	be	better	explained	and	integrated	in	a	fluid	dynamics	

context.		

When	 it	 comes	 to	structure,	 this	 thesis	begins	by	exploring	 the	 literature	available	on	 the	

environmental	 context	 in	 which	 wave-energy	 is	 seen	 as	 a	 sustainable	 source	 of	 energy.	

Then,	 the	 physical	 properties	 of	 waves	 and	 the	 theory	 available	 in	 the	 literature	 for	

characterising	 waves	 are	 described.	 Next,	 the	 energy	 available	 in	 the	 waves	 and	 the	
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technical	 solutions	 proposed	 for	 its	 extraction	 are	 presented.	 The	 theory	 around	

hydrodynamics,	resonance,	scaling	and	damping	proposed	for	wave-converters	in	general	is	

then	analysed	from	the	literature.	

The	first	experimental	chapter	 is	 focused	on	the	heaving-buoy	point	absorber.	 It	starts	off	

with	 a	 look	 at	 the	 available	 literature	 that	 is	 used	 to	 develop	 such	 a	 device	 and	 at	 the	

current	state	of	the	research	when	it	comes	to	the	damping	of	this	type	of	converter.	Then,	

the	 experimental	 work	 is	 introduced	 and	 the	 planning	 rationale	 plus	 experimental	

methodology	are	explained.	Lastly,	the	results	are	presented,	discussed	and	conclusions	are	

drawn	based	on	them.		

The	next	experimental	chapter	has	a	similar	structure,	but	focusing	on	a	two-system	array	of	

heaving	buoys.		

The	 third	 experimental	 chapter	 is	 centred	 around	 the	 oscillating	water	 column,	 following	

the	same	structure.	

The	 fourth	 experimental	 chapter	 allowed	 for	 the	 results	 gathered,	 based	on	 the	 previous	

experiments,	to	be	analysed	in	the	context	of	a	flow	visualisation	study	done	on	different-

sized	pairs	of	heaving-buoys	and	oscillating	water	columns.		

The	 last	chapter	of	 the	thesis	contains	the	general	conclusions	and	suggested	future	work	

that	can	come	to	compliment	the	findings	from	this	study.					
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2]	Research	Context		

To	 better	 show	 the	 justification	 for	 the	 research	 presented	 in	 this	 thesis	 and	 the	 added	

value	it	will	bring	to	the	field,	a	brief	description	of	the	research	context	will	be	made	in	the	

following	paragraphs.	

2.1]	Environmental	justification	

Over	 recent	 years,	 it	 has	 become	 more	 and	 more	 obvious	 that	 climate	 change	 has	 an	

important	 role	 in	 reshaping	 the	 meteorological	 events	 of	 the	 world,	 in	 changing	 natural	

habitats	 and	 in	 redefining	 environmental	 conditions.	 All	 of	 this	 can	 be	 seen	 in	 terms	 of	

variation	in	precipitation,	disruption	of	normal	seasonal	patterns,	occurrence	of	drought	or	

floods,	 loss	 of	 wildlife	 sanctuaries,	 unbalance	 of	 once	 equilibrated	 ecosystems	 and	 other	

such	phenomena	 that	 construct	 together	 the	 image	of	 a	 new	world	under	 a	 new	 climate	

scheme	[15,	38-42].		

Although	there	has	been	much	debate	over	the	impact	of	climate	change	and	the	relation	

between	climate	change,	global	warming	and	human	activity,	it	cannot	be	doubted	that	this	

weather	 evolution	 will	 strongly	 impact	 human	 life,	 directly	 affecting	 the	 social-economic	

environment	we	live	in.	This	is	obvious	both	from	theoretic	studies	and	climate	models,	but	

also	 from	 live	 observations	 on	weather	 factors,	 climate	 parameters	 as	 well	 as	 social	 and	

industrial	indicators	[43-45].		

“Climate	dice”	[46],	the	name	given	to	describe	the	occurrence	of	extreme	meteorological	

events,	perfectly	embodies	the	perspective	of	having	a	weather	system	that	is	unpredictable	

and	extreme	in	nature.	The	2014	USA	Polar	Vortex,	the	2013	severe	storms	and	heat	waves	

in	Europe,	the	2013	hottest	year	on	record	 in	Australia	 [47,	48],	Hurricane	Sandy	of	2012,	

Hurricanes	 Harvey	 and	 Irma	 of	 2017,	 are	 all	 just	 recent	 examples	 of	 these	 extreme	

meteorological	events.	Even	if	there	is	discussion	over	the	link	between	these	phenomena	

and	global	warming,	there	is	no	contradiction	over	the	fact	that	global	warming	will	indeed	

bring	a	substantial	growth	in	the	frequency	and	amplitude	of	these	extreme	weather	events	

[49,	 50].	 Thus,	 it	 has	 become	 a	 quintessential	 goal	 to	 mitigate	 global	 warming	 and	 the	

effects	it	may	have.	The	research	presented	within	is	meant	to	aid	in	dealing	with	this	issue.	
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As	 has	 been	 shown	 in	 numerous	 investigations,	 there	 is	 evidence	 suggesting	 that	 global	

warming	might	be	caused	and	might	be	closely	related	to	carbon	emissions.	From	all	of	the	

carbon	 released,	 70-75%	 is	 the	 result	 of	 burning	 fossil	 fuels	 [51-53],	 and,	 thus,	 has	 an	

anthropogenic	 source.	 For	 this	 reason,	 most	 of	 the	 world	 has	 embarked	 on	 a	 trend	 of	

reducing	carbon	emissions.	

However,	 recent	developments	 in	 technology	 for	gas	and	coal	exploration	and	extraction,	

corroborated	with	an	increase	in	global	oil	prices	and	political	conflict,	has	led	to	what	some	

call	a	new	“gold	rush”,	but	this	time	for	shale	gas	and	inferior	coal.	Unfortunately,	not	only	

does	 the	 technology	 itself	 used	 for	 shale	 gas	 exploration	 and	 extraction	 pose	 a	 serious	

threat	 to	 the	 environment	 and	human	health	 [54,	 55],	 but	 the	process	 of	 extracting	 and,	

later,	using	this	natural	gas	and	 inferior	coal	will	 lead	to	even	more	carbon	emissions	 [56,	

57].		

One	proposed	solution	for	the	carbon	emissions	problem	is	nuclear	energy.	Nuclear	energy	

is	one	of	the	safest,	cleanest	and	most	efficient	 forms	of	energy	available.	 	Unfortunately,	

when	an	accident	happens,	 the	consequences	are	 so	catastrophic	 that	 the	 risk	of	 running	

nuclear	power	plants	often	proves	to	be	too	high.	It	should	be	noted,	though,	that	all	major	

nuclear	 accidents	 –	 Windscale	 (1957),	 Chernobyl	 (1986),	 Three	 Mile	 Island	 (1979)	 and	

Fukushima	(2011)	–	were	mostly	provoked	by	human	error	and	not	environmental	factors	or	

faulty	 technology.	 Even	 the	 Fukushima	 accident	 falls	 under	 this	 category,	 with	 unsafe	

design,	 bad	 decision	 making	 and	 improper	 mitigation	 of	 the	 tsunami	 effects	 being	 the	

primordial	catalysts	for	the	crisis	that	unfolded	in	Japan	in	2011	and	which	is	still	on-going	in	

2017	[58].		

Taking	the	above	into	consideration,	it	is	obvious	why	there	has	been	a	growing	search	for	

methods	and	technologies	 that	provide	energy	efficiently	while	also	contributing	the	 least	

as	possible	 to	 the	world	pollution	 count	 –	both	during	 construction	and	exploitation	–	by	

using	energy	sources	that	are	naturally	regenerated	in	a	manner	that	does	not	deplete	them	

or	negatively	influence	the	cycle	of	their	natural	production.	For	this	reason	country-specific	

goals	have	been	 set	 for	 the	 integration	of	 renewable	energy	 in	 the	 future.	Most	of	 these	

targets	are	hovering	around	the	value	of	20-30%	for	 the	presence	of	 renewable	energy	 in	

the	total	energy	production	of	a	country	by	the	year	2020	[59,	60].			
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This	 is	a	clear	 indication	that	research	on	renewable	energy,	such	as	that	proposed	 in	this	

work,	is	extremely	important.	

Traditionally,	 the	 main	 renewable	 energy	 sources	 that	 have	 been	 discussed	 were	 solar	

energy,	wind	energy,	hydropower	and	energy	extracted	from	bio	and	geothermal	sources.	It	

must	 be	 said	 that	 some	argue	 that	 all	 of	 the	 above	 energy	 sources	 are	 indirectly	 derived	

from	solar	energy.	The	amount	of	available	energy	from	each	resource	 is	detailed	 in	table	

2.1	[23,	61].	

	
table	2.1	-	annual	global	renewable	energy	resources	[23,	61]	

2.2]	Engineering	justification.	Commercial	validity	of	wave-power	

When	 it	 comes	 to	 large-scale	 use,	 the	 main	 focus	 is	 on	 solar	 energy,	 wind	 energy	 and	

hydropower.	 However,	 after	 looking	 closely	 at	 solar	 and	 wind	 energy	 there	 are	 several	

drawbacks	that	may	limit	the	use	of	these	two	energy	sources.	First	of	all,	it	is	obvious	that	

both	sun	and	wind	energy	can	only	be	harnessed	under	the	right	meteorological	conditions.	

For	this	reason,	there	is	a	need	for	powerful	electricity	storage	solutions	–	batteries,	electric	

capacitors,	fuel	cells,	pumped	hydroelectric	storage,	thermal	energy	capacitors	etc.	–	or	for	

the	deployment	of	a	mix	of	technologies	that	each	use	different	energy	sources.	Because	of	

the	 high	 capital	 cost	 and	 immaturity	 of	 these	 solutions,	 the	 unpredictability	 of	 solar	 and	

wind	energy	 cannot	 yet	 be	 fully	mitigated	 [62-64].	 Thus,	 other	 renewable	 energy	 sources	

can	present	interest	as	well.		

One	of	the	most	reliable	and	sustainable	renewable	energy	sources	is	hydro-energy.	Hydro-

energy	 comprises	 two	 categories:	 energy	 obtained	 from	 inland	 flowing	 water	 and	 ocean	
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energy.	As	there	are	many	locations	where	inland	water	courses	are	not	available	or	simply	

not	 suitable	 for	 hydro-energetic	 projects	 and	 since	 the	 technology	 used	 for	 obtaining	

electric	power	from	these	setups	has	reached	maturity,	the	research	proposed	in	this	work	

is	focused	on	the	relatively	new	solution	of	harnessing	the	energy	stored	in	the	ocean	or	in	

large	masses	 of	 water	 –	 seas,	 great	 lakes	 etc.	 One	 familiar	 form	 of	 ocean	 energy	 is	 that	

stored	in	the	tides,	while	two	other	forms	are	wave-energy	and	energy	trapped	in	the	form	

of	 heat	 (as	 a	 temperature	difference	between	ocean	 layers).	 In	 the	present	 research,	 the	

energy	delivered	by	ocean	waves	is	investigated,	as	this	category	shows	a	great	potential	for	

growth.		

Depending	on	the	type	of	technology	deployed,	which	will	be	detailed	at	a	later	point,	wave-

energy	can	be	exploited	from	both	near-shore	and	far-shore	locations.	For	this	reason,	the	

location	of	possible	installations	will	not	be	greatly	detailed	 in	this	work.	Opposed	to	solar	

and	wind	sources,	the	energy	delivered	by	the	waves	does	not	have	such	a	great	fluctuation	

and	 is	 far	 less	dependent	on	 the	 local	weather.	 This	 is	 because	 some	wind	patterns	 (that	

create	 waves)	 have	 mechanisms	 consistent	 throughout	 the	 year,	 providing	 a	 constant	

amount	of	what	 is	called	“base	energy”	or	swell.	On	top	of	 this	“base	energy”	there	 is,	of	

course,	some	influence	from	relatively	small	area	meteorological	events,	but	this	is	far	less	

important	 than	 in	 the	 case	 of	 solar	 and	 wind	 energy.	 It	 has	 been	 estimated	 that	 wave-

energy	extraction	can	be	carried	out	 for	90%	of	 time,	while	solar	and	wind	energy	can	be	

harnessed	for	just	30%	of	the	time.	This	advantage	of	low	variability	specific	to	wave-power	

was	quantified	as	three	times	lower	than	the	variability	of	wind	power	[1].	Other	benefits	of	

wave-energy	 is	 that	 it	has	 the	highest	energy	density	amongst	all	other	renewable	energy	

sources,	and	that	its	energy	varies	seasonally	in	phase	with	the	energy	demand	in	climates	

with	cool	winters	and	moderate	to	moderately-high	temperature	summers.	Thus,	in	winter	

there	 is	high-energy	demand	and	 the	amount	of	energy	delivered	by	 the	waves	 is	high	as	

well,	while	 in	summer	there	is	a	 lower	demand	and	also	a	 low	availability	of	wave-energy.	

[7,	11].		

Numerous	 studies,	 referenced	 below,	 have	 been	 carried	 out	 in	 order	 to	 theoretically	

estimate,	by	using	mathematical	models,	and	experimentally	evaluate,	by	using	wave	buoys	

or	other	equipment,	the	energetic	potential	of	waves	in	different	coastal	regions	around	the	

world.		
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Some	of	the	results	of	such	studies	are	as	follows:	a	concentration	of	power	of	25-35	kW/m	

for	 the	Southern	Australian	 shelf,	 specifically	 the	West	of	 Tasmania;	 around	40	kW/m	 for	

the	NW	of	Spain;	around	35	kW/m	for	the	US	Pacific	NW;	75	kW/m	for	Scotland	and	Ireland;	

30	kW/m	for	the	N	part	of	the	Norwegian	shores;	and	about	1	kW/m	for	the	SE	coast	of	the	

Black	 Sea.	 For	 a	 comparison	 between	 availability	 and	 country	 specific	 requirements,	 the	

wave-energy	available	 just	between	Geraldton,	Western	Australia,	and	the	southern	tip	of	

Tasmania	is	around	1329	TWh/yr,	while	the	total	requirement	of	Australia	is	254	TWh/yr	[1-

6].	The	energy	delivered	by	waves	onto	the	Australian	shores	is	also	shown	in	figure	2.2	[65].		

	
figure	2.2	-	left	-	spatial	distribution	of	time-averaged	wave-power	on	the	Australian	continental	shelf	

(kW/m);	right	-	average	wave	energy	density	per	hour	on	Australia’s	continental	shelf	[1,	65]	

Thus,	 the	 interest	 in	 wave-energy	 is	 well	 justified	 and	 both	 private	 investors	 and	

governments	have	stepped	in	to	finance	the	development	and	deployment	of	wave-energy	

converters,	 which	 are	 also	 known	 as	 wave-power	 machines	 or	 devices.	 For	 example,	 in	

Australia,	 the	 Carnegie	 Perth	 wave-energy	 project	 managed	 to	 gather	 $9.9	 million	 from	

federal	funds	and	$5.5	million	from	the	Western	Australian	Government,	while,	 in	Europe,	

Aquamarine	Power	Limited	and	Pelamis	Wave-power	were	granted	about	$24	million	from	

the	 Scottish	 Government.	 In	 2012	 there	 were	 around	 145	 companies	 working	 on	 wave-

power,	this	number	suggesting	the	vast	diversity	of	technologies	and	approaches	that	exist	

towards	this	energy	source	in	the	present	[7-10].	In	2017	this	number	is	estimated	at	over	

250	[66].	
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2.3]	General	wave	properties	

Before	 getting	 into	 the	 technology	 currently	 used	 for	 wave-energy	 conversion,	 a	 brief	

mention	of	water	wave	properties	has	to	be	made,	explaining	what	energy	is	found	in	the	

waves	and	how	 it	 is	 stored	within	 them.	 This	 is	 required	 for	understanding	 the	operating	

conditions	 of	 these	machines,	 the	 difference	 between	 the	 theoretical	 assumptions	made	

and	real-ocean	conditions,	as	well	as	for	the	force	and	energy	balance	evaluations	that	will	

be	invoked	at	a	later	time	in	this	work.	

In	 the	 case	 of	 ocean	 waves,	 which	 are	 gravity	 waves	 (waves	 propagating	 owing	 to	 the	

effects	of	gravity),	the	main	mechanism	that	transfers	energy	into	fluid	motion	is	frictional	

stress	coupled	with	fluctuations	in	pressure.		

This	occurs	between	the	relatively	stagnant	water	surface,	the	sink	for	the	energy,	and	the	

flow	 of	 air	 in	 its	 immediate	 vicinity,	 which	 represents	 the	 source	 of	 energy	 (wind).	 The	

power	is	dependent	not	only	on	the	strength	and	speed	of	the	wind,	but	also	on	the	length	

(fetch)	and	width	of	the	water	surface	with	which	it	interacts.		

As	the	ocean	surface	is	a	good	medium	for	transferring	energy,	wind	generated	waves	can	

travel	great	distances	from	the	actual	point	where	the	air-water	momentum	transfer	took	

place.	 This	 is	 an	 important	 benefit	 of	 the	 wave-power	 converters	 as	 this	 makes	 them	

independent	 from	 local	 meteorological	 events.	 It	 is	 worth	 mentioning	 there	 are	 other	

phenomena	that	cause	waves,	such	as	differences	in	temperature	between	adjacent	masses	

of	 water,	 ocean	 bottom	 topography,	 ocean	 currents,	 but	 also	 the	movement	 of	 celestial	

bodies	etc.		

According	 to	 their	 period,	 driving	mechanisms,	 wave	 height	 and	 wavelengths,	 waves	 are	

categorized	as	seen	in	figure	2.3	[67].	The	present	research	is	focused	on	the	post-creation	

nature	of	the	waves	and	their	specific	characteristics.			
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figure	2.3	-		different	types	of	natural	waves	[67]	

An	 important	 point	 to	 make	 for	 the	 present	 research	 is	 that	 waves	 have	 a	 specific	 trait	

related	 to	 the	 movement	 of	 liquid	 that	 composes	 them:	 the	 movement	 of	 the	 water	 is	

oscillatory	 around	 an	 equilibrium	 position	 only	 at	 a	 macro-scale	 level.	 Thus,	 even	 if	 the	

motion	of	the	fluid	seems	similar	to	that	of	a	pendulum,	this	holds	true	only	when	analysing	

the	general	movement	of	the	fluid.		

Thus,	when	looking	 in	greater	detail,	 it	can	be	observed	that	the	macro-oscillations	are,	 in	

fact,	 a	 stack	 of	 orbital	 movements	 that	 decrease	 in	 amplitude	 with	 depth.	 This	 is	 well	

illustrated	 in	 figure	 2.4	 [68,	 69],	 with	 the	 mention	 that	 the	 real	 phenomenon	 is	 not	 as	

circular	 or	 as	 smooth	 as	 seen	 in	 this	 figure.	 This	 is	 because	 figure	 2.4	 is	 based	 on	 an	

idealization,	on	linear	wave	theory	(Airy	wave	theory).	Linear	wave	theory	will	be	discussed	

in	more	detail	in	later	paragraphs	as	it	is	of	relevance	for	the	experimental	results	presented	

in	this	work.																																																																						
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figure	2.4	-	the	orbital	motion	of	the	fluid	[68,	69]	

Understanding	 this	 oscillatory	 and	 orbital	 motion	 of	 the	 water,	 depicted	 in	 figure	 2.4,	 is	

critical	when	designing	wave-energy	converters.	This	 is	because	 it	becomes	obvious	that	a	

wave-energy	converter	can	have	access	to	the	greatest	amount	of	energy	if	it	is	located	near	

the	water	 surface.	 Studies	 show	 that	up	 to	95%	of	 the	energy	can	be	 found	between	 the	

surface	and	a	depth	of	¼		of	wavelength	[20,	68,	70].		

In	 order	 to	 compare	 with	 experimental	 results	 and	 to	 predict	 ocean	 behaviour,	 wave	

theories	have	been	employed	to	derive	different	water	wave	characteristics	 such	as	wave	

height,	period/frequency,	water	depth,	wavelength,	the	group	velocity	of	the	incident	wave	

packet	etc.	

The	 main	 theories	 used	 are	 Airy	 wave	 theory	 (linear	 wave	 theory),	 Stokes	 wave	 theory,	

cnoidal	wave	theory	and	solitary	wave	theory.		

Although	 none	 of	 these	 theories	 provide	 total	 accordance	with	 natural	 phenomena,	 they	

provide	 predictions	 that	 are	 sufficiently	 accurate.	 There	 are	 studies	 in	 the	 literature	 [71]	

which	suggest	applying	different	 theories	according	 to	specific	cases,	 instead	of	using	one	

theory	 for	all	cases	 (e.g.	 linear	wave	theory).	These	recommendations	can	be	categorised,	

roughly,	 as	 follows.	 Linear	 wave	 theory	 for	 deep	 water	 waves	 with	 small	 amplitude	

(depth/wavelength	 >	 0.5);	 Stokes	 wave	 theory	 for	 intermediate	 depth	 (0.5	 <	

depth/wavelength	<	0.1),	cnoidal	wave	theory	for	shallow	water;	and	solitary	wave	theory	

for	shallow	water	close	to	the	shore	(depth/wavelength	<	0.1).	It	 is	worth	mentioning	that	

shallow	waves	do	not	automatically	imply	nonlinearity	and	that	Stokes,	cnoidal	and	solitary	

wave	 theories	 are	 used	 to	 represent	 nonlinear	 waves,	 unlike	 Airy	 wave	 theory,	 which	

represents	linear	waves.	
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Another	 such	 recommendation,	 of	 applying	 different	 theories	 according	 to	 specific	

circumstances,	 is	 illustrated	in	figure	2.5	[72,	73],	and	the	wave	profiles	mentioned	can	be	

seen	illustrated	in	figure	2.6	[74,	75].		

	
figure	2.5	-	applicability	of	wave	theories	[72,	73]	 	
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figure	2.6	-	different	types	of	theoretical	waves	-	rough	sketch	[74,	75]	

As	stated	earlier,	for	the	purpose	of	the	present	research,	linear	wave	theory	is	considered,	

as	it	is	one	of	the	most	commonly	used	theories	in	the	literature	when	investigating	wave-

energy	converters.	

A	more	detailed	description	of	linear	wave	theory	and	the	assumptions	of	potential	flow	are	

presented	in	the	paragraphs	below.		

This	 will	 serve	 for	 a	 better	 understanding	 of	 the	 implications	 and	 interpretation	 of	 the	

experimental	data,	which	will	later	be	presented.	It	also	allows	for	a	clearer	comprehension	

of	how	real-ocean	and	real-fluid	flow	conditions	are	viewed	when	considered	theoretically	

using	linear	wave	theory.	This	will	show	some	of	the	limitations	of	the	assumptions	made,	

limitations	that	create	the	gap	in	the	literature	that	this	present	research	work	is	based	on.	

2.4]	Navier-Stokes	equations,	potential	flow	and	linear	wave	theory	

Navier-Stokes	Equations	

In	order	to	describe	the	motion	of	real-life	fluids,	a	set	of	equations	can	be	used.	

Thus,	as	the	literature	indicates	[76-78],	the	motion	of	a	compressible,	continuous,	viscous,	

Newtonian	fluid	can	be	accurately	described	using	the	Navier-Stokes	governing	equations	of	

motion,	which	are	a	set	of	nonlinear,	partial	differential	equations.	

The	continuity	equation,	which	reflects	the	conservation	of	mass,	can	be	written	as		
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!"
!"
+ 𝛻 ∙ 𝜌𝒖 = 0 ,																																																							(2.1)	

where	ρ	represents	the	fluid	density,	𝒖	the	fluid	velocity,	and	t	time.	

The	Navier-Stokes	equations,	explicating	the	conservation	of	momentum,	can	be	written	in	

vector	form	as	

!
!"

𝜌𝒖 + ∇ ∙ 𝜌𝐮𝐮 = −∇𝑝 + ∇ ∙ 𝜇 ∇𝐮+ ∇𝐮 !∗ − !
!
∇ ∙ 𝒖 𝐼 + 𝑭𝒆𝒙  ,							(2.2)	

where	μ	represents	the	dynamic	viscosity	of	the	fluid,	p	the	pressure	and	𝑭𝒆𝒙	external	forces	

applied	to	the	fluid	(note:	I	represents	the	identity	matrix	and	𝑇∗	the	transpose	in	this	case).	

It	 can	 be	 noted	 that	 the	 Navier-Stokes	 equations	 show	 a	 balance	 between	 the	 inertial	

forces,	represented	by	the	left	side	of	the	equations,	versus	the	sum	of	the	pressure	forces	

(first	term	on	the	right	hand	side),	the	viscous	forces	(second	term	on	the	right	hand	side),	

and	the	external	forces	applied	to	the	fluid	(𝑭𝒆𝒙).		

By	 applying	 appropriate	 boundary	 conditions	 to	 fit	 certain	modelling	 scenarios	 (different	

geometries,	 fluid	 interactions),	 the	 solutions	 to	 these	 equations	 yield	 the	 velocity	 field	

describing	 the	 flow	 of	 a	 fluid,	 making	 it	 thus	 possible	 to	 derive	 interconnected	

characteristics	of	the	flow	such	as	pressure,	temperature,	density	etc.			

Due	to	the	complex	nature	of	the	Navier-Stokes	equations	and	the	limits	of	computational	

resources,	 simplified	 solutions	 of	 the	Navier-Stokes	 equations	were	 developed	 by	making	

assumptions	that	would	still	allow	for	results	that	would	be	sufficiently	accurate	to	predict	

real-life	fluid	flow.	Thus,	the	potential	flow	theory	was	developed.		

Potential	 flow	 theory	will	be	briefly	described	below,	as	 it	 is	 strongly	 related	 to	 the	other	

sections	of	this	work.	

Potential	flow		

As	mentioned	earlier,	potential	 flow	theory	 is	based	on	simplified	solutions	of	 the	Navier-

Stokes	equations.	The	simplification	is	made	possible	by	constraining	the	fluid	flow	under	a	

number	of	assumptions.	
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One	 assumption	 is	 to	 describe	 the	 fluid	 as	 inviscid.	 Thus,	 since	 it	 is	 assumed	 the	 fluid	 is	

frictionless,	potential	 flow	theory	may	not	be	applied	 in	 the	boundary	 layer.	Note:	 there	 are	

studies	on	viscous	potential	 flows	 [77],	but	 for	 the	purpose	of	 simplifying	 this	presentation	of	potential	 flow,	

viscous	effects	are	neglected.	

In	 addition	 to	 this,	 two	 other	 assumptions	 are	made:	 the	 velocity	u	must	 be	 sinusoidally	

time	 dependent;	 and	 nonlinear	 (advection)	 terms	must	 be	 removed	 from	 its	 formula,	 by	

assuming	 the	 amplitude	 of	 motion	 is	 small	 compared	 to	 the	 wavelength	 (in	 the	 case	 of	

waves)	-	linearity.	

Once	 these	 conditions	 are	 met,	 the	 vector	 field	 u,	 describing	 the	 fluid	 velocity,	 can	 be	

written	as	the	gradient	of	a	potential	function	𝜙.	This	takes	the	following	form:		

𝐮 = ∇𝜙 ,																																																																		(2.3)	

which	can	also	be	written	as	

𝑢!
𝑢! =

!!
!"
!!
!"

 ,																																																														(2.4)	

where	𝑢!and	𝑢!are	the	fluid	velocity	components	in	a	two-dimensional	space.		

Concurrently,	 this	means	 the	 flow	 is	also	 irrotational,	 as	 the	curl	of	a	gradient	 is	equal	 to	

zero	

∇×𝒖 = ∇×∇𝜙 ,																																																											(2.5)	

∇×(∇𝜙) = !!!
!"
−	!!!

!"
= !!!

!"!#
− !!!

!"!#
= 0 ,																																					(2.6)	

with	

!!!
!"
−	!!!

!"
= 0 .																																																								(2.7)	

In	addition,	if	the	flow	is	considered	to	be	 incompressible	(of	constant	density),	this	means	

the	divergence	is	equal	to	zero,	which	can	be	written	as	

∇ ∙ 𝒖 = 0 ,																																																												(2.8)	
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which	is	also	known	as	the	continuity	equation	for	incompressible	fluids.	

For	two-dimensional	space,	this	can	also	be	written	as	

!!!
!"
+ !!!

!"
= 0 .																																																								(2.9)	

Equation	2.8	then	becomes		

∇ ∙ ∇𝜙 = !!!
!"!

+ !!!
!"!

= 0 .																																											(2.10)	

This	shows	that	the	potential	function	also	satisfies	the	partial	differential	equation	known	

as	Laplace’s	equation,	written	as	

∇!𝜙 = 0 𝐿𝑎𝑝𝑙𝑎𝑐𝑒!𝑠 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛  .																																				(2.11)	

Retrospectively,	 it	 can	 said	 that	 if	 a	 fluid	 is	 inviscid,	 incompressible	 and	 observing	 a	

sinusoidal,	linear	motion,	then	its	velocity	field	can	be	described	as	the	gradient	of	a	scalar	

potential	(implying	the	curl	is	zero	–	irrotationality)	that	satisfies	Laplace’s	equation.		

Thus,	 by	 defining	 the	 fluid	 flow	 as	 the	 gradient	 field	 of	 a	 potential	 function	 that	 satisfies	

Laplace’s	equation,	the	complexity	and	resources	needed	to	determine	the	characteristics	of	

the	fluid	flow	are	greatly	reduced.	This	is	because	Laplace’s	equation	is	a	partial	differential	

equation	that	 is	easier	 to	solve	 than	the	 full	Navier-Stokes	equations	mentioned	earlier	 in	

this	section;	moreover	it	is	a	linear	equation	that	allows	solutions	to	be	superposed.		

However,	 as	 implied	 before,	 potential	 flow	does	 not	 accurately	 describe	 all	 kinds	 of	 fluid	

flow.	This	is	illustrated	in	figure	2.7	[79,	80]	
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figure	2.7	-	flow	patterns	past	a	cylinder	at	rest	[80]	

In	 this	 figure,	depicting	a	 cylinder	at	 rest	 suddenly	exposed	 to	 steady	 fluid	 flow,	 it	 can	be	

seen	that	even	if	potential	flow	accurately	covers	the	situation	in	case	(a),	the	development	

of	the	flow	patterns	over	time	leads	to	vortex	formation	(a-f)	and	vortex	shedding	in	cases	

(e)	and	(f).	It	can	also	be	seen	that	in	case	(a)	the	fluid	flow	tends	to	follow	the	shape	of	the	

object,	while	for	cases	(b-f)	the	fluid	flow	detaches	from	the	object.	The	point	on	the	surface	

of	the	object	where	the	fluid	flow	stops	following	the	shape	of	the	object	is	called	the	point	

of	separation	and	the	area	behind	the	object	is	called	the	wake.		

The	difference	in	pressure	between	the	front	of	the	object	and	the	wake	is	called	the	form	

drag,	while	the	transversal	forces	are	called	lift	forces.	Notice	that	in	case	(a)	the	lift	forces	

cancel	each	other	out,	while	during	vortex	shedding	(e,	f)	the	transverse	pressure	alternates	

in	accordance	to	the	location	of	the	shedding.		

For	 this	 reason,	 the	 vortex	 formation	 and	 shedding	 in	 the	 wake	 of	 the	 object	 is	 of	 high	

importance	since	the	phenomenon	of	vortex	shedding	generates	forces	and	vibrations	that	

act	upon	the	structure	that	 is	subjected	to	fluid	flow.	 In	engineering,	proper	estimation	of	

these	forces	and	vibrations	is	of	crucial	importance	when	designing	real-size	structures.		

Thus,	 if	we	 consider	 only	 potential	 flow,	 these	 forces	 should	 not	 be	 present	 and	 are	 not	

accounted	for.	For	this	reason,	it	is	vital	to	highlight	and	understand	the	difference	between	

potential	 flow	 and	 real-life	 fluid	 flows	 and	 illustrating	 this	 difference	 is	 what	 the	

experimental	part	of	the	present	research	is	focused	on.		

Another	 issue	 with	 potential	 flow	 theory,	 as	 mentioned	 earlier,	 is	 the	 boundary	 layer.	 If	

applied	 in	 the	 boundary	 layer,	 potential	 flow	 theory	 yields	 velocity	 fields	 that	 are	 not	
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accurate	since	the	fluid	velocity	must	be	zero	at	the	surface	of	the	object	subjected	to	fluid	

flow.	 This	 is	 due	 to	 adhesion	 between	 the	 fluid	 and	 object	 surface.	 Thus,	 zero	 tangential	

velocity	at	the	surface	of	the	object	is	not	in	concordance	with	potential	flow	predictions.	

In	order	to	overcome	these	limitations	of	potential	flow	theory	and	properly	use	potential	

theory	to	estimate	velocities	fields,	the	object	can	be	streamlined.	Therefore,	if	the	object	is	

streamlined	 such	 that	 there	 is	 no	 significant	 wake,	 potential	 flow	 theory	 can	 still	

approximately	describe	the	bulk	flow,	and	viscosity-inclusive	theories	can	be	applied	in	the	

boundary	layer.		

In	 addition,	 there	 is	 another	 interesting	 scenario	 that	must	 be	mentioned.	 In	 the	 case	 of	

oscillating	 bodies	 or	 oscillatory	 fluid	 flow	 [79],	 it	 is	 possible	 to	 remove	 the	 wake	 by	

calibrating	 the	 frequency	of	 the	oscillations	 in	an	appropriate	manner.	The	goal	 is	 to	 tune	

the	oscillations	 in	 such	a	way	 that	 the	wake	does	not	have	 time	 to	 form	before	 the	 fluid	

changes	 flow	direction.	 Thus,	 the	 flow	 reverses	before	 the	 fluid	has	 a	 chance	 to	 separate	

from	the	surface	of	the	object,	thus	perpetuating	scenario	(a)	from	figure	2.7.	This	aspect	is	

interesting	 to	 remember,	 as	 the	models	 used	 in	 the	 experimental	 testing	 for	 the	 present	

project	were	not	streamlined	in	order	to	investigate	the	limitations	of	potential	flow	theory.	

Specific	aspects	of	potential	flow	theory	will	be	discussed	in	the	hydrodynamics	section	for	

each	type	of	ocean	energy	converter	presented	in	this	work.	

Linear	wave	theory	

As	 it	 was	 briefly	 discussed	 in	 previous	 sections,	 the	 motion	 of	 gravity	 waves	 can	 be	

extremely	complex.	Hence,	due	to	limitations	in	computing	power,	it	is	problematic	to	solve	

wave	motion	completely.	In	order	to	get	around	this	issue,	a	popular	simplifying	theory	can	

be	employed	–	linear	wave	theory	(Airy	wave	theory).	Thus,	linear	wave	theory	can	prove	to	

be	 a	 valuable	 tool,	which	 allows	 for	 the	 characteristics	 of	waves	 such	 as	wavelength	 and	

frequency	to	be	defined	as	a	function	of	water	depth,	gravitational	acceleration	and	other	

factors.	

By	 employing	 the	 potential	 flow	 theory	 described	 earlier	 and	 all	 its	 implications	 (linear,	

sinusoidal,	 inviscid,	 incompressible,	 irrotational	 fluid	 flow),	 linear	 wave	 theory	 is	 able	 to	
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describe	the	motion	of	ocean	gravity	waves	by	using	a	velocity	potential,	as	it	will	be	shown	

in	the	following	paragraphs	[75,	79,	81].		

Linear	wave	 theory	 implies	 regular	 waves,	 i.e.	 waves	 that	 can	 be	modelled	 by	 a	 sine	 (or	

cosine)	function.		

Thus,	 the	 surface	 elevation	 of	 the	 waves	 can	 be	 defined	 as	 η,	 a	 function	 of	 time	 and	

position,	as	

𝜂 = 𝑎 sin(!!
!
𝑡 − !!

!
 𝑥) ,																																																		(2.12)	

where	a	 is	 the	amplitude	of	a	wave	 (and	 the	maximum	value	of	η),	 T	 is	 the	period	and	λ	

represents	the	wavelength.	Furthermore,	the	wavenumber	k	can	be	written	as	𝑘 = !!
!
,	the	

angular	frequency	or	angular	velocity	ω	as	𝜔 = !!
!
	and	f	represents	the	frequency	as	𝑓 = !

!
	.	

Now,	equation	2.12	can	be	rewritten	as		

𝜂 = 𝑎 sin 𝜔𝑡 − 𝑘𝑥  ,																																																						(2.13)	

where	 the	 sign	 inside	 the	 sine	 argument	 shows	 the	 direction	 of	 propagation	 and	 the	

argument	of	the	sine	function	is	the	phase	of	the	wave.	

The	velocity	of	the	fluid	within	a	wave,	at	each	point,	can	be	defined	as	

𝒖 𝑥, 𝑧, 𝑡 = 𝑢! 𝑥, 𝑧, 𝑡 𝒊+ 𝑢! 𝑥, 𝑧, 𝑡 𝒏 ,																																				(2.14)	

with	x	representing	the	axis	of	wave	propagation,	z	representing	the	vertical	axis	and	𝑢!	and	

𝑢!	 the	 respective	 components	of	u	 for	 this	 two-dimensional	 flow;	 since	 it	 is	 assumed	 the	

flow	 is	 two-dimensional,	 there	 is	 no	 y-axis	 fluid	 flow.	 In	 addition,	 i	 represents	 the	 x-axis	

vector	and	n	 the	z-axis	vector	 (n	 is	used	 instead	of	k	 to	avoid	confusion,	as	k	was	already	

defined	as	the	wavenumber).		

There	are	certain	conditions	to	satisfy	in	order	to	be	able	to	use	linear	wave	theory.	

0.	According	to	potential	flow	theory,	with	𝐮 = ∇𝜙,	the	two	following	equations	must	hold:	

!!!
!"
+ !!!

!"
= 0 𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑖𝑡𝑦 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛  ;																																					(2.15)	
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!!!
!!!

+ !!!
!!!

= 0 𝐿𝑎𝑝𝑙𝑎𝑐𝑒!𝑠 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛  .																																							(2.16)	

In	addition,	some	boundary	conditions	are	needed,	split	into	two	categories,	as	follows:		

1.	Bottom	boundary	condition:		

o the	bottom	of	the	enclosure	holding	the	fluid	(be	it	a	seabed	or	bottom	of	a	tank)	is	

not	permeable,	thus	the	z-axis	velocity	must	be	zero	at	the	bottom:	

𝑢! 𝑥,−ℎ, 𝑡 = !"
!"

𝑥,−ℎ, 𝑡 = 0 ,																																												(2.17)	

with	h	representing	the	mean	water	level	(water	depth).	

2.	Surface	boundary	conditions:		

o as	long	as	the	motion	of	the	waves	is	smooth,	the	surface	must	be	made	up	of	the	

same	particles	at	all	times.	

Thus,	 the	 first	 surface	 boundary	 condition,	 also	 called	 the	 kinematic	 boundary	 condition,	

states	that	a	fluid	particle	at	the	surface	must	remain	at	the	surface	at	all	times.		

This	condition	is	written	mathematically	as	

!"
!"
+ 𝑢!

!"
!"
= 𝑢! ,																																																								(2.18)	

when	𝜂 𝑥, 𝑡 = 𝑧.	

o the	pressure	at	the	surface	of	the	fluid	must	be	constant	and	equal	to	atmospheric	

pressure.	 Using	 the	 unsteady	 Bernoulli	 equation	 for	 irrotational	 flow,	 it	 can	 be	

written	that	

!
!
+ !"

!"
+ !

!
𝑢!! + 𝑢!! + g𝑧 = 𝐶! 𝑡 = !!"#

!
  ,																														(2.19)	

where	g	is	the	acceleration	due	to	gravity	and	𝐶! 	suggests	a	constant.	

If	𝑝 = 𝑝!"# and	𝜂 𝑥, 𝑡 = 𝑧	then	the	equation	above	becomes	

!"
!"
+ !

!
𝑢!! + 𝑢!! + 𝑔𝜂 = 0 ,																																												(2.20)	
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which	is	the	dynamic	boundary	condition.	

As	 a	 result	 of	 the	 potential	 flow	 assumptions	mentioned	 in	 the	 previous	 subsection,	 the	

magnitude	of	the	elevation	of	the	waves	η(x,t)	has	to	be	small	compared	to	the	wavelength	

of	 the	 waves	 (assumption	 of	 linearity).	 Thus,	 the	 amplitude	 of	 the	 waves	 is	 assumed	

considerably	smaller	than	the	wavelength.	

After	linearization,	the	equations	above	become	

!!! !,!,!
!!!

+ !!! !,!,!
!!!

= 0,−ℎ ≤ 𝑧 ≤ 𝜂  ,																																			(2.21)	

with	the	bottom	boundary	condition	

!"
!"

𝑥, 𝑧 = −ℎ, 𝑡 = 0 ,																																																			(2.22)	

the	simplified	kinematic	condition	as	

!"
!"

𝑥, 𝑡 = 𝑢! 𝑥, 0, 𝑡  ,																																																		(2.23)	

and	the	linearized	kinematic	condition	written	as	

!"
!"

𝑥, 0, 𝑡 = −𝑔𝜂 𝑥, 𝑡  .																																															(2.24)	

Potential	flow	implies	waves	that	can	be	modelled	by	a	sine	(or	cosine)	function,	i.e.	regular	

waves.	Since	the	solutions	must	be	regular	waves,	we	assume	a	solution	in	the	shape	of	

𝜙 𝑥, 𝑧, 𝑡 = 𝐴 𝑧 sin 𝜔𝑡 − 𝑘𝑥 + 𝜙!  ,																																	(2.25)	

with	k,	ω	and	𝜙!	unknown	and	A	an	amplitude	of	the	form	

𝐴 𝑧 = 𝐶!cosh 𝑘𝑧 + 𝐶!  ,																																												(2.26)	

where	𝐶!	and	𝐶! are	constants.	

After	introducing	this	solution	and	running	it	through	equations	2.21-2.24,	it	is	noticed	that	

the	only	way	for	a	solution	to	satisfy	all	of	these	conditions	is	for		

!!

!
cosh 𝑘ℎ = 𝑘sinh 𝑘ℎ 																																													(2.27)	
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or	

𝜔! = 𝑔𝑘tanh ℎ𝑘  .																																																			(2.28)	

The	 above	 equation	 derived	 by	 Airy	 is	 called	 the	 dispersion	 relation	 and	 it	 shows	 the	

connection	between	the	wavenumber	and	the	frequency	of	the	waves.		

This	dispersion	relation	can	be	modified	to	include	a	capillary	dispersion	term	[82,	83].	Note:	

In	this	current	work,	the	influence	of	capillary	action	is	not	studied	separately.	The	goal	of	

this	research	is	to	show	the	effects	of	scaling	on	the	damping	of	models	of	this	scale,	thus	

including	 the	 presence	 of	 capillary	 action	 (surface	 tension).	 The	 literature	 and	 separate	

student	 experiments	 have	 revealed	 that	 the	 capillary	 effects	 on	 experiments	 of	 this	 scale	

have	an	influence	of	3-8%	on	the	measured	displacements	[84-86].		

Coming	 back	 to	 equation	 2.28,	 if	 𝜙! = −𝜋/2	 and	 !
!
𝐶! cosh 𝑘ℎ = 𝑎 ,	 then	 the	 flow	

potential	can	be	written	as	

𝜙 𝑥, 𝑧, 𝑡 = !"
!

!"#$ ! !!!
!"#$ !!

cos 𝜔𝑡 − 𝑘𝑥  .																												(2.29)	

Using	these	three	underlined	relations,	simplified	formulas	were	found	by	applying	different	

conditions	such	as,	in	this	case,	for	determining	the	angular	frequency:	

-	the	condition	for	shallow	water,	if	h	<	λ/20	gives	

𝜔 = ± 𝑔ℎ
!
!𝑘 .																																																							(2.30)	

-	the	condition	for	deep	water,	if	h	>	λ/2	yielding	

𝜔 = ± 𝑔𝑘 .																																																									(2.31)	

The	regime	where	these	two	conditions	cannot	be	applied	is	called	intermediate	water	and	

for	this	case	the	full	dispersion	relation	must	be	used	(equation	2.28)	

Other	 characteristics	 of	 the	 waves	 such	 as	 group	 velocity,	 particle	 velocity	 etc.	 can	 be	

calculated	using	table	2.8	[81].		
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table	2.8	-	relations	for	shallow,	intermediate	and	deep	water	regimes	using	linear	wave	theory	[81]	

2.5]	Energy	delivered	by	ocean	waves		

Since	 the	 topic	 in	discussion	 is	 energy	extraction,	 a	quick	 look	 at	 the	energy	delivered	by	

waves	has	to	be	taken.	

As	can	be	seen	from	figure	2.9	[87],	there	is	a	difference	in	pressure	between	two	adjacent	

sections	 of	 a	 wave	 –	 the	 crest	 and	 the	 trough.	 This	 pressure	 fluctuation	 leads	 to	 fluid	

oscillation	around	the	still	water	 level.	The	energy	which	 is	due	to	the	work	performed	to	

change	 the	 shape	of	 the	water	 surface	 from	 flat	 to	pseudo-sinusoidal	 is	potential	 energy,	

while	the	moving	fluid	stores	kinetic	energy.						
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figure	2.9	-	pressure	diagram	[87]	

Thus,	by	considering	the	linear	wave	theory	mentioned	in	the	earlier	section,	it	can	can	be	

said	 that	 the	evolution	of	 the	surface	 is	 reflected	by	η(x,t),	already	defined	as	 the	surface	

elevation	function,	which	can	take	the	form	

𝜂 𝑥, 𝑡 =  !
!
cos 𝑘𝑥 − 𝜔𝑡  ,																																																			(2.32)	

where	x	is	the	horizontal	position	and	H	is	the	wave	height	[75].		

Thus,	the	total	energy	stored	in	a	wave	is	given	by	

𝐸 = 𝐸! + 𝐸! =
!"!!

!
[J/m!]																																																	(2.33)	

and	the	according	power	on	a	wavelength	by	

𝑃 = !
!
!"!!!

!
[W/m]	,																																																									(2.34)	

where	E	=	total	energy;	𝐸!	=	potential	energy;	and	𝐸!	=	kinetic	energy	[87].		

The	ultimate	goal	of	every	wave-energy	converter	 is	 to	transform	the	energy	delivered	by	

the	waves	 into	other	 forms	of	 energy	–	 for	 example	electric	 or	 hydraulic	 energy.	 For	 this	

reason,	wave-power	machines	can	be	considered	dampers	and	they	must	interact	with	the	

ocean	 waves	 in	 a	 destructive	 manner	 (absorbing	 their	 energy)	 [25].	 Furthermore,	 it	 is	

desired	 for	 resonance	 to	occur,	meaning	 that	 the	energy	absorber	should	be	 in	 tune	with	

the	frequency	of	the	waves.	Thus,	the	position	of	the	oscillator	related	to	the	water	surface	

must	 be	 in	 phase	with	 the	 variation	of	 the	dynamic	 pressure	within	 the	wave,	which	has	
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been	illustrated	in	figure	2.9	[87,	88].	Due	to	the	existence	of	a	restoring	force	that	tends	to	

bring	 the	machine	back	 to	equilibrium	after	being	excited,	 a	 lot	of	wave-power	machines	

have	 a	 free-decay	 frequency	 of	 oscillation.	 The	 free-decay	 frequency	 represents	 the	

frequency	of	the	system	under	the	effect	of	its	natural	damping	(thus	excluding	any	power	

take-off).	This	is	not	identical	with	the	natural	frequency,	which	assumes	a	complete	lack	of	

damping.	However,	 in	small-scale	 testing	the	values	can	be	similar	 (e.g.	 the	values	 for	 the	

free-decay	angular	frequency	measured	for	the	oscillating	water	columns	used	in	this	work	

were	 only	 3-9%	 different	 from	 the	 calculated	natural	 angular	 frequency).	 In	 this	 case,	 to	

operate	 at	 resonance	means	 that	 this	 natural	 frequency	 is	 equal	 to	 that	 of	 the	 incoming	

wave.	As	waves	can	arrive	with	varying	frequencies,	some	energy	converters	can	be	tuned	

as	to	change	their	frequency	to	match	that	of	the	waves.	

The	 subject	 of	 damping	 and	 tuning	 will	 be	 further	 detailed	 after	 a	 brief	 introduction	 of	

wave-energy	converters	is	made,	as	it	makes	sense	to	detail	these	terms	in	specific	contexts.	

2.6]	Available	technological	solutions	for	energy	conversion	

In	order	to	describe	the	research	from	this	work,	the	available	technologies	for	wave-energy	

conversion	must	be	briefly	described,	so	that	the	experimental	study	yields	practical	value	

that	is	in	tune	with	current	knowledge	gaps.	

In	order	to	be	an	efficient	wave-energy	extractor,	a	device	must	also	be	a	good	wave	creator	

–	but	a	maker	of	waves	that	 interfere	destructively	with	the	 incoming	ocean	waves.	Apart	

from	this,	there	are	a	few	other	requirements	that	must	be	met	by	wave-power	devices	and	

which	must	be	considered	in	small	scale	testing	as	well,	such	as:	

• the	 ability	 of	 dealing	with	 the	 irregularity	 of	 ocean	waves	 (variation	 in	 amplitude)	

and	 their	 specific	 structural	 loading	 –	 it	 was	 mentioned	 before	 that	 the	 average	

power	density	within	some	waves	is	around	30	kW/m.	However,	the	power	during	a	

storm	surge	can	reach	levels	as	high	as	2000	kW/m	[89].	Because	of	this	vast	range	

of	 loading,	 two	problems	may	arise:	either	 the	device	 is	designed	underestimating	

the	maximum	forces	it	has	to	face	in	the	ocean	and	it	ends	up	being	damaged	during	

extreme	meteorological	events	[90],	or	the	device	is	constructed	overestimating	the	
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impact	of	the	environment	on	it,	which	leads	to	a	lot	of	so-called	“dead	weight”	and	

higher	than	needed	construction	costs;	

• the	 natural	 frequency	 must	 be	 similar	 to	 the	 dominant	 component	 of	 the	 wave	

spectrum,	 while	 also	 having	 some	 absorption	 capability	 for	 other	 frequencies	 as	

well;	

• the	devices	should	be	independent	of	wave	group	propagation	direction;	

• the	 highly	 corrosive	 and	 biologically	 active	 environment	 should	 be	 taken	 into	

account	when	designing	and	constructing	these	machines;	

• the	 impact	 on	 local	 currents,	 marine	 environment	 etc.	 should	 be	 low	 and	 good	

integration	with	existing	industries,	such	as	fishing	and	tourism,	is	to	be	desired;	

• the	power	output	should	be	compatible	with	existing	technology	–	for	example,	the	

oscillations	of	the	ocean	might	have	periods	of	a	few	seconds	(frequencies	of	a	few	

Hz),	while	 electric	 generators	need	 to	 spin	 at	 hundred	 times	higher	 frequencies	 in	

order	to	operate;	

• the	converters	also	need	to	be	economically	competitive	with	other	energy	sources.				

The	first	patent	on	a	technological	solution	to	convert	wave-energy	was	granted	in	1799	to	

Pierre	Girard;	the	mechanism	consisted	of	a	lever	that	had	one	point	on	a	float	in	the	ocean,	

a	pivot	point	on	shore	and	the	other	end	on	land,	thus	delivering	mechanical	work	from	the	

waves	to	land	(figure	2.10)	[91].			
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figure	2.10	-	one	of	Pierre	Girard’s	patents	[91]	

The	oil	crisis	of	1970	stimulated	the	growth	in	interest	towards	wave-energy	converters	and,	

today,	there	are	well	over	1000	patents	registered,	proposing	numerous	different	technical	

solutions	for	wave-energy	extraction	[7,	13].				

These	 technologies	 are	 categorized	 into	 numerous	 subtypes,	 according	 to	 the	 following	

criteria	 [7,	 12,	 20,	 25]:	 size	 and	 relative	 position	 to	 the	 waves;	 location	 (offshore,	

nearshore);	 installation	 (fixed,	 floating);	 power	 take-off	 system	 (air	 turbine,	 hydraulic	

cylinder,	etc.).		

According	to	their	size	and	relative	position,	wave-power	machines	fall	 into	the	categories	

mentioned	in	the	following	paragraphs.			

	
figure	2.11	-	A:	basic	illustration	of	an	attenuator;	B:	Pelamis	attenuator	device	[92]	

1.	 Attenuators.	 These	 devices	 are	 placed	 with	 their	 dominant	 horizontal	 dimension	

perpendicular	to	the	wave	front.	Some	examples	of	attenuators:	Pelamis	(figure	2.11	[92]),	

SeaRev,	PS	Frog	etc.	These	floating	attenuators	work	by	taking	advantage	of	the	rotational	
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momentum	 created	 by	 the	 crest-trough	 difference	 in	 water	 level	 and	 some	 can	 even	

capture	the	sway	movement	of	the	water.	

	
figure	2.12	-	A:	basic	illustration	of	a	heaving-buoy;	B:	Carnegie	wave	buoy	[93]	

2.	Point	Absorbers.	 These	devices	have	dimensions	 considerably	 smaller	 than	 the	 incident	

wavelength	and	are	usually	axisymmetric	about	the	vertical	axis.	Examples	of	these	devices	

are	the	Carnegie	heaving-buoys	(figure	2.12	[93]),	the	WaveBob	heaving-buoy,	Aqua-buoy,	

IPS-Buoy	etc.	These	all	oscillate	along	with	the	water	surface,	capturing	the	heave	energy	of	

the	waves.	Another	point	absorber	is	the	submerged	Wave	Swing	of	Archimede.	However,	it	

operates	 in	opposite	phase	with	 the	buoys	above,	 thus	 it	oscillates	 in	anti-phase	with	 the	

waves	–	when	the	water	level	rises,	it	sinks.	Both	kinds	of	point	absorber	devices	mentioned	

here	extract	energy	from	the	heave	motion	of	the	waves,	either	directly	–	heaving-buoys	–	

or	through	a	pressure	difference	–	submerged	capsules.	
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figure	2.13	-	A:	basic	illustration	of	an	oscillating	water	column;	B:	oscillating	water	column	by	

Oceanlinx	[94];	C:	basic	illustration	of	the	Aquamarine	Oyster;	D:	Aquamarine	Oyster	[95];	E:	“duck”	
device	by	Salter	[96];	F:	Bombora	device	[97]	

3.	 Terminators.	 These	 devices	 are	 positioned	 with	 their	 dominant	 horizontal	 dimension	

parallel	 to	 the	wave	 front.	One	classic	example	of	 this	 is	 the	duck-device	by	Salter	 (figure	

2.13,	E	[96]).	Starting	from	the	“duck”	concept,	the	Oyster	device	by	Aquamarine	has	been	

developed	(figure	2.13,	C,	D	 [95]).	This	 is	one	of	the	largest	wave-energy	converters	 in	the	

world	and	it	works	by	using	a	deflector	hinged	at	the	ocean	bottom	to	create	a	momentum	

by	capturing	the	orbital	motion	of	the	particles,	which	was	shown	in	figure	2.4.	

One	broader	range	of	terminators	are	called	oscillating	water	columns,	with	the	example	of	

oscillating	water	column	by	Oceanlinx	shown	in	 figure	2.13,	B	 [94].	These	devices	work	by	

having	a	chamber	in	which	the	water	can	rise	and	fall	as	the	waves	pass	by.	This	oscillating	

vertical	movement	of	the	water	surface	creates	a	pressure	differential	that	then	moves	the	

air	 inside	 the	 atmosphere-connected-chamber	 through	 an	 air-turbine	 in	 a	 back	 and	 forth	

motion.	This	motion	leads	the	turbine	to	spin	and	generate	electricity.		

Another	 type	of	 terminator	 is	 the	pressure	differential	device.	As	 the	name	 suggests,	 this	

kind	of	converter	operates	by	exploiting	the	pressure	differential	induced	by	the	rising	and	

falling	ocean	level	as	a	wave	passes	over	the	device.	One	example	of	such	a	converter	is	the	

Bombora	device,	which	uses	a	submerged	membrane	to	harness	energy	(figure	2.13,	F	[97]).		

It	is	worth	mentioning	that,	depending	on	their	size	and	geometry,	oscillating	water	columns	

and	pressure	differential	devices	can	also	be	classified	as	point	absorbers.	
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4.	 The	 last	 category	 of	 devices	 mentioned	 is	 overtopping	 devices.	 These	 wave-energy	

converters	use	wave	reflectors	to	funnel	 in	the	water	from	a	wave	crest	onto	the	top	of	a	

water-turbine	that	is	spun	as	the	water	evacuates	back	into	the	ocean	as	the	trough	portion	

of	the	wave	reaches	the	device.	One	example	of	such	a	device	is	the	Wave	Dragon	seen	in	

figure	2.14	[98].		

	
figure	2.14	-	the	Wave	Dragon	overtopping	device	[98]	

As	a	note,	overtopping	devices	do	not	have	a	natural	frequency	of	operation.	

Due	to	the	requirements	that	were	mentioned	at	the	start	of	this	section	(2.6),	heaving	buoy	

point	 absorbers	 and	oscillating	water	 column	devices	have	been	proven	 to	be	 two	of	 the	

most	 viable	 solutions	 of	 energy	 extraction	 [12,	 15].	 Thus,	 the	 present	 research	 aims	 to	

complement	 the	 development	 of	 wave-energy	 converters	 pertaining	 to	 these	 two	

categories.		

Since	a	single	wave-power	machine	has	a	limited	economic	efficiency,	it	is	of	interest	to	use	

these	 devices	 in	 array.	 This	 has	 been	 investigated	 in	 the	 literature	 as	 well	 and	 will	 be	

detailed	more	in	the	array	section	(3.2)	for	point	absorbers.	

As	mentioned	earlier,	these	energy-converting	devices	are	desired	to	operate	at	resonance.	

To	make	this	possible,	one	key	element	is	to	be	able	to	evaluate	the	frequency	of	operation	

of	 such	a	device	and	 to	be	able	 to	match	 it	with	 that	of	 the	 incoming	waves.	 This	 should	

guarantee	that	the	energy	capture	is	as	high	as	possible.	The	energy	delivered	by	the	waves	

has	been	given	 in	section	2.5,	but	 it	 is	obvious	that	not	all	of	this	energy	can	be	extracted	

through	an	energy	conversion	device.	Although	there	is	much	debate	on	how	to	assess	the	
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efficiency	of	a	wave-power	converter,	one	clear	aspect	 is	that	an	important	portion	of	the	

energy	 is	 lost	due	to	the	 internal	(natural)	damping	of	the	converters.	For	this	reason,	the	

losses	due	to	this	type	of	damping	must	be	understood	properly	and	the	research	presented	

in	 this	work	comes	to	solidify	 the	ability	 to	estimate	the	damping	regimes	experienced	by	

these	machines.		

2.7]	 Damping	 of	 wave-energy	 devices	 in	 the	 context	 of	

hydrodynamics,	resonance	and	scaling		

2.7.A]	Hydrodynamics	

In	 this	 section	 of	 this	work,	 the	 governing	 hydrodynamics	 of	wave-power	 devices	will	 be	

presented	in	general.	Then,	the	role	of	resonance	and	its	dependence	on	the	damping	will	

be	shown,	thus	emphasizing	the	importance	of	a	complete	understanding	of	the	scaling	of	

the	damping	of	wave-energy	converters	which	is	the	topic	of	this	current	study.		

As	there	are	specific	parameters	that	govern	the	equations	of	motions	and	hydrodynamics	

for	 each	 specific	 type	 of	 wave-energy	 converter,	 such	 as	 the	 stiffness	 constant	 for	 the	

heaving	point	absorbers	and	submergence	length	for	the	oscillating	water	columns,	a	more	

detailed	 look	 into	 the	 hydrodynamics	 of	 each	 type	 of	 device	 will	 be	 provided	 in	 their	

respective	 sections.	 In	 this	 section,	 only	 the	 common	 aspects	 of	 their	 behaviour	 will	 be	

presented.	

The	 research	 used	 as	 a	 starting	 point	 to	 develop	 the	 rules	 that	 govern	 the	 behaviour	 of	

wave-energy	 absorbers	 is	 based	 around	 the	 field	 of	 ship	 and	 offshore	 structures	

engineering.	 For	 example,	 a	 great	 amount	 of	 research	 has	 been	 carried	 out	 on	

understanding	 the	 response	 of	 ocean	 platform	 pylons	 (piles)	 to	 the	 action	 of	 the	waves.	

Hence,	there	are	numerous	studies	on	the	forces	exerted	on	cylinders	as	they	are	passed	by	

wave	trains	[99-110].	These	studies	focus	on	different	aspects	such	as	cylinder	orientation,	

in-line	 oscillatory	 response,	 induced	 vibrations	 etc.	 From	 studies	 such	 as	 these	 and	 other	

studies	on	 ship	hydrodynamics,	a	 lot	of	knowledge	could	be	bridged	over	 to	wave-energy	

converters,	such	as	the	heaving-buoy	point	absorber.	
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In	the	literature,	most	analytical	studies	rely	on	linear	wave	theory	(described	in	section	2.4)	

for	 the	 understanding	 of	 wave-energy	 devices.	 Research	 on	 wave-energy	 converters	 can	

also	 be	 conducted	 by	 using	 numerical	 methods	 employing	 potential	 flow	 or	 Reynolds-

Averaged	 Navier-Stokes	 Equation	 (RANSE)	 solvers.	 Thus,	 software	 applying	 different	

numerical	methods,	such	as	WAMIT	(WaveAnalysisMIT),	Ansys	CFX	etc.,	 is	commonly	used	

to	predict	the	future	behaviour	of	wave-energy	converter	prototypes.		

One	method	 to	 analyse	 a	 device	 implies	 that	 the	behaviour	 of	 an	 individual	wave-energy	

device,	operating	 in	a	single	mode,	can	be	translated	 into	the	motion	of	a	rigid-body	with	

one	degree	of	freedom,	in	an	Eulerian	reference	system,	as	described	in	the	next	paragraphs	

[111].	 This	 analogy	 can	 be	 applied,	 for	 example,	 to	 an	 oscillating	 buoy	 point	 absorber	

constrained	 to	 heave	 as	 a	 degree	 of	 freedom,	moving	 under	 the	 influence	 of	 its	 natural	

restoring	 force;	 or	 the	 heaving	 mass	 of	 fluid	 within	 the	 chamber	 of	 an	 oscillating	 water	

column;	or	a	floating	capsule	oscillating	in	pitch	under	the	combined	effect	of	buoyancy	and	

mooring	forces.		

Under	the	assumption	of	 infinite	depth	and	linear	wave	theory,	the	governing	equation	of	

motion	for	such	a	wave-energy	converter	can	be	written	as		

𝑀𝑖𝜔𝑈 − 𝑖𝜔!!𝐾!𝑈 = −(𝐹!"# + 𝐹!) ,   	   	                                   (2.35)	

according	 to	 a	 description	 by	 Evans	 and	 Porter	 [111],	 where	 𝑀𝑖𝜔𝑈	 represents	 the	

component	 of	 Newton’s	 second	 law	 (with	𝑀	 being	 the	 total	 mass	 considered, 𝑖𝜔𝑈	 the	

acceleration	 and	 U	 the	 velocity	 of	 the	 mass).	 Next,	 𝐾! 	 represents	 the	 restoring	 force	

constant,	𝐹!"#	 is	 the	 force	acting	on	the	device	caused	by	the	power	take-off	 (extraction)	

system	(often	assumed	to	follow	linear	body	dynamics),	and	𝐹!	represents	the	force	on	the	

device	caused	by	the	waves.	

This	equation	then	can	be	written	as	a	function	of	added	mass	and	radiation	damping.	The	

added	mass	reflects	the	additional	 inertia	added	to	the	system	by	the	mass	of	fluid	that	is	

moved	 or	 deflected	 during	 the	 motion	 of	 the	 device	 through	 the	 water.	 The	 radiation	

damping	 represents	 the	 energy	 loss	 in	 the	 form	of	waves	 created	 and	 spread	 out	 by	 the	

oscillatory	movement	of	the	wave-energy	machine.	Thus,	the	equation	becomes	

𝑀𝑖𝜔𝑈 − 𝑖𝜔!!𝐾!𝑈 = −[𝐹!"# + (𝑖𝜔𝐴𝜔 − 𝐵! 𝑈 + 𝐹!")] ,   	   	            (2.36)	
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with 𝐴𝜔	being	the	added	mass	coefficient,	𝐵!	the	radiation	damping	coefficient	and	𝐹!"the	

wave	excitation	force	on	the	device	when	it	is	fixed	(zero	degrees	of	freedom).	As	expected,	

these	 three	new	parameters	are	all	dependent	on	 the	 frequency.	As	mentioned	before,	a	

closer	 look	 at	 the	 equation	 of	 motion	 for	 the	 heaving-buoy	 point	 absorber	 and	 the	

oscillating	water	column	will	be	taken	in	their	respective	sections	of	this	present	work	(3.1.1,	

3.2.1,	4.1).		

If	an	efficiency	analysis	 is	carried	out	on	the	power	extraction	realised	by	these	devices	 in	

general,	 the	 literature	 [88,	 112-114]	 is	 comprehensive	 in	 highlighting	 the	 importance	 of	

wave-energy	 devices	 operating	 at	 resonance	 with	 the	 incoming	 waves	 if	 to	 achieve	

maximum	 efficiency.	 This	 is	 because	 the	 amplitude	 of	 an	 oscillating	 resonant	 system	

increases	due	 to	 the	extra	energy	delivered	 into	 the	system	by	 the	waves	and	due	 to	 the	

affinity	for	energy	storage	that	is	typical	of	a	resonant	vibrating	system.		

The	derivation	of	 the	natural	 resonant	 frequency	will	 be	presented	 for	 both	 the	 heaving-

buoy	 point	 absorber	 and	 the	 oscillating	 water	 column	 in	 later	 sections,	 but	 for	 now	 the	

condition	that	the natural	frequency of	the	machines	must	be	matched	to	the	frequency	of	

the	 waves	 is	 put	 forward.	 The	 resonant	 frequency	 of	 a	 system	 is	 equal	 to	 the	 natural	

frequency	of	a	system	only	when	the	overall	damping	of	the	system	is	zero.	As	stated	prior,	

the	 free-decay	 frequency	 represents	 the	 frequency	 of	 the	 system	 under	 the	 effect	 of	 its	

natural	damping	(thus	excluding	any	power	take-off).	In	the	experiments	performed	for	this	

work,	for	the	oscillating	water	column,	for	example,	the	difference	between	these	two	types	

of	frequencies	was	between	3-9%.		

It	 is	 for	 this	 reason	 that	 if	 we	 consider	 the	 assumptions	 of	 linear	wave	 theory	 (potential	

flow)	 about	 the	 fluid	 and	 a	 lack	 of	 radiation	 damping,	 then	 the	 amplitudes	 of	 the	

oscillations,	when	the	system	operates	at	resonance,	would	be	infinite.	However,	in	reality	

this	is	not	the	case,	as	it	is	physically	impossible	to	have	a	completely	undamped	converter.	

In	addition,	a	system	can	be	damped	in	different	manners,	as	seen	below.		

The	difference	between	a	critically	damped	system	and	real	life	operation	(actual	damping	

experienced)	is	given	by	the	value	of	the	overall	damping	ratio	𝜁.		

The	damping	ratio	can	be	defined	as		
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𝜁 = !
!!
   ,   	   	   	                                                          (2.37)	

where	 c	 represents	 the	 effective	 damping	 coefficient	 of	 the	 system	and	 	𝑐! 	 is	 the	 critical	

damping	 coefficient.	 Critical	 damping	 occurs	 when	 an	 excited	 mass-spring	 harmonic	

oscillator	returns	to	its	equilibrium	position	in	the	shortest	amount	of	time	possible	without	

passing	 the	 equilibrium	 reference.	 Thus,	 a	 system	 can	 be	 underdamped	 if	 𝜁 < 1,	

overdamped	if	𝜁 > 1,	and	critically	damped	if	𝜁 = 1.	

A	 method	 of	 extracting	 the	 damping	 ratio	 from	 experiments	 will	 be	 shown	 in	 the	 next	

section	of	this	work.	

Thus,	 if	 we	 define	 transmissibility	 as	 the	 ratio	 of	 output	 displacement	 over	 input	

displacement,	 the	 importance	of	accurately	estimating	 the	damping	 ratio	when	 looking	at	

wave-energy	converters	can	be	seen	in	figure	2.15	[115].	This	figure	shows	that	the	damping	

experienced	by	a	system,	reflected	numerically	in	the	damping	ratio,	is	the	parameter	that	

stops	a	 resonant	oscillating	system	from	achieving	 infinite	displacement	amplitudes.	Thus,	

the	 accurate	 estimation	 of	 the	 damping	 experience	 by	 wave-energy	 converters	 is	 crucial	

when	aiming	to	predict	their	behaviour.		

It	is	this	accurate	estimation	of	the	damping	and,	inherently,	of	the	damping	ratio,	which	the	

research	presented	in	this	present	work	is	focused	on.		

	
figure	2.15	-	transmissibility	[115]	

As	it	could	be	seen	in	the	previous	equations,	due	to	the	assumptions	of	linear	wave	theory	

and,	 implicitly,	 potential	 flow,	 the	 damping	 considered	 when	 it	 comes	 to	 wave-power	

devices	is	usually	limited	to	radiation	damping.		
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However,	there	are	other	sources	of	damping	which	hinder	the	motion	of	these	machines.	

These	sources	of	damping	are	caused	by	viscous	effects,	vorticity	etc.	and	are	translated	into	

phenomena	such	as	boundary	layer	friction	and	vortex	formation	and	shedding.	Numerical	

methods	 to	 account	 for	 nonlinear	 types	 of	 damping,	 such	 viscosity,	 flow	 turbulence	 and	

vorticity	 have	 been	 developed	 (e.g.	 RANSE),	 but	 they	 can	 be	 resource	 consuming.	 In	

addition,	 viscous	 effects	 are	 likely	 over-represented	 at	 small-scale,	 in	 comparison	 to	 their	

effects	 as	 Re	 increases	 for	 full-size	models	 –	 for	which	 they	 are	 often	 ignored,	 as	 inertial	

forces	 become	more	 dominant.	 The	 difference	 between	 the	 impact	 of	 viscous	 forces	 on	

small-scale	 experiments	 and	 their	 impact	 on	 a	 full-size	 prototype	 is,	 consequently,	

important, as	their	contribution	decreases	with	an	increase	in	Re.	

It	 is	also	worth	mentioning	that	throughout	the	life	of	wave-power	machines	the	damping	

experienced	by	deployed	devices	changes,	as	their	surfaces	and	components	are	exposed	to	

the	marine	environment,	a	situation	causing	not	only	the	anticipated	deterioration	due	to	

humidity	 and	 salinity,	 but	 also	 changes	 in	 surface	 roughness,	 joint	 tolerances	 etc.	 due	 to	

animal	and	plant	life	growth	[116].			

In	 these	 last	 paragraphs,	 the	 governing	 equation	 of	 wave-energy	 converters	 has	 been	

presented	with	 the	 importance	of	 the	damping	being	outlined,	while	also	mentioning	 the	

sources	of	damping	of	wave-energy	devices.	More	details	about	these	aspects	are	given	in	

the	sections	specific	to	each	converter.		

It	 is	 clear	 now	 that	 complete	 understanding	 of	 wave-energy	 converter	 behaviour	 is,	

therefore,	strongly	related	to	a	proper	evaluation	of	the	damping.	This	also	means	that	the	

power	efficiency	and,	 thus,	economic	viability	of	wave-energy	 conversion	depends	on	 the	

correct	 estimation	 of	 the	 damping,	 a	 parameter	 which	 comes	 into	 effect	 in	 all	 stages	 of	

wave	machine	development	and	commissioning	–	from	the	design	phase	up	until	measuring	

the	 actual	 power	 being	 delivered	 by	 a	 functional	 prototype	 [117].	 Hence,	 the	 present	

research	on	the	variation	of	damping	as	the	geometry	of	the	machines	is	changed,	comes	to	

aid	in	meeting	this	goal.		

Now,	another	scientific	concept	must	be	 introduced,	as	 it	 is	 in	 the	context	of	 this	process	

that	 the	 overall	 damping	 is	 studied	 in	 the	 research	 from	 this	 work.	 This	 concept	 is	 the	

process	of	scaling.		



	 	

																																																																																																																																																																				
58	 	

2.7.B]	Scaling	and	damping		

Scaling	is	usually	studied	within	the	field	of	dimensional	analysis	and	similarity.		The	goal	of	

using	 scaling	 laws	 is	 to	 allow	 for	 model	 testing	 instead	 of	 otherwise	 expensive	 full-scale	

machines.	 Being	 able	 to	 predict	 the	 behaviour	 of	 a	 full-size	 device	 based	 on	 experiments	

performed	 on	 a	 small-scale	 model	 can	 also	 give	 validation	 to	 numerical	 results	 and	 also	

replicate	 more	 complex	 flow	 situations	 that	 might	 not	 be	 resource-efficient	 enough	 to	

simulate	numerically.		

If	 proper	 similarity	 between	 a	 small-scale	 model	 and	 prototype	 size	 device	 is	 found,	 by	

matching	 the	geometry,	 the	motion	and	 force	 ratio	 for	model	and	 full	 scale	devices,	 then	

the	 experiments	 carried	 out	 on	 the	 laboratory-size	model	 will	 yield	 results	 which	 can	 be	

applied	 to	 the	 full-size	model	 as	well,	 by	 using	 the	 scaling	 concept	mentioned	 earlier.	 In	

addition,	the	same	concept	can	apply	when	changing	the	size	of	small-scale	models	or	the	

size	of	full-scale	prototypes.		

The	 aim	of	 scaling	 is	 to	 reduce	 the	number	 of	 parameters	 of	 a	 given	model	 by	 using	 the	

equations	 enunciated	 in	 the	 paragraphs	 below.	 However,	 unlike	 dimensional	 analysis,	

scaling	focuses	on	transforming	variables	and	not	parameters.	It	also	starts	at	the	governing	

equations	while	dimensional	analysis	can	be	performed	right	from	the	moment	the	system	

dimensions	are	considered,	with	the	mention	that	scaling	can	yield	quantitative	results	even	

without	a	full	knowledge	of	the	defining	equations	of	the	system.		

As	an	example,	if	the	equation	of	the	driven,	damped,	linear	mass-spring	harmonic	oscillator	

[118]	is	considered,	which	is	actually	used	as	a	starting	point	for	the	governing	equations	of	

many	wave-power	devices,	

𝑚𝑦 + 𝑐𝑦 + 𝑘!𝑦 = 𝐹!sin𝜔𝑡 ,                                              	(2.38)	

where	m	 is	the	mass	of	the	system,	y,	the	displacement,	c	the	damping	coefficient,	𝑘!	the	

spring	 constant	 and	 𝐹!sin𝜔𝑡	 the	 driving	 force,	 it	 can	 be	 seen	 that	 this	 system	 has	 two	

variables,	y	and	t,	and	a	solution	y(t)	dependent	on	parameters	m,	c,	𝑘!,	𝐹!, 𝜔,	𝑦!,𝑦!.		

If	two	scaling	factors	are	used,	r	and	s,	the	variables	become	scaled	as	

𝛾! =
!
!
	and	𝜏! =

!
!
   ,                                                           	(2.39)	
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thus	leading	the	equation	of	motion	(2.38)	to	become		

𝑚 !
!!
𝛾! + 𝑐

!
!
𝛾! + 𝑘𝑟𝛾! = 𝐹!sin 𝜔𝜏!  .   	   	   	                                (2.40)	

This	can	be	divided	by	𝑚𝑟/𝑠! ,	with	𝑠 = 𝑚/𝑘! and	𝑟 = 𝐹!/𝑘!	to	yield	the	simplified	form	

which	is	

𝛾! + 𝑐!𝛾! + 𝛾! = sin 𝜔!𝜏!  ,   	   	   		                                        (2.41)	

where	𝑐! = 𝑐/ 𝑘!𝑚	and	𝜔! = 𝜔 𝑚/𝑘! .			

If	𝑦!	 and	𝑦!	 are	 accordingly	 scaled	 to	 become	𝑦!!	 and	𝑦!!then	 it	 can	 be	 seen	 that	 this	

system	 can	 be	 studied	 knowing	 the	 initial	 conditions	𝑦!!,	𝑦!!	 and	 by	 varying	 the	 friction	

coefficient	 𝑐! and	 the	 angular	 frequency	𝜔!	 [118].	 This	 represents	 the	 simplified	 basis	 of	

scaling	that	applies	to	most	wave-power	devices.		

When	 scaling	 a	 laboratory	 model	 to	 a	 full-size	 prototype	 or	 simply	 scaling	 the	 size	 of	 a	

device	to	enlarge	or	reduce	its	dimension,	three	similarities	can	be	met,	 ideally:	geometric	

similarity,	 meaning	 that	 model	 and	 full	 size	 prototype	 should	 have	 the	 same	 shape	

characteristics;	kinematic	similarity,	meaning	the	motion	characteristics	of	the	different	size	

devices	 and	 of	 the	 flow	 should	 be	 similar;	 and	 dynamic	 similarity,	 such	 that	 the	 ratio	 of	

forces	 acting	 on	 the	model	 are	 to	 be	 the	 same	with	 that	 of	 forces	 acting	 on	 the	 full-size	

device	[119].	

Thus,	since	the	ratio	of	forces	acting	on	a	model	must	match	those	acting	on	a	prototype,	

the	most	common	categories	of	forces	are	mentioned	in	the	next	paragraphs.	

Inertial	forces,	

𝐹! ∝ 𝜌
!!!
!"
𝐿!! = 𝜌 !!!

!"
!"
!"
𝐿!! ∝ 𝜌𝑉!!𝐿!!  ,   	   	   	                              (2.42)	

where	𝑉!	is	the	characteristic	velocity	and	𝐿! 	the	characteristic	length.	

Gravitational	forces,	expressed	as	a	function	of	gravitational	acceleration	and	density	as	

𝐹! ∝ 𝜌𝑔𝐿!!  ,                                                                  	(2.43)	

viscous	forces,	as	a	function	of	dynamic	viscosity,	
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𝐹! ∝ 𝜇
!!!
!"
𝐿!! ∝ 𝜇𝑉!𝐿!   ,   	   	   	   	   	   	   	   	   	   	   	   	   	   		(2.44)	

with	the	form	drag	force	being	

𝐹!" ∝ 𝜌𝑉!!𝐿!!  ,                                                                 		(2.45)	

pressure	forces,	

𝐹! ∝ 𝑝𝐿!!  ,   	   	   	                                                           (2.46)	

elastic	 fluid	 forces,	 as	 a	 function	 of	 elasticity	 modulus	 𝐸! ,	 summing	 the	 effects	 of	

compression	ratio	and	volume	elasticity,	

𝐹! ∝ 𝐸! 𝐿!!  ,                                                                     	(2.47)	

and	surface	forces,	

𝐹! ∝ 𝛾𝐿!   .                                                                       	(2.48)	

where	𝛾	represents	surface	tension.	

These	forces	had	to	be	introduced	so	that	now	a	closer	look	at	the	literature	can	be	taken	

when	it	comes	to	wave-power	machines.	

Thus,	according	to	existing	literature	[119-123],	in	the	case	of	wave-energy	devices,	Froude	

number	scaling	 is	most	commonly	used.	Another	scaling	 ratio	often	used	 is	 the	Keulegan-

Carpenter	 number	 [124].	 The	 formulae	 for	 these	 dimensionless	 numbers	 will	 be	 written	

below,	along	with	a	brief	description	of	the	gap	in	the	literature	that	was	found	around	their	

use.	 In	 addition,	 the	 Reynolds	 number	 will	 be	 mentioned,	 as	 it	 plays	 a	 major	 part	 in	

determining	the	flow	regime.	

The	Reynolds	number	is	given	by	

𝑅𝑒 = !!
!!
= !!!!!

!
  ,   	   	   	                                                   (2.49)	

for		unidirectional-flow,	and	 	

𝑅𝑒! =
! ! !! !!

!
  ,   	   	   	                                                   (2.50)	
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for	oscillatory	flow,	where	𝐴!	represents	the	amplitude	of	the	oscillation	measured	from	the	

peak	to	the	centreline.	

Ensuring	 Re	 between	 different	 regimes	 matches	 (model	 experiments	 versus	 prototype	

operation),	means	a	correct	scaling	of	viscous	relative	to	inertial	forces.	

The	Froude	number	is	given	by	

𝐹𝑟 = !!
!!
= !!!

!!!
  .   	   	   	                                                  (2.51)	

Proper	 matching	 of	 Fr	 between	 different	 scales	 ensures	 that	 gravity	 forces	 are	 correctly	

scaled	 relative	 to	 inertial	 forces	 and,	 in	 the	 case	 of	 wave-energy,	 this	 is	 important	 since	

ocean	waves	are	gravity	waves,	thus	propagating	under	the	effect	of	gravity	forces.	

The	Keulegan-Carpenter	number	is	given	by	

𝐾𝑐 = !!
!!
= !!!!

!!
  ,						   	                                                  (2.52)	

where	𝑉!!	is	the	amplitude	of	the	flow	oscillation	velocity.	

In	 an	 ideal	 situation,	 when	 wanting	 to	 extrapolate	 the	 behaviour	 of	 one	 device	 or	 flow	

regime	 through	 scaling,	 all	 of	 these	 dimensionless	 values	 should	 be	matched.	 Obviously,	

that	is	impossible	–	for	example,	matching	the	Re	would	require	unrealistic	flow	velocities,	

incompatible	with	the	capabilities	of	most	testing	facilities.	Thus,	according	to	the	literature,		

mentioned	 before,	 in	 the	 case	 of	 wave-power	 devices,	 matching	 Re	 between	 laboratory	

model	 experiments	 and	 full-size	 prototype	 behaviour	 is	 not	 possible.	 This	 is	why	 there	 is	

focus	 on	matching	 Fr	 or	 Kc,	 with	 the	mention	 that	 a	 Fr	 match	 satisfies	 the	 Kc	 similarity	

simultaneously	[125].		

According	 to	existing	 research	 [123],	 the	 reduction	of	 the	viscous	effects	 in	 the	boundary	

layer	is	also	very	important	in	laboratory	scaling	in	the	absence	of	Re	scaling.	Since	viscous	

effects	 are	 often	 ignored	 in	 analytical	 or	 numerical	 simulations	 of	 full-size	 devices	 and	

artificially	 reduced	 during	 laboratory	 testing,	 an	 accurate	 prediction	 of	 full-size	 model	

behaviour	is	difficult.	This	is	where	the	research	in	this	present	work	can	be	used.		
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By	 looking	 at	 the	 conditions	 given	 by	 the	 dimensionless	 numbers	 for	 scaling	wave-power	

devices	 and	 the	 scaling	 of	 the	 harmonic,	 damped,	 driven	 mass-spring	 oscillator,	 in	 the	

context	of	the	governing	equations	of	motion	given	for	wave-energy	converters	 in	general	

under	 the	 limitations	 of	 potential	 flow	 and	 linear	 wave	 theory,	 it	 becomes	 clear	 that	

studying	the	scaling	of	the	damping	of	wave-energy	converters	 is	mandatory	 if	wanting	to	

properly	predict	their	behaviour	with	size	change.		

A	 closer	 look	 at	 the	 literature	 finds	 numerous	 papers	 [21,	 24,	 119,	 126]	 mentioning	

discrepancies	 when	 using	 the	 above	 mentioned	 scaling	 methods	 and	 applying	 them	 to	

wave-power	 machines.	 This	 was	 also	 noticed	 during	 scaling	 testing	 done	 by	 final	 year	

students	 [127].	Hence,	 the	present	 research	on	 scaling	 can	help	 fill	 the	gap	 in	 knowledge	

when	 it	 comes	 to	 the	 scaling	 aspect	 of	 wave-energy converters	 and	 its	 effects	 on	 their	

damping.	

Different	available	technological	solutions	for	extracting	the	energy	delivered	by	the	waves	

were	shown	in	section	2.6.	The	most	common	devices	which	are	in	use	are	the	heaving-buoy	

point	absorber	and	the	oscillating	water	columns	[12,	15].	For	this	reason	the	sections	below	

will	focus	on	these	two	technological	solutions.	

However,	 before	 looking	 into	 these	 separate	 technological	 solutions,	 the	 equation	 of	 the	

driven,	 damped,	mass-spring	 oscillator	mentioned	 earlier	 is	 used	 to	 show	 the	 theoretical	

method	 employed	 for	 extracting	 the	 damping	 ratio	 since	 the	 scaling	 of	 the	 damping	

constant	 and	 of	 the	 damping	 ratio	 are	 presented	 in	 this	 work.	 Taking	 advantage	 of	 this	

occasion,	 the	 natural	 angular	 frequency	 for	 the	 heaving-buoy	 point	 absorber	 is	 also	

implicitly	extracted	as	seen	in	the	next	subsection.	

2.7.C]	Method	for	extracting	the	damping	ratio	

Since	this	method	is	applied	 in	all	experimental	sections,	 it	 is	shown	here	 instead	of	being	

repeated	in	all	the	experimental	sections	of	this	present	research.	

Starting	from	the	equation	of	motion	(2.38),	rewritten	as	

𝑚𝑧 + 𝑐𝑧 + 𝑘!𝑧 = 𝐹!" = 𝐴sin𝜔𝑡  ,																																											(2.53)	

the	terms	can	be	changed	by	dividing	with	𝑘!	and	thus	the	equation	can	be	written	as	
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!
!!
𝑧 + !

!!
𝑧 + 𝑧 = !

!!
 𝐴sin𝜔𝑡  .																																																(2.54)	

This	 can	be	 reduced	 to	a	 standard	 second	order,	 linear,	ordinary	differential	 equation,	by	

letting		

𝜔! =
!!
!
				;																																																													(2.55)	

			𝜁 = !
!!
= !

! !!!
= !

!!!!
   .																																																				(2.56)	

Thus,	the	equation	becomes	 	

!
!!!

𝑧 + !!
!!
𝑧 + 𝑧 = !

!!
 𝐴sin𝜔𝑡  .																																															(2.57)	

The	𝜔! factor	 is	 called	 the	natural	 frequency	 of	 the	 system,	while	𝜁	 represents	 the	 same	

damping	ratio	as	from	the	hydrodynamics	subsection	(2.7.A),	with	𝑐! 	standing	for	the	critical	

damping	coefficient,	as	before.	As	an	important	note,	in	the	case	of	the	heaving-buoy	point	

absorber	this	formula	for	the	natural	frequency	holds.	However,	in	the	case	of	the	oscillating	

water	column,	the	natural	frequency	has	a	different	formula.	The	formula	for	the	oscillating	

water	 column	will	 be	derived	 in	 the	hydrodynamics	 section	 related	only	 to	 the	oscillating	

water	column	(4.1).		

If	the	equation	mentioned	earlier	is	multiplied	by	𝜔!!,	it	becomes	

𝑧 + 2𝜁𝜔!𝑧 + 𝜔!! 𝑧 =
!
!!
𝜔!!𝐴sin𝜔𝑡  .																																						(2.58)	

One	 way	 to	 further	 simplify	 this	 is	 by	 making	 the	 initial	 equation	 equal	 zero,	 thus	

homogenous.	The	way	to	replicate	this	physically	is	by	using	free	decay	experiments.	Thus,	

by	using	a	free	decay	test	 in	still	water,	the	wave	excitation	force	 is	equal	to	zero	and	the	

equation	 above	 becomes	 equal	 to	 zero.	 It	 is	 these	 kinds	 of	 tests	 that	 were	 used	 for	 the	

experiments	 presented	 in	 this	 work.	 More	 details	 on	 how	 the	 free-decay	 tests	 were	

performed	 and	 further	 advantages	 to	 using	 this	 type	 of	 free-decay	 experiments	 can	 be	

found	in	the	respective	sections	for	each	kind	of	experiment.	

Coming	 back	 to	 this	 general	method,	 by	 having	 the	 driving	 force	 equal	 to	 zero,	equation	

2.58	becomes		
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𝑧 + 2𝜁𝜔!𝑧 + 𝜔!! 𝑧 = 0  .																																																			(2.59)	

This	differential	equation	is	now	solved	by	writing	its	characteristic	equation	as	

𝛾!! + 2𝜁𝜔!𝛾! + 𝜔!! = 0																																																				(2.60)	

with	the	solutions	for	𝛾! 	being		

𝛾!!,! =
!!!!!± !!!!!!!!!!!

!
   .																																																	(2.61)	

If	the	imaginary	number	i	is	inserted,	because	𝑖! = −1, the	solutions	are	

𝛾!!,! = −𝜁𝜔! ± 𝑖𝜔! 1− 𝜁!  ,																																											(2.62)	

Then,	the	final	solution	to	the	initial	equation	can	be	written	as	

𝑧(𝑡) = 𝑐!𝑒
!!!!!!!! !!!! ! + 𝑐!𝑒

!!!!!!!! !!!! !																								(2.63)	

or	

𝑧 𝑡 = 𝑐!𝑒!!!!! 𝑒 !!! !!!! ! + 𝑐!𝑒
!!!! !!!! !   .																						(2.64)	

where	𝑐!,! are	constants	dependent	on	initial	conditions.	However,	in	this	specific	case	the	

imaginary	 terms	define	 the	oscillatory	part	of	 the	 free-decay	of	 the	system	(which	can	be	

better	seen	in	figure	2.16),	while	the	real	part	defines	the	envelope.		
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figure	2.16	-	exponential	decay	curve	over	oscillating	motion	

For	 this	 reason,	 just	 the	 part	 representing	 the	 envelope,	 which	 is	 actually	 fitted	 with	 an	

exponential	decay	curve	(marked	in	figure	2.16)	is	considered	when	wanting	to	extract	the	

damping	ratio.		

Thus,	the	simplified	solution,	which	defines	the	decay	curve,	can	be	written	as	

𝑧 𝑡 = 𝑐!𝑒!!!!! .																																																								(2.65)	

Note:	In	this	case	we	can	also	define	

	𝛿 = 𝜁𝜔!																																																																		(2.66)	

as	a	damping	or	decay	constant.	

Hence,	if	the	damping	curves	for	a	certain	system	are	given,	along	with	its	natural	frequency	

(or	free-decay	frequency,	if	the	natural	damping	is	considered)	(equation	2.55),	the	damping	

ratio	can	be	extracted	using	the	equation	above	(2.66).	
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This	method	was	used	to	extract	the	damping	constant	and	the	damping	ratio	and	it	will	be	

referenced	in	all	experimental	sections.	 	
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3]	Scaling	effects	on	the	damping	of	heaving-buoy	

point	absorbers	

3.1]	Single-system	heaving-buoy	point	absorber	

3.1.1]	Damping	in	the	context	of	hydrodynamics	and	resonance		

According	 to	 existing	 literature,	 one	 of	 the	most	 often	 used	 technical	 solution	 for	 wave-

power	extraction	is	the	heaving-buoy	point	absorber	[12].	Thus,	a	lot	of	research	has	been	

done	on	developing	and	improving	the	design	of	this	type	of	wave-energy	converter.	In	the	

following	 paragraphs,	 the	 main	 concepts	 behind	 this	 machine	 will	 be	 briefly	 described,	

according	to	the	literature.	This	is	needed	to	show	the	context	for	the	research	presented	in	

this	work.	

From	 an	 engineering	 perspective,	 it	 can	 be	 said	 that	 most	 of	 heaving-buoy	 wave-power	

converters	have	a	similar	structure,	utilizing	common	components,	as	follows.		

First,	the	element	used	to	follow	the	motion	of	the	waves	is	a	floating	capsule	–	the	buoy.	

This	capsule	can	have	different	shapes	(sphere,	cylinder,	streamlined	geometries	etc.)	and	it	

can	operate	on	the	fluid	surface	or	submerged	under	the	surface.		

An	interesting,	specific	scenario	shows	that	when	the	capsule	is	floating	on	the	surface,	its	

displacement	 can	be	 in	 the	 same	direction	 as	 that	 of	 the	water	 surface,	when	 the	waves	

pass,	while	in	the	case	of	a	submerged	capsule,	the	displacement	is	opposite	to	that	of	the	

water	surface,	as	the	wave	pass	over	it.	This	is	valid	only	for	certain	modes	of	operation.		

The	 most	 important	 parameters	 when	 considering	 the	 buoy-capsule	 are	 its	 geometry	

(diameter;	length	–	in	the	case	of	a	cylindrical	capsule;	shape	–	streamlining	of	the	ends	or	

square	edges),	 its	draft	 (the	 length	of	 the	capsule	 that	 is	under	 the	water	surface)	and	 its	

weight.		

Second,	 in	 order	 to	 turn	 the	motion	 of	 the	water	 surface	 into	 another	 form	of	 energy,	 a	

power	 take-off	 mechanism	 is	 used.	 This	 normally	 introduces	 a	 spring-like	 force	 into	 the	

system	and	 a	 damping	 force.	Most	 often,	 power	 take-off	 systems	 transform	wave-energy	
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into	electric	or	hydraulic	energy	or	 into	a	combination	of	both	–	 for	example,	pressurised	

fluid	can	be	obtained	from	the	heaving	motion	of	a	buoy,	offshore,	and	then	this	fluid	could	

be	used	on-shore	to	obtain	electricity	or	to	drive	other	systems	such	as	desalination	plants.	

Third,	a	solution	to	keep	the	system	in	a	relatively	fixed	position	is	needed	and	this	is	called	

the	mooring	system.	 In	the	most	simple	of	 forms,	this	can	be	understood	as	an	anchoring	

system	connected	to	the	wave	converter	and	fixed	to	the	seabed.	

As	the	name	suggests,	most	heaving-buoy	point	absorbers	extract	energy	from	the	vertical,	

oscillatory	 motion	 of	 the	 waves.	 However,	 there	 are	 engineering	 solutions	 that	 can	 also	

exploit	other	motions	of	the	device	such	as	pitching.	Of	course,	in	an	ideal	situation	a	system	

capable	of	gathering	power	from	all	six	degrees	of	freedom	of	the	device	would	be	desired.	

Such	solutions	have	been	proposed	by	Carnegie	or	Protean	[15].		

In	order	to	completely	develop	a	mature	heaving-buoy	point	absorber	that	can	be	deployed	

out	to	sea	as	an	energy	extractor,	the	following	steps	are	taken.	First,	the	engineering	design	

is	based	on	the	governing	equation	of	the	device.	Then,	laboratory	small-scale	models	of	the	

device	are	built	and	experimented	within	testing	facilities.	If	the	results	prove	feasible,	the	

model	 is	 scaled	 up	 to	 a	 full-size	 prototype	machine	 that	 can	 start	 trial	 operation	 in	 real	

ocean	conditions.			

By	 looking	at	 this	development	process,	 it	 is	obvious	 that	 there	are	 two	crucial	 steps	 that	

can	be	identified	which	are	interdependent.		

One	 involves	a	correct	 theoretical	 (analytical	or	numerical)	estimation	of	 the	behaviour	of	

the	device	once	it	is	out	at	sea.	This	implies	a	proper	understanding	of	all	forces	expected	to	

act	on	the	device	in	its	full-size	form.		

The	 other	 focuses	 on	 the	 ability	 to	 correctly	 scale	 up	 the	 device	 from	 the	model	 used	 in	

laboratory	testing	to	its	real-ocean	machine	size.		

The	reason	why	these	two	aspects	are	interdependent	is	because	feedback	from	theoretical	

work	 is	used	 for	 laboratory	 testing	and	 laboratory	 results	are	used	as	 feedback	 to	 further	

improve	 the	 analytical	 or	 numerical	models	 that	 yield	 the	 results	 needed	 to	manufacture	
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the	 prototype-size	machine.	 Thus,	 by	 investigating	 the	 scaling	 of	 wave-energy	 converters	

both	of	these	crucial	aspects	can	be	improved.			

In	 addition,	 there	 is	 another	 process,	 which	 is	 similar.	 There	 are	 situations	 in	 laboratory	

testing	and	machine	exploitation,	when	the	size	of	the	machines	needs	to	be	changed.	For	

example,	the	depth	of	the	ocean	in	a	location	could	accommodate	a	larger	diameter	buoy,	

thus	 allowing	 for	 higher	 energy	 extraction,	 but	 not	 the	 installation	 of	 a	 longer	 capsule.	 A	

testing	tank	could	accommodate	a	longer	length	for	a	buoy	model,	but	not	a	larger	diameter	

capsule	due	to	waves	reflecting	from	the	tank	walls.	This	uni-dimensional	scaling,	defined	as	

the	 alteration	 of	 one	 dimension,	 thus	 not	 keeping	 the	 geometrical	 similarity	 while	 scale	

testing,	is,	therefore,	another	aspect	to	look	at.		

The	correct	scaling	of	a	device	allows	for	the	correct	estimation	of	the	forces	that	will	affect	

a	full-size	machine,	based	on	observing	the	forces	acting	on	a	laboratory	model.	In	addition,	

in	order	to	design	different	sized	models	for	laboratory	testing	or	different	sized	prototypes	

for	commercial	use,	 the	scaling	 laws	must	be	known.	As	 it	was	seen	 in	 the	scaling	section	

(2.7.B),	dynamic	scaling	laws	are	usually	based	on	ratios	of	forces	between	different	sizes	of	

one	engineering	design.	The	gap	in	the	literature,	that	the	research	in	this	work	is	focused	

on,	is	the	scaling	of	the	overall	damping	force	as	the	size	of	the	machines	is	changed	in	one	

dimension.		

It	 must	 be	 noted	 that	 the	 overall	 damping	 studied	 in	 this	 work	 is	 the	 damping	 that	 is	

pertaining	 to	 the	devices	 themselves,	without	 including	any	power	 take-off	 system	that	 is	

meant	 for	 useful	 energy	 extraction.	 Thus,	 the	 research	 focuses	 on	 the	 natural	 damping,	

caused	 by	 wave	 radiation,	 viscous	 friction,	 pressure	 drag	 and	 vortex	 formation	 and	

shedding,	therefore	excluding	any	artificial	damping.	

Now,	 as	 mentioned,	 since	 this	 work	 is	 focused	 on	 the	 overall	 damping	 of	 wave-energy	

converters,	two	questions,	based	on	the	two	steps	of	machine	development,	can	be	posed,	

to	give	meaning	to	the	research.		

One,	 how	 does	 the	 scaling	 of	 the	 overall	 damping	 intervene	 in	 the	 theoretical	 aspect	 of	

wave-power	 converter	design?	and,	 second,	 how	does	 the	 scaling	of	 the	natural	damping	

intervene	when	changing	the	size	of	the	devices	in	the	three	cases	identified	–	changing	the	
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size	 of	 different	 small-scale	 models;	 scaling	 a	 model	 to	 a	 prototype-scale	 device;	 and	

modifying	 the	 size	 of	 full-sized	 machines?	 These	 questions	 will	 be	 addressed	 in	 the	

experimental	results	sections.	

In	order	to	understand	the	impact	of	scaling	in	the	context	of	these	questions,	a	closer	look	

at	the	governing	equation	of	the	heaving-buoy	point	absorber	will	be	taken.	This	will	show	

the	limitation	of	the	theory	and,	thus,	the	causes	of	error	when	the	damping	of	this	type	of	

machine	 is	 considered	 analytically	 or	 numerically.	 These	 errors	 arise	 since	 the	 damping	

forces	 considered	 are	 not	 perfect	 representations	 of	 real	 ocean	 phenomena.	 Therefore,	

analytical	and	numerical	models	use	assumptions	and	simplifications	to	estimate	the	natural	

damping	 of	 wave-energy	 converters	 and	 their	 scaling.	 In	 addition,	 a	 strongly	 nonlinear,	

unpredictable,	 change	 in	 damping	with	 the	 change	 in	 size	 (scaling)	 can	 further	 negatively	

influence	 the	 correct	 anticipation	 of	 the	 behaviour	 of	 a	 full	 size	 device.	 Hence,	

understanding	the	scaling	of	the	overall	damping	of	wave-power	machines	is	vital.		

The	 governing	 equation	 of	 a	 buoy	 point	 absorber	 machine	 is	 explained	 in	 the	 next	

paragraphs.	

As	stated	in	the	section	related	to	the	general	theoretical	design	of	wave-energy	converters	

(2.7.A),	usually	a	linear	approach	can	be	used	for	the	theoretical	design	of	machines.	This	is	

based	 on	 the	 assumptions	 of	 linear	wave	 theory	 and,	 implicitly,	 potential	 flow.	 Thus,	 the	

fluid	 is	 considered	 to	 be	 irrotational,	 incompressible,	 inviscid,	 with	 its	 velocity	 field	 a	

potential	 satisfying	 Laplace’s	 equation,	 and	 the	 amplitudes	 of	 the	 waves	 assumed	 small,	

while	the	waves	themselves	are	usually	considered	plane	regular	waves.		

In	this	context,	it	is	already	clear	that	major	sources	of	internal	damping	have	already	been	

nullified	 by	 these	 assumptions.	 These	 sources	 are	 –	 boundary	 layer	 friction	 and	 viscosity,	

plus	vortex	formation	and	shedding.	There	are	numerical	methods	approximating	for	these	

types	of	damping	as	well,	as	it	was	exemplified	in	earlier	sections,	but	the	common	starting	

point	and	most	 resorted	 to	 theory	 for	analysing	wave-energy	converters	does	not	 include	

these	sources	of	damping.	In	either	case,	the	experimental	research	on	the	natural	damping	

of	 wave-energy	 converters	 and	 its	 damping,	 presented	 in	 this	 work,	 finds	 its	 place,	 as	 it	

shows	 nonlinearities	 never	 experimentally	 emphasized	 before	 in	 the	 literature,	 be	 it	 in	
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literature	focused	solely	on	linear	wave	theory	or	literature	showing	methods	of	accounting	

for	the	other	sources	of	damping	as	well.				

Since	 linear	 theory	 is	 accepted,	 the	 superposition	 principles	 must	 hold	 true.	 Thus,	 the	

motion	of	a	heaving-buoy	point	absorber	in	the	waves	can	be	divided	into	the	motion	of	a	

heaving-buoy	in	still	water	plus	the	oscillatory	motion	of	the	water	if	the	buoy	were	fixed	–

not	moving.	This	can	be	seen	in	figure	3.1	[128].		

Apart	from	the	reasoning	shown	in	the	damping	ratio	extraction	method,	this	division	of	the	

motion	is	another	reason	why	the	experimental	part	of	this	work	employs	free-decay	tests.	

The	 other	 reasons	 are	 mentioned	 in	 the	 experimental	 introduction	 and	 justification	

sections.		

	
figure	3.1	-	superposition	of	hydromechanical	and	wave	loads	[128]	

If	translating	into	physical	terms	what	was	written	before,	in	the	context	of	the	linear	theory	

used	and	according	to	the	literature	[129],	the	primary	parameters	of	a	cylindrical	heaving-

buoy	 system	 (including	 the	power	 take-off	 system)	 are	 the	 floating	 capsule	 diameter	 and	

length,	 the	shape	of	 the	buoy	and	of	 the	 leading	edges	 (in	 this	case	 right	angles	between	

adjacent	 surfaces),	 the	buoy	mass	 and	 volume,	 the	 added	mass	 -	 supplementary	 inertia	 -	

and	the	linear,	external	damping	coefficient.	These	main	parameters	give	rise	to	additional	

characteristics	such	as	 the	natural	 frequency	of	 the	system,	 resonant	 response,	oscillation	

amplitude	etc.	

There	 have	 been	many	 approaches	 to	 theoretically	write	 the	 governing	 equation	 for	 this	

system	according	to	the	literature	[12,	22,	129-131].	One	general	form,	in	the	time	domain,	

is	the	following	balance	of	forces		
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𝑴𝒃 +  𝝁! 𝒁+ 𝑲𝒓𝒂𝒅 𝑡 − 𝜏
!
! 𝒁 𝜏 𝑑𝜏 + 𝑲𝑯 +𝑲𝑨 𝒁 = 𝑭𝒆𝒙 − 𝑭𝑷𝑻𝑶  ,								(3.1)									

where	𝒁,	𝒁,	𝒁	represent	the	acceleration,	velocity	and	position	vectors	respectively;	𝑴𝒃	the	

generalized	mass	matrix	of	the	buoy;		𝝁!the	added	mass	matrix;	𝑲𝒓𝒂𝒅	the	radiation	impulse	

response	matrix;	𝑲𝑯	the	hydrostatic	stiffness	matrix	of	the	system;	𝜏	the	time	delay;	𝑲𝑨	the	

additional	stiffness	matrix	representing	the	moorings;	𝑭𝒆𝒙	the	excitation	vector	representing	

the	driving	wave	force	and	𝑭𝑷𝑻𝑶	the	vector	representing	the	power	take-off	force.	

If	a	closer	look	is	taken	at	this	equation,	it	is	obvious	the	same	balance	of	forces,	which	was	

mentioned	in	the	general	hydrodynamics	subsection	 (2.7.A),	 is	at	the	core	of	this	equation	

as	well.		

By	adding	the	notions	brought	forward	in	the	linear	wave	theory	section	of	this	work	(2.4),	

this	 equation	 can	 be	 correlated	 with	 the	 surface	 elevation	 equation	 (2.32)	 mentioned	

earlier.	Thus,	the	magnitude	of	the	excitation	force,	representing	the	incident	and	diffracted	

waves	that	reach	the	wave-energy	converter,	can	be	written	as	the	following	integral	

𝐹!" 𝑡 = 𝐾!" 𝑡 − 𝜏 𝜂 𝜏 𝑑𝜏
!
!   ,																																																	(3.2)	

with	𝐾!"(𝑡)	representing	the	force	response	associated	with	an	impulsive	elevation.		

Also,	when	the	power	take-off	system	is	considered	a	linear	damper,	a	model	for	𝐹!"#	can	

be	written	as	

𝒇𝑷𝑻𝑶 = 𝑩𝑮𝒆𝒏𝑷𝑻𝑶 𝒁  ,																																																														(3.3)	

where	𝑩𝑮𝒆𝒏𝑷𝑻𝑶	is	the	damping	coefficient	matrix.	

Thus,	 the	 equation	of	motion	3.1	 can	be	 simplified	 to	 the	 following	 form,	moving	 to	 one	

degree	of	freedom,	with	the	same	meanings	as	stated	before	[12]	and	using	small	letters	for	

simplified	force	terms,	as	

𝑚 + 𝐴! 𝒁+ 𝐵!𝒁+ 𝜌𝑔𝑆𝒁 = 𝒇𝒆𝒙 − 𝒇𝑷𝑻𝑶  ,																																								(3.4)	

with	𝜌𝑔𝑆𝒁	 representing	 the	hydrostatic	 restoring	 force	 (𝑆	 standing	 for	 the	cross	sectional	

area	of	 the	body	of	 the	buoy)	and	𝐴!	and	𝐵!	 representing	the	added	mass	and	radiation	

damping	coefficients,	respectively,	as	defined	in	earlier	sections.		
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It	can	be	noticed	that	in	the	absence	of	a	power	take-off	system,	this	equation	is	similar	to	

equation	2.38	of	a	damped,	driven,	mass-spring,	harmonic	oscillator.	As	it	was	shown	in	the	

damping	 ratio	 extraction	method	 subsection	 (2.7.C),	 the	natural	 angular	 frequency	of	 this	

system	is	𝜔! =
!!
!
	,	where	𝑘!	is	the	overall,	linear,	restoring-force	constant.		

Going	 back	 to	 the	more	 explicit	 governing	equation	 for	 the	 heaving-buoy	 point	 absorber,	

3.4,	 we	 can	 divide	 the	 power	 take-off	 term	 into	 two	 components,	 one	 being	 the	 linear	

damping	𝐵!"#	component,	and	the	other,	the	restoring	component,	expressed	through	the	

power	take-off	stiffness	𝐾!"#	(similar	to	spring	stiffness).	As	a	note,	it	can	be	seen	that	the	

governing	equation	is	still	similar	to	equation	3.1.	

𝑓!"# =  𝐵!"#𝑍 + 𝐾!"#𝑍  .																																																				(3.5)	

By	comparing	the	governing	equation	with	real	ocean	conditions,	it	is	obvious	that	another	

term	must	be	added,	𝑓!,	caused	by	overall	damping,	minus	the	radiation	damping	that	was	

already	mentioned	 in	equation	3.1.	 This	 component	 can	be	assumed	 linear	 in	 accordance	

with	other	assumptions	made	or	nonlinear	to	better	reflect	real-ocean	conditions.		

More	details	about	the	linearized	and	nonlinearised,	quadratic	way	of	expressing	this	drag	

force,	will	be	shown	towards	the	end	of	this	section.		

In	 the	 case	 of	 assuming	 a	 linearized	 term,	 this	 assumption	 does	 not	 fit	 real-life	 physical	

context	 as	 it	 implies	 a	 lack	 of	 turbulence	 and	 vortex	 formation	 plus	 shedding,	 and	 thus	

operation	 at	 low	 speeds.	 In	 the	 case	 of	 a	 nonlinear	 term,	 the	 coefficient	 required	 to	

calculate	this	term	is	often	hard	to	determine	numerically	or	experimentally.	Thus,	in	either	

case,	the	predictions	are	not	100%	accurate.	This	new	damping	term	𝑓! can	then	be	divided	

into	two	categories:	damping	caused	by	pressure	(form)	forces	𝑓!"	and	damping	caused	by	

viscous	effects	𝑓!",		

𝑓!! 𝑓!" + 𝑓!"  .																																																										(3.6)	

Indeed	 this	 is	 shown	 in	engineering	books	 such	as	 the	one	written	by	Falnes	 [132].	These	

damping	 sources	 are	 a	 function	 of	 frontal	 surface	 area	 (the	 surface	 perpendicular	 to	 the	

direction	of	motion)	and	skin	surface	area	(representing	the	side	of	the	device),	respectively.	

Thus,	 in	 the	 case	 of	 a	 cylindrical	 capsule,	 they	 are	 a	 function	 of	 diameter	 squared	 and	
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diameter,	 respectively,	 if	 the	viscous	effects	are	 considered	 limited	 to	 skin	 friction.	This	 is	

due	to	the	way	the	drag	coefficient	is	experimentally	determined,	as	a	function	of	surface.	

Adding	this	damping	term,	the	equation	of	motion	becomes	 	

𝑚 + 𝐴! 𝑍 + 𝐵!𝑍 + 𝜌𝑔𝑆𝑍 = 𝑓!" − 𝑓!"# − 𝑓!  ,																												(3.7)	

and	it	can	be	seen	that	in	this	linear	equation	(by	assuming	linear	drag)		the	natural	overall	

damping	 of	 an	 oscillating	 heaving-buoy	 point	 absorber	 is	 assumed	 to	 be	 caused	 by	 form	

drag,	 linear	skin	friction	and	wave	radiation.	Thus,	 it	usually	excludes	the	nonlinear	effects	

from	the	boundary	layer	friction	and	those	of	vortex	formation	and	shedding.	As	mentioned,	

one	way	to	account	for	nonlinear	drag	is	by	adding	a	quadratic	term	for	the	drag	damping,	

which	will	be	shown	later.	

The	combination	of	these	damping	components	(including	the	nonlinear	damping	which	 is	

not	 part	 of	 the	 linear	 equation)	 are	 crucial	 for	 the	 experiments	 detailed	 in	 the	 present	

research	as	they	give	the	overall	damping	considered	in	this	work.		

In	 the	general	wave	properties	section	 (2.3),	 the	energy	 that	can	be	extracted	by	a	wave-

energy	converter	was	brought	up	and	shown	in	equations	2.33,	2.34.	If	a	closer	look	is	taken	

at	equations	3.4-3.7,	 it	 is	 obvious	 that	 because	 of	 the	 internal	 damping	 –	 be	 it	 radiative,	

pressure	 or	 viscous	 damping	 –	 some	 energy	 is	 diverted	 away	 from	 the	 wave-power	

machine,	either	in	the	form	of	waves	or	to	impose	movement	on	the	surrounding	fluid	and	

its	particles.	The	loss	of	this	energy	and	the	evolution	of	this	loss	as	size	is	changed	are,	thus,	

of	 concern,	 and	 research	 on	 this	 topic	 is	 well	 justified,	 as	 it	 is	 vital	 in	 evaluating	 the	

performance	of	energy	converters.	

The	 importance	and	 role	of	 resonance	was	mentioned	earlier	 in	 this	work,	with	 the	basic	

condition	 for	 achieving	 resonance	 being	 that	 the	 natural	 frequency	 of	 the	 wave-energy	

converter	 has	 to	 match	 the	 frequency	 of	 the	 driving	 waves.	 Understanding	 the	 natural	

damping	 of	 the	motion	 of	 the	 device	 is,	 thus,	 essential	 if	 a	 resonant	 regime	 is	 desired	 in	

order	to	increase	the	power	output.	As	it	was	shown	in	the	general	hydrodynamics	section	

(2.7)	of	this	work,	the	presence	of	damping	is	the	main	factor	that	keeps	the	amplitude	of	

the	oscillations	of	the	device	from	increasing	indefinitely	at	resonance.		



	 	

																																																																																																																																																																				
75	 	

Damping,	in	the	context	of	resonance,	is	especially	interesting	since	the	presence	of	viscous	

effects	on	the	motion	of	a	structure	 is	most	predominant	when	operating	near-resonance	

[128].	 In	 addition,	 the	 literature	 also	 states	 that,	 on	 wave-energy	 devices,	 viscous	 forces	

have	 a	 stronger	 impact	 than	 on	 other	 types	 of	 ocean	 structures.	 This	 is	 because	 wave-

energy	converters	operating	at	resonance	can	be	out	of	phase	with	the	incoming	wave	train	

and	 because	 they	 tend	 to	 be	 smaller	 in	 comparison	 with	 the	 wave	 amplitude	 than	

traditional	offshore	structures	[114].		

As	an	additional	point,	 it	will	 be	mentioned	 that,	 in	order	 to	achieve	 resonance,	different	

methods	of	tunning	the	device	to	the	prevailing	wave	frequency	are	used.	Apart	 from	the	

intuitive	ones,	such	as	changing	the	power	take-off	characteristics,	there	are	also	innovative	

approaches,	 like	building	the	oscillating	heaving-buoy	system	out	of	 two	bodies	 instead	of	

one,	so	 that	 they	can	 interact	 together	 to	change	the	 frequency	of	 the	whole	system	[29,	

133].		

There	 have	 been	 studies	 on	 the	 different	 damping	 terms	mentioned	 above,	 but	most	 of	

them	 boil	 down	 to	 formulae	 which	 contain	 different	 empirically	 given	 coefficients	 or	

computations	that	ignore	some	of	these	damping	terms	completely	[29,	88,	111,	112].		

In	 the	 case	 of	 the	 research	 presented	 in	 this	 work,	 the	 overall	 natural	 damping	 of	 a	

converter	system	is	considered	and	its	change	with	the	change	in	size	of	the	machine.	Thus,	

the	 individual	 damping	 components	 are	 not	 investigated	 in	 particular.	 However,	 a	 quick	

description	of	these	terms	is	presented,	as	they	will	be	invoked	throughout	this	work.		

Taking	a	closer	look	at	the	equation	terms	mentioned	earlier,	in	equations	3.1,	3.7,	the	first	

aspect	 to	 consider	 is	 the	 added	 mass.	 The	 added	 mass	 term	 represents	 the	 additional,	

virtual	 inertia	 that	 is	 added	 to	 a	 system	 as	 it	moves	 through	 a	 liquid.	 It	 is	 caused	 by	 the	

physical	need	of	the	object	moving	through	a	fluid	to	also	displace	a	mass	of	fluid	with	it.	

The	added	mass	 term,	𝐴(𝜔)𝑍,	 is	easier	 to	consider	 if	 the	 floating	capsule	of	 the	heaving-

buoy	 point	 absorber	 is	 completely	 submerged.	 This	 is	 because,	 in	 similar	 conditions,	 the	

added	 mass	 stays	 the	 same	 –	 for	 example,	 for	 the	 same	 depth	 and	 a	 constant	 exterior	

surface	 area	 of	 an	 object	 that	 is	 submerged,	 and	 in	 similar	 flow	 conditions	 around	 the	
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object,	 the	 added	mass	 stays	 constant.	 However,	 if	 the	 buoy	 is	 piercing	 the	 surface	 the	

added	mass	is	a	function	of	heaving	position,	frequency	and	time.		

If	needed,	the	dimensional	added	mass	can	be	calculated	as	a	function	of	buoy	geometry,	

system	position	and	fluid	conditions	using	different	formulas,	such	as	shown	in	the	following	

example	 from	 the	 literature	 [110].	 Usually	 the	 dimensional	 added	 mass,	 𝜇!!	 (the	 bar	

represents	 dimensional	 values),	 is	 presented	 in	 an	 equation	 along	with	 the	 damping, 𝜆!!,	

under	the	assumption	of	potential	flow	as	

𝜇!! + 𝑖
!!!
!
= −𝜌ℎ! 𝑑𝜙 𝑟d𝑟𝜙(!) !!

(!)

!"
!!
!

!!
! 		.																																			(3.8)	

where	𝑎! 	 represents	 the	 ratio	 of	 radius	 to	water	 depth, 𝜙(!)	 the	 solution	 for	 the	 interior	

region	(𝑟 ≤ 𝑎!)	and	 𝑟,𝜃  the	polar	coordinates	in	the	horizontal	plane.			

In	 order	 to	 extract	 only	 the	 added	mass,	 the	 equation	 is	 divided	 into	 real	 and	 imaginary	

parts,	according	to	specific	conditions	pertaining	to	the	frequency	of	oscillations,	positioning	

and	orientation	of	the	cylindrical	buoy	compared	to	the	bottom	(in	this	case)	etc.	If	formulas	

and	 derivations	 for	 specific	 cases	 are	 needed,	 the	 literature	 can	 be	 consulted	 [103,	 134-

142].	 Simplified	 forms	 of	 the	 added	 mass	 can	 be	 written	 as	 functions	 depending	 on	

coefficients	found	in	the	literature	that	help	yield	approximations	of	the	added	mass	value	

based	on	certain	object	and	flow	characteristics.	

Another	 interesting	 term	 in	 the	 governing	 equation	 is	 the	 radiation	 damping	 term.	 The	

radiation	damping	can	be	calculated	as	[128]	

𝑓! = 𝐵!𝑍  ,																																																																(3.9)	

with	the	total	energy	lost	through	radiation	being	

𝐸! =
!!!!!!!

!
		,																																																											(3.10)	

where	the	heaving	motion	of	the	buoy	is	simplified	to	

𝑍 𝑡 = 𝐻!sin𝜔𝑡  .																																																								(3.11)	

To	 calculate	 this	 force	 term,	𝐵!	 is	 a	 linear	hydrodynamic	 coefficient	 that	 can	be	 found	 in	

different	tables,	as	a	function	of	buoy	geometry,	fluid	conditions	etc.,	and	𝐻!	represents	the	
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vertical	displacement	or	the	heaving	motion	of	the	buoy	amplitude.	The	radiation	damping	

normally	 increases	 linearly	 with	 the	 increase	 in	 cross-section	 of	 the	 buoy,	 if	 similar	

conditions	of	motion	are	kept.	

Lastly,	according	to	the	literature	[143],	the	drag	term	in	laminar	flow	can	be	written	as	

	 𝐹!_! = −𝑝cos𝜓 𝑑𝑆 + 𝜏!sin𝜓 d𝑆		,																																					(3.12)	

where	𝜏!	the	shear	stress	on	the	lateral	surface	of	the	body,	and	𝜓	is	the	angle	between	the	

fluid	flow	and	the	surface	of	the	body.	

However,	 in	 the	 case	 of	 offshore	 structures,	 the	Morison	 equation	 [144]	 is	 usually	 used,	

separating	the	in-line	damping	force	𝐹!",	acting	on	a	stationary	structure	in	oscillatory	flow,	

into	an	inertial	𝐹!  and	a	drag	component	𝐹!_!.	This	force	can	be	written	as	

𝐹!" = 𝐹! + 𝐹!_! = 𝜌𝐶!𝑉!"#𝑈 +
!
!
𝜌𝐶!𝑆𝑈! 𝑈!   ,																														(3.13)	

with	𝐶!	the	inertia	coefficient	(stemming	from	the	added	mass	coefficient),	𝑉!"# 	the	volume	

of	the	body,	𝑈!	the	free-stream	flow	velocity	and	𝐶! 	the	drag	coefficient.	If	the	body	is	also	

moving,	then	this	becomes	

𝐹!" = 𝜌𝑉!"#𝑈! +
!
!
𝜌𝐶!𝑆 𝑈! − 𝑉! 𝑈! − 𝑉! + 𝜌𝐶!𝑉!"# 𝑈! − 𝑉!   ,													(3.14)	

where	𝑉!	is	the	velocity	of	the	body	and	𝐶!	the	added	mass	coefficient	(𝐶! = 1+ 𝐶!).	

As	 it	 can	 be	 seen	 from	 these	 equations,	 the	 drag	 damping	 term	 described	 earlier,	𝐹!_!,	

made	 up	 of	 the	 pressure	 drag	 and	 linear	 drag	 components	 can	 be	 calculated	 with	 the	

following	quadratic	formula	[114,	143].	

𝐹!_! = 𝐶!
!"!!|!!|

!
   ,																																																							(3.15)	

for	a	stationary	object,	and		

𝐹!_! = 𝐶!
!"(!!!!!)|!!!!!|

!
			,																																															(3.16)	

for	a	moving	object.	The	drag	term	is	usually	experimentally	determined	as	a	function	of	a	

reference	area	(frontal	surface,	total	surface	area	etc.).		
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In	addition,	the	governing	equation	can	be	modified	by	introducing	another	squared	term,	

such	as	the	term	used	by	Folley	[145],	as	a	function	of	amplitude	of	motion	X,		

𝐹!_! = 𝐶!!𝜔! 𝑋 𝑋	,																																																(3.17)	

with	𝐶!!representing	a	drag	coefficient	from	[146].		

However,	 as	 mentioned	 before,	 the	 damping	 term	 used	 in	 the	 equation	 of	 motion	 is	

sometimes	linearized	as	representing	a	damper	of	the	form	

𝑓! = 𝐷!𝑍 ,																																																									(3.18)	

where	 𝐷! 	 is	 a	 coefficient	 depending	 on	 the	 fluid	 density,	 flow	 characteristics,	 buoy	

geometry,	roughness	etc.		

From	 the	 above	 paragraphs	 it	 can	 be	 seen	 that	 even	 in	 order	 to	 get	 values	 for	 these	

damping	 terms	 from	 the	 linear	 governing	 equation	 (equation	3.7),	 a	 series	 of	 coefficients	

must	be	employed	(for	radiation	damping,	drag	force	etc.).	These	coefficients	are	not	exact	

and	do	not	reflect	entirely	real	ocean	conditions,	as	the	literature	admits	[128].	Thus	there	is	

room	for	improvement	in	this	area.		

There	 have	 been	 experiments	 to	 determine	 the	 coefficients	 mentioned	 in	 the	 above	

formulae,	 mostly	 in	 the	 field	 of	 offshore	 structures	 erected	 in	 the	 ocean	 (such	 as	 oil	

platforms,	for	example).	These	experiments	have	some	issues,	if	we	try	to	extrapolate	them	

to	point	absorbers:	some	did	not	consider	oscillatory	flow;	most	focused	on	cylinders	which	

were	driven;	a	lot	were	done	around	cylinders	vibrating	with	their	main	axis	parallel	to	the	

water	surface	etc.	[99-103,	105-110,	135,	136,	138,	147-149].	Thus,	there	is	a	clear	gap	on	

experiments	 dealing	 with	 systems	 vibrating	 perpendicular	 to	 the	 water	 surface,	 their	

damping	 and	 their	 scaling	 as	 the	 assumptions	 used	 in	 estimating	 these	 coefficients	 and	

constants	usually	lead	to	an	over	approximation	of	the	amplitudes	of	the	system	motion.		

	By	 having	 looked	 at	 the	 theoretical	 aspects	 behind	 designing	 a	 heaving-buoy	 point	

absorber,	it	can	be	seen	that	there	are	several	sources	of	error	when	it	comes	to	predicting	

a	damping	behaviour	that	is	completely	accurate	to	real	physical	condition.		
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The	first	source	of	errors	stems	from	the	assumptions	of	potential	flow	and	of	linear	wave	

theory,	the	approximations	made	to	get	the	coefficients	used	to	calculate	the	linear	terms	

mentioned	in	this	section	etc.		

The	second	source	of	errors,	as	mentioned	at	the	start	of	this	section,	arises	from	the	scaling	

laws	themselves,	which	were	presented	in	subsection	2.7.B	and	their	limitations.		

These	 two	 combined	 effects	 will	 be	 implicitly	 shown	 in	 the	 experimental	 research	 by	

revealing	 how	 the	 overall	 natural	 damping	 of	 heaving-buoy	 devices	 is	 influenced	 by	 the	

change	in	size	of	these	machines	in	one	dimension.		

The	 results	 given	by	 the	 theory	have	been	great	 in	pushing	 forward	 the	use	of	oscillating	

buoy	energy	converters,	and	the	existence	of	discrepant	trends,	found	in	the	experimental	

work,	does	not	come	to	disprove	existing	theory,	but	to	suggest	aspects	where	accuracy	can	

be	improved.		

3.1.2]	Experimental	research		
3.1.2.1]	Introduction	and	justification	

The	extraction	of	renewable	energy	from	the	movement	of	the	waves	has	been	proven	over	

decades	to	be	a	feasible	technique	of	providing	electric	or	hydraulic	energy	to	be	used	for	

other	applications,	as	it	was	shown	in	the	literature	review	earlier.		

However,	the	technological	solutions	used	to	harness	the	power	of	the	waves	have	not	yet	

reached	maturity.	In	this	context,	even	if	a	large	number	of	high-quality	studies	have	been	

done	on	wave-energy	devices,	a	significant	gap	in	the	literature	has	been	discovered	when	it	

comes	 to	 experimental	 studies	 conducted	 on	 the	 scaling	 of	wave-power	machines.	More	

specifically,	there	are	no	clear	studies	centred	on	the	evolution	of	the	damping	experienced	

by	 wave-energy	 converters	 in	 correlation	 to	 a	 respective	 variation	 in	 their	 primary	

geometry.		

In	 theory,	when	 scaling	wave	machines	 it	 is	 ideal	 for	both	 the	original	 and	new	device	 to	

share	 the	 same	 shapes,	 the	 same	 operating	 conditions	 (flow	 characteristics)	 and	 for	 the	

ratios	 of	 forces	 acting	 on	 the	 devices	 to	 be	 constant.	 Thus,	 the	 numbers	 which	 quantify	
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these	 ratios,	 and	which	were	 defined	 in	 the	 scaling	 subsection	 (2.7.B),	 must	 be	matched	

between	the	original	device	and	the	new	device	of	a	different	dimension.		

In	practice,	this	is	not	always	possible,	especially	when	it	comes	to	Re,	as	this	would	impose	

the	need	for	unrealistic	 testing	facilities	which	would	provide	the	velocities	needed	for	Re	

matching.	For	this	reason,	when	scaling	most	wave-power	machines,	solely	Fr	or	Kc	between	

model	and	prototype	are	considered.		

In	addition,	it	is	often	impossible	for	devices	to	keep	the	same	shape	as	well.	For	example,	a	

testing	facility	may	be	able	to	fit	a	model	of	different	diameters,	but	not	of	different	lengths.	

An	 open	 sea	 location	 might	 allow	 for	 the	 installation	 of	 a	 larger	 diameter	 buoy	 (thus	

allowing	for	greater	energy	capture),	but	not	one	of	a	larger	draft.		

Understanding	how	the	damping	scales	with	a	change	in	the	size	of	the	device	is	of	critical	

importance	 since	most	 prototype-sized	 devices	 start	 of	 as	 laboratory-scale	models	 which	

are	 later	 scaled	 up	 to	 prototype-sized	 devices,	 and	 since	 there	 are	 a	 lot	 of	 practical	

situations	where	the	sizes	of	models	or	prototypes	must	be	changed.		

Thus,	investigating	the	variation	in	damping	as	the	geometry	of	the	devices	is	varied	in	one	

dimension	has	three	practical	uses	(both	in	research	and	in	industry),	as	follows:	

1) enabling	an	accurate	prediction	of	the	damping	experienced	by	different	size	small-

scale	 models	 in	 laboratory	 testing	 –	 for	 instance,	 when	 designing	 different	 size	

laboratory-models	for	tank	testing,	

	

2) anticipating	 the	existence	of	 a	highly	nonlinear	 change	 in	damping	when	 the	 scale	

transition	between	 laboratory	model	and	 industry-size	 (prototype-scale)	machine	 is	

made,	

	

3) highlighting	the	presence	of	a	nonlinear	damping	behaviour	which	is	to	be	expected	

in	the	case	of	large-scale	devices	if	their	geometry	is	changed	in	size	–	for	example,	

increasing	the	size	of	an	already	commissioned	floating	point-absorber	with	the	goal	

of	increasing	energy	absorption.	
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The	 information	 that	 is	 provided	 within	 these	 three	 categories	 would	 enable	 both	

researchers	 and	 industry	 to	 better	 design,	 manufacture	 and	 optimize	 wave-power	

machines,	 thus	 allowing	 wave-energy	 to	 prove	 itself	 as	 a	 viable	 alternative	 for	 supplying	

energy	and	powering	communities.		

The	need	to	conduct	supplementary	research	on	the	scaling	of	the	damping	of	wave-energy	

converters	 is	 evident	 since	 a	 significant	 portion	 of	 the	 literature	 (detailed	 in	 the	previous	

subsection)	 is	 mainly	 focused	 on	 the	 theoretical	 evaluation	 of	 the	 hydrodynamics	 of	 one	

specific	geometry.	These	studies	are	usually	validated	through	approximation	with	a	single-

case	geometry	experiment,	without	focusing	on	the	research-question	of	this	study,	which	is	

that	 geometrical	 variations	 in	 one	 dimension	might	 yield	 nonlinear	 changes	 in	 behaviour	

due	 to	 the	 nonlinearity	 of	 the	 damping.	 Thus,	 when	 the	 question	 of	 transition	 between	

different-sized	devices	is	posed,	 it	 is	usually	assumed	that	Froude-scaling	holds	true,	but	 it	

has	not	been	investigated	to	which	degree	and	within	which	margins	this	is	true	if	just	one	

geometrical	dimension	is	changed.	

In	 addition	 to	 the	 theoretical	 studies	 mentioned,	 there	 is	 a	 limited	 amount	 of	 research		

(previously	referenced)	centred	on	specific	aspects	of	the	damping	itself,	but	this	 is	usually	

done	 only	 in	 the	 context	 of	 extracting	 the	 respective	 contribution	 of	 inertial	 and	 viscous	

forces	 acting	 on	 one	 device,	 mostly	 through	 theoretical	 modelling	 and	 single-geometry	

experimental	work.	 Thus,	 again,	 there	 is	 no	 focus	on	 the	 variation	of	 the	 internal	 natural	

damping	as	the	geometry	is	changed.			

Lastly,	 there	 is	 a	 third	 category	of	 research	 (referenced	 in	 the	previous	 subsection)	which	

has	 the	 purpose	 of	 optimizing	 geometrical	 parameters	 of	 wave-power	 machines	 and	

present	 research	generally	 looks	 at	 aspects	 influencing	 the	performance	of	 the	devices	 in	

general,	 such	 as	 the	 air-chamber	 size	 (in	 the	 case	of	 the	oscillating	water	 column)	 or	 the	

streamlining	of	the	buoy	geometry	(in	the	case	of	a	heaving	point	absorber).	However,	this	

category	 of	 research	 also	 does	 not	 have	 a	 targeted	 focus	 on	 the	 relation	 between	 the	

internal	damping	of	the	machines	and	a	specific	variation	in	their	geometry.	

It	must	also	be	reiterated	that	in	all	these	three	categories	of	research	(plus	literature	that	

was	 not	 specifically	 mentioned),	 there	 is	 always	 a	 discrepancy	 between	 the	 theoretical	



	 	

																																																																																																																																																																				
82	 	

results	and	the	laboratory	experiments	that	are	used	to	validate	the	theoretical	results.	This	

difference	was	mentioned	in	the	scaling	subsection	(2.7.B)	of	this	work.		

This	discrepancy	can	be	attributed	to	the	nonlinear	behaviour	of	the	damping	in	respect	to	

the	 geometry	 of	 the	 device	 and	 to	 the	 assumptions	made	 in	 order	 to	 get	 the	 theoretical	

results,	 assumptions	 that	 were	 mentioned	 in	 the	 potential	 flow	 and	 linear	 wave	 theory	

section	(2.4).		

Thus,	in	order	to	fill	the	present	research	gap,	a	thorough,	experimental	investigation	on	the	

nonlinearity	 of	 the	 scaling	 of	 the	 overall	 damping	 of	 a	 small-scale	 floating	 single-system	

point	 absorber	 (both	 submerged	 and	 surface-piercing)	 is	 presented	 in	 this	 section	 of	 this	

work.	It	should	be	noted	that	the	scale-up	ratios	considered	in	this	work	reach	a	maximum	

of	2.2,	while	a	scale-up	to	a	full-size	prototype	can	reach	ratios	of	10-20	or	higher.	

In	 later	 sections,	 the	 same	 nonlinearity	 will	 be	 shown	 for	 two-system,	 floating,	 point	

absorber	arrays	and	for	the	oscillating	water	column	as	well.	

After	 giving	 a	 general	 insight	 into	 the	 experimental	 research	 from	 this	 section,	 a	 more	

specific	description	of	the	experiments	is	offered	in	the	following	paragraphs.	

First	 of	 all,	 the	 main	 goal	 of	 the	 completed	 experiments	 from	 this	 category	 was	 to	

investigate	 if	 there	 is	 any	 direct,	 predictable,	 quantifiable	 linear	 or	 nonlinear	 relation	

between	 the	 main	 parameter	 of	 a	 cylindrical	 point	 absorber	 –	 the	 diameter	 –	 and	 the	

damping	 forces	 acting	 upon	 the	 device.	 This	 would	 provide	 information	 on	 scaling	

laboratory	experiments	 to	real	ocean	devices,	as	well	as	on	properly	designing	small-scale	

models	and	large-size	prototypes	as	well.	This	is	extremely	useful	for	designing	wave-energy	

converters	 in	 general,	 but	 also	 for	 combining	 them	 in	 arrays.	 Although	 the	 experiment	 is	

focused	on	point	absorbers,	 it	can	be	assumed	these	scaling	discrepancies	would	apply	 to	

other	 wave-energy	 converters	 as	 well,	 as	 they	 have	 similar	 hydrodynamic	 and	 operating	

characteristics.		

As	a	complimentary	goal,	these	experiments	were	also	able	to	evaluate	if	small	changes	in	

parameters	 such	 as	 submergence	 depth	 and	 displacement	 amplitude	 had	 any	 significant	

impact	on	the	damping	experienced	by	the	devices	in	the	context	of	laboratory	testing	and	

scaling.	 This	 would	 show	 if	 the	 variation	 of	 these	 parameters	 would	 yield	 scientifically	
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valuable	results	within	the	range	of	values	for	these	parameters	that	is	practical	considering	

the	small	size	of	equipment	usually	available	in	small-scale	laboratory	testing.	Since	a	lot	of	

small-scale	testing	is	done	in	wave	flumes,	these	parameters	can	sometimes	only	be	varied	a	

few	tens	of	millimetres.			

Compared	 to	 the	 existing	 literature	 (mentioned	 in	 sections	 2.4-3.1.1),	 apart	 from	 the	

research	question	itself,	which	has	not	been	posed	before,	these	experiments	also	have	the	

novelty	 of	 being	 carried	 out	 in	 transitional	 to	 turbulent	 oscillatory	 flow	 and	 of	 only	

employing	the	natural,	resultant,	restoration	force	of	a	system,	without	the	interference	of	a	

driving	force.		

The	restoration	 force	 is	a	derived	 force	and	 it	arises	 from	an	 imbalance	of	 forces	within	a	

system.	This	resultant	force	always	brings	a	disturbed	system	back	to	an	equilibrium	state	at	

which	 point	 the	 restoration	 force	 becomes	 equal	 to	 zero.	 Disturbing	 the	 system	 and	

recording	its	evolution	to	equilibrium	is	a	free	decay	test	in	this	case.	The	benefits	of	having	

a	free	decay	test	also	 include	the	possibility	of	simplifying	the	equation	of	motion	(3.7)	by	

not	having	a	driving	force,	as	seen	in	the	next	section.	Other	benefits	of	having	a	free	decay	

tests	will	later	be	mentioned.	Note:	this	resultant	restoration	force	should	not	be	confused	

with	the	spring-restoration	force.		

Previous	research	on	wave-energy	converters	does	tackle	or	employ	some	of	these	aspects,	

but	usually	in	isolation,	not	in	combination.		

The	 experiments	 presented	were	 performed	using	 a	 cylindrical,	 square	 edged	model	 of	 a	

point	absorber	converter	and,	 through	varying	of	 certain	parameters,	was	meant	 to	 show	

the	 relation	 between	 the	 change	 in	 parameters	 and	 the	 respective	 change	 in	 converter	

damping.	

The	basic	principle	of	the	experiment	was	to	displace	the	modelled	point	absorber	a	certain	

distance	 from	 the	 zero	 reference	 point	 and	 then	 record	 its	 free	 decay	 until	 it	 became	

stationary,	under	the	effect	of	a	general	restoring	force	–	combination	of	buoyancy,	gravity	

and	spring-restoration	force.	This	was	repeated	as	different	parameters	were	varied.	
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The	parameters	that	were	changed	over	the	course	of	the	series	of	experiments	were	the	

converter	 model	 diameters	 (five	 different	 values),	 the	 model	 submergence	 depths	 (four	

different	values)	and	the	initial	displacement	of	the	converter	(four	different	values).	

If	 we	 translate	 this	 description	 of	 the	 experiment	 into	 physical	 terms,	 the	 aim	 of	 the	

experiment	detailed	in	the	next	sections	was	to	

• allow	 the	 gathering	 of	 information	 on	 the	 free-decay	 angular	 frequency	 and	 free-

decay	amplitude	of	each	buoy	diameter,	for	each	submergence	depth	and	for	each	

initial	displacement	value,		

• allow	 for	 the	 presentation	 of	 a	 clear	 visual	 relation	 between	 the	 diameter	 of	 the	

buoys	 and	 the	 damping	 forces	 experienced	 (illustrated	 by	 the	 linear	 damping	

coefficient	(damping	constant),	damping	ratio,	damping	components	etc.),	

• show	the	influence,	if	feasible,	of	different	initial	excitation	amplitudes	and	different	

submergence	depths	on	the	above	mentioned	parameters,	

• enable	 the	 recording	 of	 a	 qualitative	 imagine	 of	 the	 flow	 regime	 –	 which	 will	 be	

shown	in	the	point-absorber	flow	visualisation	part	of	this	work	(section	5.2).	

The	 information	collected	 from	these	points	will	 then	be	summed	up	to	draw	conclusions	

relating	to	the	variation	of	the	damping	ratio	as	the	diameter	of	the	models	is	changed,	thus	

illustrating	the	relation	between	the	damping	of	each	converter	model	and	the	respective	

diameter	of	the	device.	The	importance	of	this	was	described	earlier.		

3.1.2.2]	Model	design,	planning	rationale	and	experimental	setup	

A)	The	point	absorber	system	

As	 a	 first	 step,	 the	 proposed	 experiment	was	 evaluated	 to	 see	what	model	 design	would	

prove	suitable,	given	the	facilities	available	and	the	desired	outcomes.	

The	decisions	taken	related	to	the	experimental	parameters	are	listed.	

First,	the	added	mass	was	considered.	As	noted	in	the	hydrodynamics	sections	(2.7,	3.1.1),	

the	added	mass	represents	the	mass	of	water	that	becomes	additional	inertia	on	the	surface	

of	 the	 cylinder	 as	 its	 surface	 is	 submerged	 in	 fluid.	 This	mass	 of	 fluid	must	 be	moved	 or	

deflected	by	 the	 cylinder	 as	 it	 travels	 through	 the	 fluid.	 If	 the	 cylinder	 is	 oscillating	while	



	 	

																																																																																																																																																																				
85	 	

piercing	the	surface	then	the	size	of	the	surface	of	the	cylinder	that	 is	 in	contact	with	the	

water	varies	 in	time.	This	variation	 leads	to	a	change	 in	behaviour	of	the	device	since	this	

fluid	weight	becomes	a	function	of	time.	This	is	a	form	of	nonlinearity.		

Thus,	it	was	required	that	for	one	set	of	experiments	the	added	mass	would	be	dependent	

only	on	the	diameter,	not	also	on	the	size	of	the	area	of	the	cylinder	that	was	submerged;	

For	this	reason,	it	was	decided	for	the	first	set	of	experiments	to	have	the	buoys	completely	

submerged.		

In	 addition	 to	 this,	 another	 set	 of	 experiments	 could	 then	 focus	 on	 the	 case	 where	 the	

cylinders	are	piercing	the	surface	and	the	added	mass	changes	throughout	the	oscillation.	

The	energy	lost	due	to	wave	radiation	will	also	be	different	between	the	case	of	having	the	

models	completely	submerged	compared	to	the	case	when	they	are	piercing	the	surface.		

For	the	drag	coefficient	to	be	the	same,	the	surface	roughness	of	the	buoys	needed	to	be	

the	same	between	models	and	consistent	throughout	the	surface	of	the	buoys.		

Different	materials	were	sourced	and	tried	out	for	constructing	the	laboratory	models	of	the	

converters.	Models	that	were	designed	and	built,	but	proved	to	be	unviable,	were	made	out	

of	 polystyrene	 foam,	 wood	 and	 plastic	 capsules.	 Finally,	 after	 other	 trials,	 the	 converter	

bodies	were	constructed	out	of	PVC	pipe	closed	at	both	ends	with	plastic	disks.	This,	along	

with	 the	 placement	 within	 the	 tank	 can	 be	 seen	 in	 figure	 3.2.	 The	 tubes	 chosen	 had	 an	

approximate	absolute	surface	roughness	coefficient	of	0.0015	mm.	
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figure	3.2	-	top	-	experimental	setup;	bottom	-	placement	within	tank		



	 	

																																																																																																																																																																				
87	 	

In	 order	 to	 aggravate	 the	 damping	 experienced,	 the	 ends	 of	 the	 cylinders	 were	 not	

streamlined,	but	kept	at	a	right	angle,	thus	increasing	the	form	drag	and	vortex-damping.		

Then,	it	was	decided	that	the	experiment	should	focus	on	only	one	parameter	variation	at	

the	time.	For	this	reason,	the	buoys	were	chosen	to	have	the	exact	same	shape	and	length	

for	 all	 experiments,	 while	 only	 the	 diameter	 would	 be	 varied.	 This	 represents	 the	 uni-

dimensional	scaling	case	mentioned	in	the	hydrodynamics	and	scaling	sections	(2.7.B,	3.1.1).	

Using	the	information	provided	above	and	employing	the	simplified	equation	of	motion	3.4,	

derived	 in	 earlier	 sections	 (3.1.1),	with	 the	mention	 that	 in	 this	 case	𝑓!"#	 represents	 the	

spring	restoring	force	and	fluid	damping	and	𝑓!"	 is	nil	 (since	 it	 is	a	 free	decay	test),	 it	was	

possible	 to	 calculate	and	anticipate	different	experimental	behaviours	which	would	prove	

appropriate	 for	 the	 experimental	 facilities	 available	 and	 the	 conditions	 desired	 –	 the	

buoyancy	 of	 the	 models	 had	 to	 ensure	 the	 springs	 would	 not	 be	 over-stretched;	 the	

frequency	of	the	oscillations	had	to	be	high	enough	for	an	accurate	decay	curve	to	be	drawn	

(an	 oscillation	with	 a	 large	 enough	 number	 of	 peaks);	 the	 experiments	 had	 to	 decay	 fast	

enough	so	that	the	surface	waves	would	not	strongly	reflect	back	from	the	walls	of	the	tank;	

the	amplitude	of	the	oscillations	had	to	be	high	enough	to	be	easily	recorded,	but	without	

plastically	deforming	the	spring;	and	the	frequency	of	the	system	had	to	be	compatible	with	

the	recording	speed	(frame	rate)	of	the	measuring	equipment	etc.	

As	 a	 result	 of	 these	 calculations,	 different	 diameter	 cylindrical	 buoy	 sizes	 were	 selected,	

designed,	manufactured	and	waterproofed,	using	the	material	mentioned	before	–	PVC	pipe	

with	plastic	disks	at	the	ends	for	waterproofing.		

Five	 different	 diameter	 models	 were	 used	 in	 the	 experiments,	 having	 the	 following	

diameters	–	27,	33,	42,	48,	60	mm,	while	the	 length	was	kept	constant	at	350	mm.	These	

dimensions	 were	 measured	 in	 different	 places	 to	 ensure	 consistency	 (as	 a	 precaution),	

especially	over	the	area	where	the	plastic	disks	were	glued	to	the	PVC	pipe.	

The	 power	 take-off	 system	was	 simulated	 by	 using	 a	 spring	 in	 conjunction	with	 the	 fluid	

damping.	This	was	partially	inserted	in	the	equations	mentioned	earlier	(3.4,	3.7).	The	word	

“partially”	is	used	since	only	the	spring	restoration	force	was	considered,	without	the	fluid	
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damping.	Thus,	this	pseudo	power	take-off	system	includes	only	the	natural	fluid	damping	

of	the	device	and	no	other,	artificial,	damping	source.	

The	spring	used	was	manufactured	by	Century	Spring	Corp.	and	had	model	number	C-XX.	It	

had	its	spring-constant	experimentally	determined	to	ensure	consistency.	The	average	value	

for	the	spring	stiffness	was	190	N/m.	Also,	during	and	after	the	experiment,	it	was	checked	

that	the	spring	had	not	significantly	changed	stiffness	due	to	plastic	deformation.	The	spring	

was	also	extended	and	relaxed	a	number	of	times	before	the	experiment	to	ensure	 it	had	

reached	operational	stiffness.	The	value	for	the	spring	constant	represented	an	average	of	

different	measurements,	which	had	resulted	after	the	slope	between	the	deformation	force	

acting	on	the	spring	and	its	deflection	was	drawn.	The	values	for	the	curve	were	collected	by	

suspending	different	weights	onto	the	spring	and	measuring	its	deformation.		

Taking	 these	 aspects	 into	 consideration,	 the	 submergence	 depths	 (for	 submerged	

experiments)	were	chosen	to	be	40,	30,	20	mm	and	the	initial	displacements	were	40,	30,	20	

mm.		

The	submergence	depths	represent	the	distance	between	the	surface	of	the	water	and	the	

top	 of	 the	 cylindrical	 model.	 Obviously,	 when	 the	 initial	 displacement	 was	 equal	 to	 the	

submergence	depth,	the	top	of	the	model	was	almost	piercing	the	surface	and	had	just	an	

extremely	thin	layer	of	water	on	top.		

In	 case	 there	 is	 concern	 because	 of	 this,	 it	 can	 be	mentioned	 that	 the	 final	 results	 show	

there	 was	 no	 statistically	 significant	 difference	 between	 the	 behaviour	 of	 a	 model	

submerged	at	40	mm	and	displaced	with	40	mm	compared	to	one	submerged	at	40	mm	and	

displaced	with	30	mm.		

For	the	case	when	the	models	were	piercing	the	surface,	it	was	chosen	that	100	mm	of	the	

buoy	model	would	be	above	the	surface	of	the	water	and	250	mm	under	the	surface.	The	

displacement	amplitudes	in	this	case	were	40,	30	and	20	mm.	

In	the	end,	the	system,	consisting	of	a	converter	model	of	a	certain	diameter	and	a	spring,	

was	fixed	to	the	bottom.	The	connections	between	the	spring	and	model	and	between	the	

spring	and	bottom	of	the	tank	were	done	using	a	non-flexible	braided	line	(Sport	F.,	6.8	Kg).	



	 	

																																																																																																																																																																				
89	 	

This	 line	 was	 used	 as	 it	 did	 not	 show	 any	 flexibility	 for	 the	 range	 of	 forces	 used	 in	 this	

experiment.	Thus,	it	did	not	introduce	any	extra	modulus	of	elasticity	to	the	system.	

In	addition	to	the	mass	of	the	models	themselves,	the	mass	of	the	water	displaced	by	the	

buoy	was	 also	 calculated,	 along	with	 the	 effective	mass.	 The	 effective	mass	𝑚!"	 is	 used	

because	at	equilibrium	the	force	that	compensates	for	the	spring	resistance	is	the	net	force	

between	gravity	and	buoyancy.	This	can	be	seen	in	sketch	3.3.		
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sketch	3.3	-	forces	acting	on	the	model	

Hence,	with	positive	z	representing	the	upward	vertical	direction,	it	can	be	written	that	

𝑚!"𝑍 = (𝑓! − 𝑓!)− (𝑓! + 𝑓!) = (𝑚!"#$ −𝑚!)𝑔 − (𝑓! + 𝑓!)  ,																	(3.19)	
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with	𝑓!	representing	the	spring	force,	𝑓! 	the	fluid	damping	(as	it	is	a	free-decay	test),	𝑓!	the	

buoyancy,	𝑓!	gravity,	𝑚!"#$	the	mass	of	the	water	displaced	by	the	model	and	𝑚!	the	mass	

of	the	model	itself.	

Thus,	if	the	effective	mass	is	

𝑚!" = 𝑚!"#$ −𝑚!		,																																																(3.20)	

then,	at	equilibrium,	the	equation	becomes		

𝑚!"𝑔 = 𝑓!   ,																																																										(3.21)	

with	the	mention	that	in	this	case	z	was	chosen	to	be	zero	at	this	equilibrium	position.	It	is	

to	be	noted	that	at	equilibrium,	the	damping	force	𝑓! 	from	the	sketch	is	equal	to	zero	since	

the	 velocity	 is	 zero.	 This	 is	 the	 classical	 equation	 (3.7),	 mentioned	 in	 the	 hydrodynamics	

section	(3.1.1),	and	shows	why	𝑚!"	is	considered.	

In	 the	 following	 tables	 other	 parameters	 are	 presented	 related	 to	 the	 point	 absorber	

models.	 The	 first	 table	 relates	 to	 the	 case	when	 the	models	 are	 fully	 submerged	and	 the	

second	table	represents	the	experiments	done	with	models	piercing	the	surface.	

In	 the	case	of	 the	 fully	 submerged	runs,	 the	characteristics	 for	 the	models	can	be	seen	 in	

table	3.4.	
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No.	
D	

[m]	

L	

[m]	

V	

[m!]	
LS	
[m!]	 FS	[m!]	

𝑚!	

[kg]	

𝑚!"#$	

[kg]	

𝑚!"	

[kg]	

LS+FS	

[m!]	

1 0.027 

0.35 

0.000200 0.0297 0.000573 0.073 0.2004 0.1274 0.0303 

2 0.033 0.000299 0.0363 0.000855 0.114 0.2994 0.1854 0.0371 

3 0.042 0.000484 0.0462 0.001385 0.145 0.4849 0.3399 0.0476 

4 0.048 0.000633 0.0528 0.001810 0.182 0.6333 0.4513 0.0546 

5 0.060 0.000990 0.0660 0.002827 0.272 0.9896 0.7176 0.0688 

D	–	diameter;	L	–	length;	V	–	volume;	LS	–	lateral	surface;	FS	–	front	surface	

table	3.4	-	characteristics	of	models	in	fully	submerged	experiments	

In	the	case	of	the	models	that	were	submerged	250	mm	and	100	mm	above	the	waterline,	

the	 information	 from	the	next	 table,	3.5,	 applies.	 In	 this	 case	 the	effective	mass	𝑚!"	was	

calculated	using	the	mass	displaced	by	the	model	when	at	equilibrium.	As	noted	earlier,	as	

the	system	oscillates,	it	will	displace	different	masses	of	water,	dependent	on	the	phase	of	

the	motion.	In	accordance,	the	added	mass	will	change	as	well.		

No.	
D	

[m]	

sL	

[m]	

sV	

[m!]	
sLS	
[m!]	 FS	[m!]	

𝑚!	

[kg]	

𝑚!"#$𝑠	

[kg]	

𝑚!"𝑠	

[kg]	

sLS+FS	

[m!]	

1 0.027 

0.25 

0.000143 0.0212 0.000573 0.073 0.1431 0.0701 0.0218 

2 0.033 0.000214 0.0259 0.000855 0.114 0.2138 0.0998 0.0268 

3 0.042 0.000346 0.0330 0.001385 0.145 0.3464 0.2014 0.0344 

4 0.048 0.000452 0.0377 0.001810 0.182 0.4524 0.2704 0.0395 

5 0.060 0.000707 0.0471 0.002827 0.272 0.7069 0.4349 0.0500 

D	–	diameter;	sL	–	submerged	length;	sV	–	submerged	volume;	sLS	–	submerged	lateral	surface;	FS	–
frontal	surface;	𝑚!	–	mass	of	the	model,	𝑚!"#$s	–	mass	of	water	displaced	by	partially	submerged	
models;	𝑚!"𝑠	–	effective	mass	of	partially	submerged	models	

table	3.5	-	characteristics	of	models	in	partially	submerged	experiments	

B)	The	tank	

At	the	same	time	as	the	experimental	parameters	described	before	were	being	investigated,	

the	 required	 tank	 size	 was	 also	 decided	 and	 compared	 with	 resources	 available	 at	

universities	 in	Melbourne	 and	 other	 research	 centres,	 but	 also	 with	market	 offers.	 Since	
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there	were	no	facilities	readily	available	for	performing	these	experiments,	it	was	chosen	to	

outsource	a	tank	and	install	it	on	campus.	Sourcing,	installing	and	fitting	the	tank	proved	to	

be	a	time-consuming	task,	taking	several	months	to	complete.		

In	the	end,	a	commercially	available	6.71	x	3.66	x	1.32	m	water	tank	was	used,	made	out	of	

a	flexible	lining	suspended	on	a	steel	frame.		

The	 tank	 was	 then	 installed	 indoors	 and	 the	 necessary	 structures	 meant	 to	 hold	 the	

experimental	components,	measurement	equipment	and	experimental	control	mechanism	

were	designed,	manufactured,	assembled	and	 installed	on	 the	 tank,	as	 seen	 in	 figure	3.2.	

There	were	no	structures	inside	the	water	that	could	interfere	with	experimental	testing.	

The	tank	was	then	filled	with	water,	0.8	m	deep,	this	meaning	that	the	wavelengths	were	

small	enough	 for	 the	experiment	 to	have	a	 ratio	between	depth	and	wavelength	of	more	

than	½	–	thus	falling	in	the	deep	water	regime,	as	mentioned	in	the	section	describing	linear	

wave	theory	(2.4).		

Photos	of	 the	 tank	 can	be	 seen	 in	 the	 two-system	experimental	description	 (photos	3.61-

3.63).	 Those	 photos	 show	 the	 tank	 after	 it	 had	 to	 be	 decommissioned	 from	 the	 indoor	

location	 mentioned	 in	 this	 single-system	 section	 (3.1)	 and	 reinstalled	 elsewhere,	 as	 the	

space	 could	 no	 longer	 be	 used.	 The	 tank	 was	 thus	 disassembled,	 stored	 and	 eventually	

moved,	 reassembled	and	 reinstalled	 in	another	 location,	which	 is	where	photos	3.61-3.63	

(from	the	array	section,	3.2)	were	taken.	Photos	of	 the	tank	and	experimental	setup	 from	

the	first	location	are	not	available.		

C)	Measurement	equipment	

The	 free	 decay	 of	 the	 oscillating	 systems	 was	 measured	 using	 video	 recording.	 Other	

methods	 of	 measurement	 were	 investigated,	 such	 as	 linear	 position	 transducers,	 but	 it	

became	 quickly	 apparent	 that	 using	 video	 cameras	 was	 the	most	 non-intrusive	 and	 cost	

effective	solution	to	implement.		

Thus,	a	Sony	HDR-AS15	waterproof	action	camera	was	used,	being	able	to	shoot	720p	video	

at	120	frames	per	second.		
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In	 order	 to	 track	 their	 movement,	 the	 oscillating	 models	 were	 fitted	 with	 lightweight	

antennas	 that	 had	 a	 coloured	 indicator	 at	 the	 top,	making	 it	 easy	 for	 the	 video-tracking	

software	to	follow	their	movement.		

The	videos	were	translated	into	numerical	measurement	by	a	video	analysis	and	modelling	

software	 –	 Tracker	 4.83	 (developed	 by	 D.	 Brown;	 Open	 Source	 Physics	 (OSP)	 Java	

framework).		

Providing	the	proper	lighting	proved	crucial	for	this	method	of	displacement	recording.	

D)	Overall	setup	

The	 point	 absorber	 system	was	 fixed	 in	 the	middle	 of	 the	 tank,	 1.83	m	 from	 the	 closest	

edges	using	a	large	weight	at	the	bottom	and	the	braided	line	mentioned	before.	

The	distance	between	the	walls	of	the	tank	and	the	oscillating	systems	assured	that	the	data	

could	 be	 recorded	 before	 the	 effect	 of	 the	 tank	 wall	 reflection	 due	 to	 surface	 waves	

influenced	the	experiment,	as	will	be	shown	in	the	results	section.			

The	connection	between	 the	 line	and	 the	weight	was	done	 through	a	 simple,	 low	 friction	

ring	structure	that	was	designed	to	allow	for	 the	submergence	depth	of	 the	models	 to	be	

changed	 without	 removing	 the	 weight	 from	 the	 bottom	 of	 the	 tank,	 while	 also	 securing	

them	in	place	firmly	after	the	desired	submergence	depth	was	reached.	

The	 model	 converter	 was	 allowed	 to	 oscillate	 naturally,	 as	 any	 constraint	 would	 have	

resulted	in	some	energy	being	lost	due	to	guiding-mechanism	friction	etc.	

There	were	no	structures	inside	the	water	that	would	influence	the	experiment	behaviour.	

Calibration	 rulers	 for	 the	 camera	measurement	 and	 tracking	 software	were	placed	within	

the	shooting	frame	and	in	close	proximity	to	the	model.		

All	the	experiments	mentioned	below	were	performed	a	sufficient	number	of	times	to	yield	

statistically	 significant	 results	 (typically	over	30	 runs).	About	11400	videos	were	 recorded,	

but	 since	 there	was	 a	 high	 degree	 of	 similarity	 and	 consistency,	 the	 number	 of	 analysed	

videos	could	be	reduced	while	still	obtaining	proper	statistical	significance.		
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For	 each	 video,	 the	 measurement	 system	 was	 calibrated	 and	 the	 relative	 still	 water	

conditions	 were	 checked	 by	 looking	 at	 the	 background	 wave	 “noise”	 in	 the	 videos	 (the	

settling	 time	 needed	 was	 approximately	 0.5-4	 minutes).	 In	 figure	 3.6,	 the	 difference	

between	a	recorded	oscillation	and	the	background	noise	of	the	relatively-still	water,	can	be	

seen.	

	
figure	3.6	-	background	noise	versus	experiment	oscillation	

3.1.2.3]	Experimental	procedure	and	method	

In	order	 to	 set	off	 the	experiments,	 the	 following	method	was	used.	 The	excitation	 cable	

mentioned	in	figure	3.2	would	be	gripped	with	a	clamp,	thus	keeping	the	model	cylinder	at	a	

desired	displacement	amplitude	measured	from	the	zero	reference	position.	Then,	a	weight	

that	 was	 rested	 on	 a	mini-platform,	 above	 the	 clamp,	 would	 be	 allowed	 to	 fall	 over	 the	

clamp	holding	the	excitation	cable,	thus	opening	and	releasing	the	cable.	This	would	cause	

the	buoy	to	start	its	oscillations.		

Looking	 at	 the	 decay	 curves,	 which	 will	 be	 presented	 in	 the	 results	 subsection,	 and	

observing	that	the	slope	from	the	start	of	the	curves	is	relatively	constant	between	different	
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experimental	runs,	the	consistency	of	this	method	can	be	seen.	This	shows	that	the	model	

was	released	in	a	consistent	manner	at	the	start	of	each	experimental	run.						

The	 experiment	 for	 the	 single-system	 point	 absorber	 was	 performed	 following	 the	 steps	

outlined	in	the	next	paragraphs.		

These	steps	are	identical	for	both	the	case	when	the	model	was	completely	submerged	as	

well	as	the	case	when	it	was	piercing	the	surface.	

As	mentioned	before,	for	each	configuration	described	below,	the	experiment	was	repeated	

over	30	times.	

Experimental	steps:	

1. A	given	 system	–	 specific	body	diameter	 connected	 to	a	 spring	–	was	 submerged	 to	a	

desired	submergence	depth	from	the	surface	and	fixed	to	the	weight	at	the	bottom	of	

the	tank	using	the	ring	skeleton	described	earlier.	

	

2. Then,	 the	 system	 was	 excited	 with	 a	 given	 displacement	 and	 the	 free	 decay	 was	

recorded	with	the	video	camera.	

	

3. After	 the	 still	 water	 state	 was	 reached	 once	 again,	 the	 excitation	 displacement	 was	

changed	and	the	experiment	repeated.		

	

The	steps	above	were	repeated	until	the	desired	displacement	range	was	exhausted.	

	

4. The	submergence	depth	was	changed	and	the	experiment	was	repeated	(steps	1-3).		

	

Steps	 1-4	 were	 repeated	 until	 the	 desired	 submergence	 depth	 range	 was	 exhausted,	

including	the	case	for	when	the	models	were	piercing	the	surface.			

	

5. Next,	the	converter	model	was	replaced	with	one	of	a	different	diameter.	

Steps	1-5	were	repeated	for	all	model	diameters.		



	 	

																																																																																																																																																																				
97	 	

3.1.2.4]	Scaling	effects.	Results	and	discussion		

Using	 the	 experimental	 setup	 described	 earlier,	 the	 displacement	 of	 the	 five	 diameter	

models	was	recorded	as	their	motion	free-decayed	until	equilibrium.	Thus,	 information	on	

their	vertical	displacements	and	periods	of	oscillation	could	be	obtained.		

The	 values	 gathered	 from	 the	 experiment	 have	 been	 extracted	 using	 the	 object	 tracking	

method	that	was	mentioned	in	the	measurement	equipment	section	(subsection	C	above).		

As	mentioned,	the	values	for	the	periods	were	obtained	directly	from	the	measurements.	In	

order	 to	get	 statistically	 significant	 results,	 the	95%	confidence	 interval	was	calculated	 for	

over	30	samples	for	each	period	(and	for	each	model).	It	was	found	that	the	measurements	

of	 the	 periods	were	 precise	 enough	 so	 that	 the	 confidence	 interval	 (under	 0.01	 seconds)	

was	contained	within	the	actual	resolution	for	the	time	sampling	interval	(quarter	of	a	tenth	

of	 a	 second	 –	 0.025	 seconds)	 of	 the	 camera.	 Thus,	 the	 averages	 obtained	 for	 the	 period	

were	 considered	 as	 constants	 for	 further	 calculations,	 as	 they	 were	 not	 influenced	 by	

random	errors,	but	as	precise	as	the	characteristics	of	the	measuring	equipment	allowed.	As	

a	 note,	which	 applies	 to	 all	 experiments,	 the	 periods	measured	 never	 included	 the	 initial	

displacement	 peak,	 as	 to	 not	 be	 influenced	 by	 any	 possible	 lag	 due	 to	 the	 experimental	

excitation	technique.	Thus,	the	periods	were	measured	between	peaks	two	and	three,	three	

and	four,	four	and	five,	for	example,	but	never	between	one	and	two	(check	figure	3.8	for	

reference).	

The	 wavelengths	 were	 calculated	 using	 linear	 wave	 theory,	 as	 a	 function	 of	 period	 of	

oscillation	 (section	2.4).	 They	 ranged	 from	0.06	 to	 0.26	m,	 corresponding	 to	 the	different	

diameter	models.	The	time	needed	for	waves	to	reflect	 from	the	tank	walls	and	 influence	

the	experiments	ranged	from	6	to	12	seconds.	As	the	oscillations	were	recorded	in	a	shorter	

timeframe	(three	seconds),	the	experiments	were	not	influenced	by	reflected	waves.		

Since	the	95%	confidence	interval	was	calculated	for	other	parameters	as	well,	the	sources	

of	errors	for	these	parameters	will	be	briefly	discussed	in	the	next	few	paragraphs.		
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Sources	of	errors	

As	was	suggested	in	other	sections,	the	main	sources	of	error	were	related	to	processing	the	

videos	with	the	object	tracking	software.		

First,	because	of	the	size	of	the	patterns	on	the	antennae,	there	were	slight	shifts,	under	a	

millimetre,	 between	 the	 tracking	 target	 of	 the	 software	 and	 the	 actual	 position	 of	 the	

tracked	 pattern	 on	 the	 antenna.	 These	 errors	 were	 not	 systematic	 errors	 and	 they	 are	

accounted	for	in	the	confidence	intervals.		

Second,	 there	 were	 errors	 resulting	 from	 the	 models	 not	 oscillating	 only	 in	 pure	 heave-

constrained	motion.	Thus,	 small-amplitude	motions	 in	other	degrees	of	 freedom	could	be	

observed.	However,	the	influence	this	had	on	the	vertical	displacement	was	in	the	order	of	

tenths	 of	 a	 millimetre.	 These	 were	 also	 random	 errors,	 as	 the	 non-heave	 displacements	

changed	over	time,	and	they	were	accounted	for	by	drawing	the	confidence	intervals.	 It	 is	

worth	mentioning	that	the	models	were	not	constrained	to	heave	only	as	the	presence	of	a	

constraining	mechanism	would	have	resulted	in	energy	losses	as	well.		

Third,	a	source	of	systematic	error	could	have	been	the	angle	between	the	camera	lens	and	

the	 antenna	 of	 the	models	 as	 different	models	 were	 installed	 in	 the	 tank.	 However,	 the	

good	 agreement	 between	 different	 installations,	 and	 experimental	 scenarios	 and	 results,	

shows	that	this	interference	was	not	significant.		

Fourth,	 the	 initial	 displacement	was	 not	 always	 exactly	 at	 the	 same	 level	 as	 desired.	 The	

errors	were	in	the	order	of	a	few	millimetres.	

Lastly,	 the	 softening	 of	 the	 spring,	 due	 to	 usage,	 could	 have	 given	 a	 relatively	 systematic	

error	(random	overall,	but	systematic	for	a	single	set	of	runs),	but	calibration	measurements	

of	the	spring	before,	during	and	after	the	experiments	did	not	show	any	significant	changes	

in	stiffness.			

Results	

In	 this	 section,	 the	 results	 for	 experiments	 performed	 when	 the	 models	 were	 fully	

submerged,	with	a	distance	of	40	mm	between	the	top	of	the	model	and	the	surface	of	the	

water	will	be	presented.	Later,	experiments	with	models	piercing	the	surface	will	be	shown.	
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The	 initial	 displacement	 was	 40	 mm	 in	 both	 cases.	 The	 results	 were	 processed	 using	

MATLAB	and	were	also	manually	verified.	It	is	mentioned	that	running	these	experiments	at	

different	submergence	depths	or	changing	the	initial	displacement	amplitude	in	the	order	of	

tens	 of	 mm	 could	 not	 produce	 results	 that	 were	 statistically	 different	 from	 the	 results	

presented	in	the	following	sections.	This	suggests	that	a	maximum	variation	in	these	factors	

of	20	mm,	which	was	the	maximum	allowed	by	available	facilities,	did	not	have	any	major	

impact	 on	 the	 results.	 This	 is	 already	 an	 important	 finding	 and	 useful	 as	 a	 guideline	 for	

future	 testing	 if	 these	 effects	 need	 to	 be	 studied.	 It	 is	 also	 worth	 re-iterating	 that	 this	

investigation	is	focused	on	the	variation	in	damping	with	uni-dimensional	size	change.	The	

nonlinearities	in	damping	experienced	by	each	model	as	their	displacements	and	velocities	

change	(with	the	decay	of	their	amplitude	of	motion)	are	acknowledged,	but	not	separately	

investigated.	

To	get	non-dimensional	parameters,	 the	dimensional	 values	were	divided	by	 the	depth	of	

the	tank	(0.8	m).		

The	resulting	non-dimensional	diameters	are	0.034;	0.041;	0.053;	0.060;	0.075	with	a	model	

length	of	0.437	for	the	fully	submerged	systems.	Their	non-dimensional	submergence	depth	

was	0.05.	The	surface	piercing	models	were	situated	0.313	under	water	and	0.125	above	the	

water	surface.		

The	initial	displacement	has	the	non-dimensional	value	of	0.05.		

The	damping	constant	becomes	non-dimensional	by	dividing	it	with	the	free-decay	angular	

frequency,	thus	obtaining	the	(non-dimensional)	damping	ratio,	using	equation	2.66.	

Since	 this	 study	 focuses	 on	 the	 trends	 of	 the	 damping	 as	 a	 function	 of	 size	 change,	

dimensional	values	will	be	used	for	spatial	parameters,	with	the	note	that	these	trends	are	

perfectly	conserved	when	using	the	non-dimensional	parameters	mentioned	above	as	well.	

In	addition,	where	strong	nonlinearity	is	found,	the	results	are	also	compared	with	the	(non-

dimensional)	 Keulegan-Carpenter	 and	 Froude	 numbers	 that	 represent	 the	 runs	 matching	

closest	with	the	statistically	significant	averages.		
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Fully	submerged	systems	

Table	3.7	contains	experimental	values	obtained	related	to	the	period	and	frequency	of	the	

systems.	The	period	T	of	the	oscillations	could	be	measured	directly,	while	the	frequency	f	

and	angular	frequency	𝜔	were	calculated	afterwards.	Four	decimal	digit	precision	was	used	

for	the	calculations	and	the	results	in	this	table	have	been	rounded	off	to	three	digits.	

No.	 D	[m]	 	 T	[s]	 f	[Hz]	 𝜔	[rad/s]	

1 0.027 

Av	 0.193 

5.181 32.555 SD	 0.011 

ME	 0.004 

2 0.033 

Av	 0.257 

3.891 24.448 SD	 0.011 

ME	 0.004 

3 0.042 

Av	 0.295 

3.390 21.299 SD	 0.010 

ME	 0.004 

4 0.048 

Av	 0.327 

3.058 19.214 SD	 0.007 

ME	 0.003 

5 0.060 

Av	 0.410 

2.439 15.325 SD	 0.012 

ME	 0.005 

D	 –	 diameter;	Av.–	mean;	SD	 –	 standard	 deviation;	ME	 –	margin	 of	 error	 for	 the	 95%	 confidence	
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interval;	T	–	period;	f	–	frequency;	𝜔	–	angular	frequency	

table	3.7	-	parameters	for	fully	submerged	experiments	

Re!	calculated	for	these	experiments	were	 in	the	range	of	2.1− 2.4 × 10!.	 Instantaneous	

Re	 was	 in	 the	 range	 of	 1.0− 1.9 × 10!.	 This	 regime	 represents	 sub-criticality	 and	 a	

boundary	 layer	 along	 the	 surface	 of	 the	 cylinder	 that	 is	 laminar	 until	 separation	 at	 the	

trailing	edge	[150].	

The	 particular	 cases	 for	 each	 of	 the	 different	 diameter	models	 are	 presented	 in	 the	 next	

paragraphs.	 The	 results	 for	 each	 diameter	 will	 be	 shown	 separately	 only	 for	 the	 fully	

submerged	 results,	 for	 brevity.	 The	methodology	 used	 for	 the	 rest	 of	 the	 experiments	 is	

similar.	Thus,	 for	other	experimental	scenarios,	 the	results	are	presented	for	all	models	at	

once.		
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27	mm	diameter		

For	the	27	mm	diameter	model,	an	example	of	oscillations	recorded	can	be	seen	in	the	next	

figure	(3.8).	It	shows	the	displacement	of	the	model	as	a	function	of	time.	

	

figure	3.8	-	oscillating	decay	of	the	27	mm	system	

Next,	 in	order	to	extract	the	damping	constant	𝛿	and	the	damping	ratio	𝜁,	an	exponential	

decay	curve	was	fitted	to	the	peaks.	More	information	about	this	method	can	be	found	in	

the	 damping	 ratio	 extraction	 method	 subsection	 (2.7.C).	 The	 match	 between	 the	

exponential	decay	curve	and	the	peaks	can	be	seen	in	figure	3.9.		
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figure	3.9	-	exponential	decay	curve	over	peaks	from	figure	3.8	

The	damping	ratio	was	calculated	from	this	graph	by	taking	into	consideration	the	measured	

information	 from	 table	 3.7.	 As	 a	 reminder,	 the	 decay	 curve	 has	 the	 expression	 from	

equation	2.65.	

Putting	this	together,	the	specific	information	for	the	first	model	can	be	found	in	the	table	

below	(3.10).	It	was	gathered	after	30	experimental	runs	and	the	table	shows	the	margin	of	

error	for	the	95%	confidence	interval.	The	values	for	the	damping	constants	and	ratios	were	

calculated	with	four	decimal	place	precision	and	represent	an	average.	Thus,	the	margins	of	

error	must	be	considered	when	interpreting	the	meaning	of	these	values.		
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D [m]	 	 𝛿	[rad/s]	 𝜁	 𝜔	[rad/s]	

0.027 

Av.	 2.0139 0.0619 

32.555 SD	 0.1938 0.0059 

ME	 0.0694 0.0021 

D	 –	 diameter;	Av.–	mean;	SD	 –	 standard	 deviation;	ME	 –	margin	 of	 error	 for	 the	 95%	 confidence	

interval;	𝛿	–	damping	constant;	𝜁	–	damping	ratio;	𝜔	–	angular	frequency	

table	3.10	-	27	mm	model	characteristics	

Next,	 based	 on	 this	 statistically	 quantified	 damping	 constant	 𝛿,	 the	 decay	 curve	 for	 this	

model	can	be	seen	in	the	next	figure,	3.11,	showing		

𝑧(𝑥) = 𝑒!!.!"#$!		.																																															(3.22)	

This	stems	from	equation	2.65.	In	this	case,	the	constant	𝑐!	is	considered	to	be	unity	to	ease	

the	comparison	between	multiple	systems.	 In	practice,	the	constant	 is	extracted	using	the	

initial	conditions	of	the	problem.	This	value	for	𝑐!	will	be	used	for	all	decay	curves	shown	in	

this	current	work.	
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figure	3.11	-	exponential	decay	for	the	27	mm	model,	using	the	statistically	quantified	decay	constant	
𝛿	

33	mm	diameter		

In	the	next	figure,	3.12,	there	is	an	example	of	a	recorded	oscillatory	decay	for	the	33	mm	

diameter	model.	
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figure	3.12	-	oscillatory	decay	for	the	33	mm	model	

Next,	the	exponential	decay	was	fitted	to	the	peaks	with	the	match	being	visible	in	the	next	

graph.		



	 	

																																																																																																																																																																				
107	 	

figure	3.13	-	exponential	decay	curve	over	the	peaks	from	figure	3.12	

The	 damping	 ratio	was	 calculated	 using	 information	 from	 table	 3.7	 and	 the	 above	 graph	

(3.13),	with	the	method	for	extracting	the	damping	ratio	from	subsection	2.7.C.		

The	next	table,	3.14,	contains	the	information	obtained	about	the	33	mm	model,	gathered	

after	31	runs.	

D [m]	 	 𝛿	[rad/s]	 𝜁	 𝜔	[rad/s]	

0.033 

Av.	 1.4187 0.0580 

24.448 SD	 0.0726 0.0030 

ME	 0.0256 0.0010 

D	 –	 diameter;	Av.–	mean;	SD	 –	 standard	 deviation;	ME	 –	margin	 of	 error	 for	 the	 95%	 confidence	

interval;	𝛿	–	damping	constant;	𝜁	–	damping	ratio;	𝜔	–	angular	frequency	

table	3.14	-	33	mm	model	characteristics	

	



	 	

																																																																																																																																																																				
108	 	

Next,	based	on	the	damping	constant	𝛿,	the	decay	curve	for	this	model	can	be	seen	in	the	

next	figure,	3.15,	showing		

𝑧(𝑥) = 𝑒!!.!"#$!		.																																																				(3.23)	

figure	3.15	-	exponential	decay	for	the	33	mm	model	

42	mm	model	

An	 example	of	 the	decaying	motion	of	 the	 42	mm	model	 can	be	 seen	 in	 the	next	 figure,	

3.16.	



	 	

																																																																																																																																																																				
109	 	

figure	3.16	-	example	of	oscillatory	decay	for	the	42	mm	model	

After	fitting	an	exponential	decay	curve	to	the	peaks	from	figure	3.16,	the	exponential	curve	

obtained	can	be	drawn	as	seen	in	figure	3.17.		
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figure	3.17	-	exponential	decay	curve	over	the	peaks	from	figure	3.16	

Next,	the	damping	ratio	was	obtained	by	employing	the	same	extraction	method	as	for	the	

previous	models.		

The	 characteristics	 of	 the	 42	mm	 system	 can	 be	 found	 in	 the	 next	 table	 and	 they	 were	

obtained	after	approximately	30	runs.	

D [m]	 	 𝛿	[rad/s]	 𝜁	 𝜔	[rad/s]	

0.042 

Av.	 1.2655 0.0594 

21.299 SD	 0.1669 0.0078 

ME	 0.0597 0.0028 

D	 –	 diameter;	Av.–	mean;	SD	 –	 standard	 deviation;	ME	 –	margin	 of	 error	 for	 the	 95%	 confidence	

interval;	𝛿	–	damping	constant;	𝜁	–	damping	ratio;	𝜔	–	angular	frequency	

table	3.18	-	42	mm	model	characteristics	
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Next,	based	on	this	damping	constant	𝛿,	the	decay	curve	for	this	model	can	be	seen	in	the	

next	figure,	3.19,	showing		

𝑧(𝑥) = 𝑒!!.!"##!		.																																																							(3.24)	

figure	3.19	-	exponential	decay	for	the	42	mm	model	
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48	mm	model	

Next,	the	48	mm	diameter	model	and	an	example	of	its	decay	can	be	observed	below.	

figure	3.20	-	oscillatory	decay	for	the	48	mm	model	

The	match	between	the	exponential	decay	and	the	peaks	from	the	previous	graph,	3.20,	can	

be	seen	in	the	plot	from	figure	3.21.	
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figure	3.21	-	exponential	decay	curve	over	the	peaks	from	figure	3.20	

The	damping	ratio	was	obtained,	like	in	previous	cases,	using	the	damping	ratio	extraction	

method	from	subsection	2.7.C.	

The	operating	parameters	 for	 the	48	mm	model	were	obtained	after	 31	 runs	 and	 can	be	

seen	in	the	next	table,	3.22.		

D [m]	 	 𝛿	[rad/s]	 𝜁	 𝜔	[rad/s]	

0.048 

Av.	 1.1560 0.0602 

19.214 SD	 0.0875 0.0045 

ME	 0.0308 0.0016 

D	 –	 diameter;	Av.–	mean;	SD	 –	 standard	 deviation;	ME	 –	margin	 of	 error	 for	 the	 95%	 confidence	

interval;	𝛿	–	damping	constant;	𝜁	–	damping	ratio;	𝜔	–	angular	frequency	

table	3.22	-	48	mm	model	characteristics	

Based	on	the	average	damping	constant	𝛿,	the	decay	curve	for	this	model	can	be	seen	in	the	

next	figure,	3.23,	showing		
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𝑧(𝑥) = 𝑒!!.!"#$!		.																																																			(3.25)	

figure	3.23	-	exponential	decay	for	the	48	mm	model	

60	mm	model	

Lastly,	the	data	for	the	60	mm	diameter	model	 is	shown.	First,	an	example	of	 its	decaying	

motion	can	be	drawn	in	the	figure	below,	3.24.	
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figure	3.24	-	decaying	oscillations	for	the	60	mm	model	

In	 the	 next	 figure,	 3.25,	 the	 fitting	 of	 the	 exponential	 decay	 over	 the	 peaks	 from	 the	

previous	graph	can	be	seen.	
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figure	3.25	-	exponential	decay	curve	over	the	peaks	from	figure	3.24	

The	damping	 ratio	was	 once	more	 extracted	 from	 the	 equation	 of	 the	 exponential	 decay	

curve,	using	the	method	mentioned	in	subsection	2.7.C	and	the	information	from	table	3.7.	

The	data	extracted	related	to	the	60	mm	diameter	system	is	visible	in	the	next	table,	3.26.	

The	results	were	found	after	approximately	30	runs.	

D [mm]	 	 𝛿	[rad/s]	 𝜁	 𝜔	[rad/s]	

0.060 

Av.	 1.3002 0.0848 

15.325 SD	 0.0099 0.0065 

ME	 0.0363 0.0024 

D	 –	 diameter;	Av.–	mean;	SD	 –	 standard	 deviation;	ME	 –	margin	 of	 error	 for	 the	 95%	 confidence	

interval;	𝛿	–	damping	constant;	𝜁	–	damping	ratio;	𝜔	–	angular	frequency	

table	3.26	-	60	mm	system	parameters	
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From	 this	 data	 extracted,	 the	 decay	 curve	 seen	 in	 the	 next	 figure,	 3.27,	 could	 be	 traced	

using	the	damping	constant	𝛿	and	having	the	equation		

𝑧(𝑥) = 𝑒!!.!""#!		.																																																						(3.26)	

figure	3.27	-	exponential	decay	for	the	60	mm	model	

After	having	extracted	 this	 information	on	each	model,	 it	 is	 possible	 for	 the	behaviour	of	

these	models	to	be	compared,	in	the	next	paragraphs.		

First,	a	table	containing	the	damping	constant	average	𝛿,	damping	ratio	average	𝜁	and	free-

decay	angular	frequency	𝜔	for	all	models	is	shown	in	the	next	table,	3.28.		
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D [mm]	 𝛿	[rad/s]	 𝜁	 𝜔	[rad/s]	

0.027 2.0139 0.0619 32.555 

0.033 1.4187 0.0580 24.448 

0.042 1.2655 0.0594 21.299 

0.048 1.1560 0.0602 19.214 

0.060 1.3002 0.0848 15.325 

D	–	diameter;	𝛿	–	damping	constant;	𝜁	–	damping	ratio;	𝜔	–	angular	frequency	

table	3.28	-	combined	system	parameters	

The	variation	of	the	angular	frequency	as	a	function	of	the	change	in	diameter	is	shown	in	

the	next	graph,	3.29.	The	variation	in	diameter	shows	the	difference	in	millimetres	between	

the	five	different	models,	starting	from	the	27	mm	model.	 It	 is	worth	mentioning	that	the	

results	should	be	seen	in	the	context	of	sizes	considered	for	these	experiments.	If	using	the	

non-dimensional	 values	 mentioned	 earlier,	 the	 trends	 from	 this	 graph,	 and	 all	 further	

graphs,	are	maintained.	
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figure	3.29	-	variation	in	angular	frequency	compared	to	variation	in	diameter	size;	from	left	to	right,	
the	points	on	the	graph	represent	the	27,	33,	42,	48,	60	mm	diameters	(a	diameter	variation	of	1	was	

arbitrarily	chosen	for	the	smallest	diameter	to	avoid	clutter)	

This	 graph	 shows	 a	 relatively	 smooth	 decrease	 in	 value	 for	 the	 angular	 frequency	 of	 the	

systems,	going	from	32.555	rad/s	for	the	fastest,	smallest	diameter	system,	to	15.325	rad/s	

for	the	slowest,	larger	diameter	one.		

Next,	it	is	possible	to	plot	the	variation	of	the	angular	frequency	𝜔	as	a	function	of	effective	

mass	𝑚!",	in	figure	3.30.	This	mass	was	calculated	using	equation	3.20.		
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figure	3.30	-	variation	in	angular	frequency	𝜔	compared	to	change	in	effective	mass	𝑚!"	

The	 data	 shows	 that	 with	 an	 increase	 in	 diametric	 size	 and	 thus,	 increase	 in	 buoyancy	

(reflected	by	displaced	mass),	 the	 system	experiences	 a	 decrease	 in	 angular	 frequency.	 It	

can	be	seen	that	the	decrease	in	angular	frequency	between	the	27	mm	model	and	the	33	

mm	one	is	considerably	higher	than	the	decrease	in	angular	frequency	between	the	48	mm	

model	and	the	60	mm	model,	even	if	the	variation	in	size	is	twice	as	large	between	the	latter	

two	compared	to	the	former	pair.		

In	 numbers,	 the	 results	 show	 that	 the	 decrease	 in	 angular	 frequency	 between	 the	 two	

smaller	 diameter	 buoys	 is	 approximately	 208%	 higher	 than	 the	 decrease	 in	 angular	

frequency	measured	between	the	largest	two	diameter	models.	

This	is	even	more	interesting	as	it	will	be	shown	later	that,	for	the	case	of	systems	piercing	

the	surface,	this	phenomenon	is	reversed.		

In	the	next	figure,	3.31,	the	decay	curves	for	all	five	systems	are	presented	together.	There	

are	 five	 lines	on	the	graph,	but	the	decay	curves	 for	 the	42	and	60	mm	systems	are	close	

and	 overlapping.	 The	 equation	 for	 these	 curves	 is	 2.65,	 which	 is	 the	 solution	 for	 the	

equation	of	motion	of	these	systems.		
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figure	3.31	-	decay	curves	for	all	five	systems	

From	 this	 graph	 it	 is	 already	 clear	 that	 the	distance	between	 the	 curves	does	not	 change	

linearly	with	 the	 change	 in	diameter.	 This	will	 be	better	 visible	when	 comparing	damping	

constants 𝛿	and	damping	ratios	𝜁,	in	the	next	graphs.		

Thus,	 in	 the	 next	 figure,	 3.32,	 the	 change	 in	 diameter	 and	 its	 influence	 on	 the	 linear	

damping	coefficient	𝛿	can	be	seen,	with	the	95%	confidence	interval	drawn	as	well.		
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figure	3.32	-	damping	constant	𝛿	versus	variation	in	diameter;	from	left	to	right,	the	points	on	the	
graph	represent	the	27,	33,	42,	48,	60	mm	diameters	(a	diameter	variation	of	1	was	arbitrarily	

chosen	for	the	smallest	diameter	to	avoid	clutter)	

This	graph	better	reflects	what	was	mentioned	earlier.		

The	smallest	diameter	system	demonstrates	a	strong	damping	with	a	𝛿	of	2.01±0.07.	Thus	a	

steep	 decay	 curve	 is	 seen	 in	 figure	 3.31.	 This	 can	 be	 explained	 as	 caused	 by	 its	 higher	

velocity,	 thus	enabling	a	more	chaotic	 flow,	reaching	transition	or	even	turbulence	due	to	

the	instability	of	an	oscillatory	regime.	From	this	value	the	damping	constant	𝛿	drops	as	the	

diameter	 increases,	which	 is	counterintuitive.	However,	 the	drop	reaches	a	 trough	 for	 the	

48	 mm	 model	 (𝛿	 =	 1.16±0.03)	 after	 which	 it	 starts	 increasing	 again	 until	 it	 reaches	 a	

diameter	variation	of	1.30±0.04	for	the	highest	diameter	system.		

The	 95%	 confidence	 intervals	 show	 that	 the	 results	 for	 the	 27,	 48	 and	 60	 mm	 models	

mentioned	are	statistically	different	from	each	other.	

In	 the	 next	 graph,	 the	 same	 variation	 in	 diameter	 can	 be	 seen	 as	 an	 influence	 on	 the	

damping	ratio	𝜁.	
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figure	3.33	-	damping	ratio	𝜁	versus	variation	in	diameter;	from	left	to	right,	the	points	on	the	graph	
represent	the	27,	33,	42,	48,	60	mm	diameters	(a	diameter	variation	of	1	was	arbitrarily	chosen	for	

the	smallest	diameter	to	avoid	clutter)	

The	 damping	 ratio	 𝜁	 shows	 the	 ratio	 between	 the	 actual	 damping	 of	 the	 system	 and	 its	

critical	(ideal)	damping.	It	thus	describes	the	nature	of	the	system.	It	is	obtained	by	dividing	

the	damping	constant	𝛿	with	the	angular	frequency	of	the	system	𝜔,	as	it	was	seen	in	the	

damping	ratio	extraction	method	(subsection	2.7.C).	

For	the	above	graph	it	is	obvious	that	a	nonlinear	trend	is	maintained	when	looking	at	the	

damping	 ratio	 as	 well.	 The	 high	 value	 for	 the	 damping	 ratio	 for	 the	 60	 mm	 system	

(𝜁=0.0848±0.0024)	shows	that	this	system	is	closer	to	being	critically	damped	than	the	other	

systems	 that	 are	 considerably	more	 underdamped	 (ranging	 in	 damping	 ratios	 𝜁	 between	

0.0580±0.0010	to	0.0619±0.0021),	while	still	being	considerably	underdamped	itself.		

Although	confidence	 intervals	partially	overlap	for	 the	27,	42	and	48	mm	models,	 they	do	

not	overlap	for	the	27	and	33	mm	models,	the	33	mm	and	60	mm	systems	or	for	the	27	and	

60	mm	models,	for	example.	

It	 is	well	known	that	skin	 friction	and	 form	drag	are	basic	components	of	 the	overall	drag	

damping,	as	was	noted	in	the	hydrodynamics	section	(3.1.1).		
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As	mentioned	in	the	hydrodynamics	section,	skin	friction	is	calculated	as	a	function	of	lateral	

surface	 that	 is	 subjected	 to	 the	 fluid	 flow.	 For	 this	 reason,	 to	 separate	 the	 skin	 friction	

scaling	part	of	the	overall	damping,	a	graph	will	be	shown	which	illustrates	the	variation	of	

the	 linear	 damping	 constant	 𝛿	 as	 a	 function	 of	 the	 sum	 between	 the	 lateral	 and	 frontal	

surfaces	 of	 the	models	 (LS+FS).	 In	 this	 same	 figure,	3.34	 A,	 the	 variation	 of	 the	 damping	

compared	to	the	change	in	lateral	surface	alone	(LS)	will	also	be	shown.		

The	error	bars	are	the	same	for	both	sets,	so	they	were	plotted	just	for	one	set.	

figure	3.34	A	-	damping	constant	𝛿	compared	to	lateral	surface	of	the	models	(LS	–	lateral	surface;	FS		
–	frontal	surface)	

As	can	be	intuitively	understood,	the	distance	between	corresponding	points	in	figure	3.34	

A	 is	 represented	 by	 the	 frontal	 surface	 of	 the	 models,	 which	 is	 a	 function	 of	 diameter	

squared.		

Diameter	squared	is	what	is	used	to	calculate	and	scale	the	form	drag.	Thus,	the	next	graph	

shows	the	variation	of	the	form	drag	compared	to	the	damping	constant	𝛿,	by	plotting	the	

damping	as	a	function	of	frontal	surface.	
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figure	3.34	B	-	damping	constant	𝛿	compared	to	frontal	surface	of	the	models	(FS	–	frontal	surface)	

From	analysing	these	graphs	3.34	A,	3.34	B	and	the	plot	comparing	the	overall	damping	with	

the	change	 in	diameter,	3.32,	 it	 can	be	seen	 that	 the	change	 in	surface	area	and,	 thus,	 in	

drag,	does	not	account	for	the	entire	change	in	damping	of	the	device.		

Since	radiation	damping	is	assumed	to	be	linear,	the	nonlinear	trend	seen	in	this	graph	must	

have	other	sources,	such	as	a	difference	in	oscillatory	flow	regimes	between	models	due	to	

different	velocities.	The	small	diameter	model	(27	mm)	had	a	maximum	average	velocity	of	

approximately	 0.45	m/s,	 while	 the	 48	mm	model	 experienced	 a	 velocity	 25%	 lower.	 The	

largest	 diameter	 system	 saw	 a	 decrease	 in	 velocity	 of	 40.4%	 compared	 to	 the	 27	 mm	

diameter	buoy,	thus	its	velocity	having	the	value	of	approximately	0.27	m/s.		

A	 difference	 in	 flow	 regime	 can	 lead	 to	different	 scenarios	 of	 vortex	 formation,	 breakage	

and	shedding	when	the	flow	reverses,	which	is	specific	to	oscillatory	flow.	More	information	

on	this	can	be	seen	in	the	flow	visualisation	part	of	this	work.	In	addition,	the	faster	velocity	

experienced,	 for	 the	 small	 diameter	 buoy	 (27	 mm),	 means	 a	 stronger	 drag	 damping,	 in	

comparison	with	the	large	diameter	one	(60	mm),	as	shown	in	equations	3.14-3.16.	The	fact	

that	the	variation	in	drag	is	not	the	sole	cause	of	the	trend	of	overall	damping	is	shown	by	

the	non-monotonic	 trend	of	 the	graphs.	Since	the	drag	would	 increase	with	diameter	and	

decrease	 with	 velocity,	 it	 is	 obvious	 that	 vortex	 formation	 and	 shedding	 also	 plays	 an	
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important	role	in	the	damping,	thus	creating	the	plot	trends	presented	earlier.	Also,	this	is	

confirmed	by	the	results	that	will	be	presented	for	the	surface	piercing	systems.	

Thus,	another	 interesting	aspect	 is	 that,	while	 for	smaller	diameter	systems	 (27	–	48	mm)	

the	damping	decreased	with	the	decrease	in	velocity	and	increase	in	diameter,	the	largest	

system	(60	mm)	did	not	experience	the	lowest	damping,	as	a	turning	point	can	be	observed	

at	the	48	mm	model.		

This	 will	 be	 discussed	 more	 in	 the	 later	 subsection	 that	 compares	 fully	 submerged	

experiments	 with	 surface	 piercing	 ones.	 At	 this	 point,	 it	 can	 be	 said	 that	 this	 nonlinear	

change	in	damping	suggests	that	at	a	certain	change	in	diameter	the	damping	effects	that	

are	influenced	by	object	size	(diameter)	–	radiation	damping	–	become	more	predominant	

over	those	that	are	influenced	by	its	velocity	–	vortex	formation	and	shedding	and	boundary	

layer	friction.	This	is	interesting	because	it	shows	how	five	different	laboratory	models	can	

predict	 different	 damping	 regimes	 for	 an	 heaving-buoy	 point	 absorber,	 even	 if	 their	

operation	is	 identical	and	their	size	difference	is	not	large.	Indeed,	the	difference	between	

the	27	mm	model	and	the	60	mm	model	is	33	mm,	however	at	the	48	mm	model	the	trend	

in	 damping	 is	 decreasing,	 while	 the	 60	 mm	 model	 experienced	 more	 damping.	 The	

difference	 in	 size	 between	 the	 48	 mm	 and	 60	 mm	models	 is	 just	 12	 mm.	 Similarly,	 the	

difference	in	damping	between	the	48	and	42	mm	models	is	considerably	smaller	than	that	

between	the	27	mm	model	and	the	33	mm	model.		

If	 there	would	be	a	 linear	 trend	 in	a	graph	plotting	the	damping	constant	versus	the	ratio	

between	 the	 lateral	 surface	 and	 the	 volume	 of	 the	 buoys,	 this	 would	 show	 that	 the	

boundary	 layers	 dominate	 the	 damping.	 However,	 a	 lack	 of	 such	 a	 trend	 can	 be	 seen	 in	

figure	3.35.	This	further	shows	the	importance	of	vortex-related	damping.	
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figure	3.35	-	damping	constant	𝛿	as	a	function	of	ratio	(surface/volume	-	this	ratio	increases	with	a	

decrease	in	buoy	diameter)	

Next,	the	evolution	of	the	damping	ratio	𝜁	 in	comparison	with	the	skin	friction	scaling	can	

also	be	shown,	in	figure	3.36	A.		
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figure	3.36	A	-	damping	ratio	𝜁	compared	to	lateral	surface	of	the	models	(LS	–	lateral	surface;	FS	–	
frontal	surface)	

Lastly,	the	damping	ratio	𝜁	can	be	plotted	versus	the	frontal	surface	(figure	3.36	B),	marking	

the	connection	to	the	form	drag,	as	mentioned	before,	and	versus	the	ratio	of	surface	over	

volume	(figure	3.37).	

figure	3.36	B	-	damping	ratio	𝜁	compared	to	frontal	surface	of	the	models	(FS	–	frontal	surface)	
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figure	3.37	-	damping	ratio	𝜁	as	a	function	of	ratio	(surface/volume	-	this	ratio	increases	with	a	

decrease	in	buoy	diameter)	

By	looking	at	the	damping	ratio	graphs	(3.33,	3.36	A,	3.36	B,	3.37)	it	can	be	seen	that	even	if	

the	 critical	 damping	 𝑐!  of	 the	 system	 constantly	 increases,	 the	 evolution	 of	 the	 actual	

damping	 of	 the	 systems	 𝑐	 has	 a	 non-monotonic	 trend	 with	 the	 increase	 in	 diameter.	 To	

better	explain,	the	expression	for	the	damping	ratio	is	recalled	as	𝜁 = !
!!
  , with	𝑐! = 2 𝑘!𝑚	

(equation	2.56).	

Thus,	since	the	mass	of	the	system	m	increases	with	the	diameter	of	the	models,	𝑚!"	in	this	

case,	 and	 𝑘! ,	 the	 spring	 characteristic,	 is	 constant,	 then	 𝑐! 	 has	 a	 growing	 trend	 as	 the	

diameter	gets	 larger.	 If	the	evolution	of	the	actual	damping	c	of	the	systems	would	match	

the	same	rate	of	 increase	as	 that	of	 the	critical	damping,	 then	 the	curve	 for	 the	damping	

ratio	𝜁	would	have	a	fixed	trend.		

The	fact	that	the	graph	has	a	non-monotonic	trend	shows	that	the	actual	damping	𝑐	has	a	

slower	increase	rate	versus	the	increase	in	critical	damping	or	compared	to	the	increase	in	

diameter	 up	 to	 the	 33	mm	 system,	 after	which	 the	 ratio	 between	 actual	 damping	 c	 and	

critical	damping	𝑐! 	sees	little	variation	for	the	next	models	(33,	42,	48	mm).	However,	when	

looking	at	 the	60	mm	system,	 it	can	be	seen	that	 the	actual	damping	𝑐	of	 the	system	has	
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greatly	increased,	which	is	in	stark	contrast	with	the	downward	trend	between	the	first	two	

models	and	the	trend	for	the	33,	42	and	48	mm	models.		

Since	 strong	 nonlinear	 trends	 were	 found	 for	 these	 systems,	 Kc	 (equation	 2.52)	 and	 Fr	

(equation	 2.51)	 values	were	 calculated	 for	 the	 systems	 to	 confirm	 the	 results.	 They	were	

computed	 for	 the	 oscillations	 best	 representing	 the	 calculated,	 mean	 decay	 rates.	 The	

velocity	amplitudes	used	were	obtained	from	the	downward	motion	of	the	first	oscillation	

of	the	systems.	

Kc	 were	 3.22,	 3.07,	 2.53,	 2.32,	 and	 1.85	 for	 the	 27,	 33,	 42,	 48,	 and	 60	 mm	 models	

respectively.		

Fr	 were	 0.76,	 0.48,	 0.31,	 0.25,	 and	 0.12	 for	 the	 27,	 33,	 42,	 48,	 and	 60	 mm	 models	

respectively.	 These	will	 be	used	 in	 order	 to	 confirm	 the	nonlinear	 trends	observed	 in	 the	

graphs	describing	the	experiments.	

These	plots	can	be	seen	in	figures	3.38-3.41.	
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figure	3.38	-	damping	constant	𝛿	as	a	function	of	Kc;	Kc	increases	with	a	decrease	in	diameter	

figure	3.39	-	damping	constant	𝛿	as	a	function	of	Fr;	Fr	increases	with	a	decrease	in	diameter	
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figure	3.40	-	damping	ratio	𝜁	as	a	function	of	Kc;	Kc	increases	with	a	decrease	in	diameter	

figure	3.41	-	damping	ratio	𝜁	as	a	function	of	Fr	number;	Fr	increases	with	a	decrease	in	diameter	

The	last	graphs	(3.38-3.41)	show	the	same	nonlinear	trends	that	were	mentioned	before.		

In	 the	 next	 few	 paragraphs,	 the	 results	 for	 the	 case	 of	 experiments	 having	 the	 models	

piercing	the	surface	will	be	shown.	
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Surface	piercing	models	

From	this	section	onward,	the	results	will	be	presented	for	all	models	at	the	same	time.	The	

results	were	extracted	using	the	same	method	as	previously	shown	for	each	diameter	in	the	

section	for	fully	submerged	models.			

The	measured	parameters	 for	 the	case	of	 the	experiments	done	with	models	piercing	 the	

surface	(250	mm	underwater,	100	mm	above	the	surface),	excited	with	40	mm	as	an	initial	

displacement,	 are	 available	 in	 table	 3.42.	 The	 damping	 constants 𝛿	 and	 ratios	 𝜁	 were	

extracted	 using	 the	 extraction	method	 for	 the	 damping	 ratio	 that	 was	mentioned	 in	 the	

damping	ratio	extraction	subsection	(2.7.C).		

The	 wavelengths	 were	 once	 more	 calculated	 using	 linear	 wave	 theory,	 as	 a	 function	 of	

period	of	oscillation	 (section	2.4).	They	 ranged	 from	0.09	 to	0.19	m,	corresponding	 to	 the	

different	diameter	models.	The	 time	needed	 for	waves	 to	 reflect	 from	the	 tank	walls	and	

influence	the	experiments	ranged	from	7	to	10	seconds.	The	oscillations	were	recorded	in	a	

shorter	timeframe	(3-5	seconds),	and	thus	the	experiments	were	not	influenced	by	reflected	

waves.		

The	confidence	interval	shown	is	95%.	Over	30	experimental	runs	were	carried	out	for	each	

scenario.	 As	 before,	 the	 periods	 of	 the	 systems	 were	 measured	 accurately	 enough	 that,	

after	over	30	samples	were	collected,	the	confidence	 interval	was	within	the	resolution	of	

the	measuring	equipment.	The	values	for	the	damping	constants	and	ratios	were	calculated	

with	four	decimal	place	precision	and	represent	an	average.	Thus,	the	margins	of	error	must	

be	considered	when	interpreting	the	meaning	of	these	values.		 	
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D [mm]	 	 𝛿	[rad/s]	 𝜁	 𝑇 [s]	 𝑓 [Hz]	 𝜔	[rad/s]	

0.027 

Av.	 1.6738 0.0639 0.240 

4.167 26.180 SD	 0.1295 0.0049 0.012 

ME	 0.0456 0.0017 0.004 

0.033 

Av.	 1.3221 0.0515 0.245 

4.082 25.646 SD	 0.0938 0.0037 0.016 

ME	 0.0341 0.0013 0.006 

0.042 

Av.	 1.0655 0.0441 0.260 

3.846 24.166 SD	 0.0409 0.0017 0.012 

ME	 0.0140 0.0006 0.004 

0.048 

Av.	 0.8889 0.0423 0.299 

3.344 21.014 SD	 0.0405 0.0019 0.004 

ME	 0.0127 0.0006 0.002 

0.060 

Av.	 0.7019 0.0387 0.346 

2.890 18.159 SD	 0.0276 0.0015 0.009 

ME	 0.0090 0.0005 0.003 

D	 –	 diameter;	 𝛿	 –	 damping	 constant;	 𝜁	 –	 damping	 ratio;	 T	 –	 period;	 f	 –	 frequency;	𝜔	 –	 angular	

frequency;	Av.–	mean;	SD	–	standard	deviation;	ME	–	margin	of	error	for	the	95%	confidence	interval	

figure	3.42	-	operating	characteristics	for	surface-piercing	systems	

The	Re!	number	calculated	for	these	experiments	was	in	the	range	of	3.3− 3.6 × 10!,	thus	

showing	a	similar	regime	to	that	of	the	fully	submerged	experiments.	
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In	 the	 next	 graph,	 3.43,	 the	 variation	 of	 the	 free-decay	 angular	 frequency	 is	 shown	 as	 a	

function	of	diameter.		

figure	3.43	-	variation	of	angular	frequency	versus	change	in	diameter;	from	left	to	right,	the	points	
on	the	graph	represent	the	27,	33,	42,	48,	60	mm	diameters	(a	diameter	variation	of	1	was	arbitrarily	

chosen	for	the	smallest	diameter	to	avoid	clutter)	

In	figure	3.43,	it	is	interesting	to	see	that,	in	the	case	of	surface	piercing	models,	the	change	

in	free-decay	angular	 frequency	between	the	smallest	diameter	system	of	27	mm	and	the	

33	mm	system	is	approximately	82.3%	lower	than	the	decrease	 in	 frequency	between	the	

largest	diameter	system	and	the	48	mm	system.	Already,	 it	can	be	recalled	that	this	 is	the	

opposite	of	the	case	for	the	fully	submerged	system.	The	direct	comparison	will	be	shown	

later	on.	

The	angular	frequency	𝜔,	as	a	function	of	effective	mass	𝑚!",	can	be	seen	in	figure	3.44.	
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figure	3.44	-	the	variation	of	the	angular	frequency	𝜔	in	relation	to	effective	mass	𝑚!"	

From	the	data	gathered,	the	damping	constant	𝛿	was	extracted.	Next,	by	using	the	damping	

constants	 𝛿,	 the	 decay	 curves	 can	 be	 seen	 in	 figure	 3.45.	 These	 curves	 are	 drawn	 using	

equation	2.65,	as	before.		
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figure	3.45	-	decay	curves	for	all	5	systems	

The	distance	between	the	curves	changes	much	more	linearly	in	this	case	than	for	the	case	

of	the	fully	submerged	systems.	

Next,	 the	 variation	 of	 the	 damping	 constant	 𝛿	 with	 the	 change	 in	 diameter	 is	 shown,	 in	

figure	3.46.		
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figure	3.46	-	variation	of	damping	constant	𝛿	versus	change	in	diameter;	from	left	to	right,	the	points	
on	the	graph	represent	the	27,	33,	42,	48,	60	mm	diameters	(a	diameter	variation	of	1	was	arbitrarily	

chosen	for	the	smallest	diameter	to	avoid	clutter)	

This	variation	is	almost	perfectly	linear.	

Next,	the	variation	in	damping	ratio	𝜁,	as	the	diameter	 is	 increased,	can	be	seen,	 in	 image	

3.47.	Again,	the	variation	aims	towards	linearity,	if	the	confidence	intervals	are	considered.		
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figure	3.47	-	change	in	damping	ratio	𝜁	versus	change	in	diameter;	from	left	to	right,	the	points	on	
the	graph	represent	the	27,	33,	42,	48,	60	mm	diameters	(a	diameter	variation	of	1	was	arbitrarily	

chosen	for	the	smallest	diameter	to	avoid	clutter)	

In	the	next	graph,	3.48	A,	the	variation	of	the	damping	constant	can	be	seen	as	a	function	of		

the	change	in	lateral	surface	area.	As	noted	earlier	(section	3.1.1),	the	lateral	surface	is	the	

key	factor	when	scaling	skin	friction	damping.		
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figure	3.48	A	-	variation	of	the	damping	constant	𝛿	as	a	function	of	surface	(LS	–	lateral	surface;	FS	–	
frontal	surface)	

The	distance	between	the	two	data	sets	presented	in	the	previous	graph	(3.48	A)	is	actually	

the	 frontal	 surface	 area.	 It	 is	 this	 area	 that	 is	 the	main	 component	when	 considering	 the	

scaling	 of	 the	 form	 damping.	 The	 variation	 of	 the	 form	 drag	 versus	 the	 variation	 of	 the	

damping	constant	𝛿	can	be	seen	in	the	next	figure,	3.48	B.	
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figure	3.48	B	-	variation	of	damping	constant	𝛿	as	a	function	of	frontal	surface	FS		

Next,	 the	damping	constant	δ	 is	plotted	against	 the	ratio	between	surface	and	volume,	 in	

figure	3.49.		
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figure	3.49	-	damping	constant	𝛿	as	a	function	of	ratio	(surface/volume	-	this	ratio	increases	with	a	

decrease	in	buoy	diameter)	

In	the	same	way,	figure	3.50	A	shows	the	damping	ratio	𝜁	as	a	function	of	 lateral	surface,	

thus	revealing	the	scaling	of	the	damping	ratio	in	relation	to	skin	friction	scaling.	
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figure	3.50	A	-	damping	ratio	𝜁	versus	surface	area	(LS	–	lateral	surface;	FS	–	frontal	surface)	

To	 see	 the	 form	 drag	 scaling	 more	 clearly,	 the	 frontal	 surface	 area	 is	 used	 to	 plot	 the	

damping	ratio	as	well,	in	figure	3.50	B.	

figure	3.50	B	-	damping	ratio	𝜁	versus	frontal	surface	area	FS		

The	damping	 ratio	 versus	 the	 ratio	between	 lateral	 surface	area	and	volume	 is	plotted	 in	

figure	3.51.		
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figure	3.51	-	damping	ratio	𝜁	as	a	function	of	ratio	(surface/volume	-	this	ratio	increases	with	a	

decrease	in	buoy	diameter)	

These	 last	 few	 graphs	 (3.47-3.51)	 also	 have	 a	 tendency	 towards	 being	 linear	 and	 clearly	

show	a	descending	trend.	

The	contrast	expressed	in	the	variation	of	the	damping	between	operating	the	heaving-buoy	

systems	fully	submerged	or	piercing	the	surface	is	becoming	obvious.	A	comparison	can	now	

be	made.	

Comparison	between	fully	submerged	experiments	and	the	ones	having	the	models	piercing	

the	surface	

In	 this	 section	 a	 look	 will	 be	 taken	 at	 the	 comparative	 evolution	 of	 these	 five	 diameter	

systems	 in	 the	 two	 different	 operating	 scenarios	 –	 fully	 submerged	 (SUB)	 versus	 partially	

submerged	(PAR)	(250	mm	underwater,	100	mm	above	the	water	surface).	

First,	the	linear	relation	between	the	effective	masses	𝑚!"	of	the	two	cases	is	presented	in	

figure	 3.52.	 The	 effective	 mass	 for	 the	 partially	 submerged	 model	 was	 calculated	 by	

adjusting	the	submergence	length,	and,	implicitly,	the	volume,	accordingly.	
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figure	3.52	-	effective	mass	𝑚!"	of	surface	piercing	models	(PAR)	versus	effective	mass	of	models	
fully	submerged	(SUB)	

If	the	angular	frequencies	are	plotted	for	both	cases	(SUB	versus	PAR),	the	graph	trend	is	no	

longer	linear,	as	it	can	be	seen	in	the	next	plot,	3.53.	
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figure	3.53	-	angular	frequency	𝜔	of	surface	piercing	models	(PAR)	versus	angular	frequency	𝜔	of	
models	fully	submerged	(SUB)	

If	the	angular	frequencies	for	both	cases	are	compared	to	the	change	in	diameter,	the	result	

can	be	seen	in	the	next	graph,	3.54.	Recall	that	the	error	in	the	measured	period,	giving	the	

free-decay	angular	frequency	𝜔,	is	negligible.		
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figure	3.54	-	angular	frequency	𝜔	of	surface	piercing	models	(PAR)	and	angular	frequency	𝜔	of	
models	fully	submerged	(SUB)	versus	the	diameter;	from	left	to	right,	the	points	on	the	graph	

represent	the	27,	33,	42,	48,	60	mm	diameters	(a	diameter	variation	of	1	was	arbitrarily	chosen	for	
the	smallest	diameter	to	avoid	clutter)	

In	 this	 figure	 the	 rather	 drastic	 drop	 in	 angular	 frequency	 between	 the	 two	 smallest	

diameter	models	when	fully	submerged	is	obvious.		This	drop	is	not	seen	for	the	case	when	

the	models	are	piercing	the	surface.	This	discrepancy	is	explained	by	the	number	of	profiles	

creating	and	shedding	vortices	for	the	submerged	models	at	all	times.	The	submerged	buoys	

have	two	such	profiles,	compared	to	the	surface	piercing	buoys,	which	have	just	one	square	

profile	 submerged.	 Concurrently,	 the	 submerged	 models	 dislodge	 fluid	 from	 their	 path	

during	both	the	upward	and	downward	motions	of	the	cycle,	while	the	surface	piercing	ones	

displace	fluid	from	their	path	only	during	the	downward	motion	(form	drag).	

Next,	 the	 damping	 constants	 for	 both	 cases	 can	 be	 shown	 against	 each	 other	 to	 better	

emphasize	the	difference	in	linearity	between	the	two	operating	modes	(SUB	versus	PAR).	
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figure	3.55	-	damping	constant	𝛿	comparison	between	the	fully	submerged	(SUB)	and	partially	
submerged	(PAR)	cases	

Obvious	 from	 this	 graph,	 these	 two	 operating	modes	 do	 not	 share	 the	 same	 variation	 in	

damping	as	the	sizes	of	the	machines	are	changed.			

This	 relation	 can	 also	 be	 shown	 by	 plotting	 the	 damping	 constants	 for	 the	 two	 cases	 in	

relation	with	diameter	change,	in	figure	3.56.		
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figure	3.56	-	damping	constant	𝛿	for	fully	submerged	(SUB)	and	partially	submerged	(PAR)	cases	
versus	the	diameter;	from	left	to	right,	the	points	on	the	graph	represent	the	27,	33,	42,	48,	60	mm	

diameters	(a	diameter	variation	of	1	was	arbitrarily	chosen	for	the	smallest	diameter	to	avoid	clutter)	

The	 plot	 in	 figure	 3.56	 shows	well	 that	 the	 overall	 damping	 experienced	 by	 the	 systems	

varies	 in	 opposite	 directions.	 Thus,	 while	 the	 submerged	 systems	 show	 a	 change	 in	

predominant	damping	source,	as	discussed	earlier,	and	 thus	has	a	data	set	with	a	 trough,	

the	 partially	 submerged	 system	 experiences	 a	 continuous	 decrease	 in	 damping	 as	 the	

diameter	is	increased,	following	a	trend	close	to	linearity.		

When	 comparing	 the	 damping	 ratios	 𝜁	 between	 these	 two	modes,	 similar	 results	 can	 be	

observed.		

First,	the	comparison	between	the	damping	ratios	can	be	seen	in	figure	3.57.	
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figure	3.57	-	damping	ratio	𝜁	comparison	between	the	fully	submerged	(SUB)	and	the	partially	
submerged	(PAR)	cases	

Second,	showing	the	damping	ratios	in	the	context	of	diameter	increase,	in	figure	3.58.	

figure	3.58	-	damping	ratio	𝜁	comparison	between	the	fully	submerged	(SUB)	and	the	partially	
submerged	(PAR)	cases	as	a	function	of	diameter;	from	left	to	right,	the	points	on	the	graph	

represent	the	27,	33,	42,	48,	60	mm	diameters	(a	diameter	variation	of	1	was	arbitrarily	chosen	for	
the	smallest	diameter	to	avoid	clutter)	
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In	 this	graph,	 the	confidence	 intervals	overlap	 for	 the	smallest	diameter	models	 (27	mm).	

However,	the	discrepancy	between	modes	of	operation	is	evident	for	the	other	four	sizes.	

Also,	 the	 slopes	 (trends)	 of	 the	 curves	 are	 in	 stark	 contrast,	 reinforcing	 the	 observations	

made	earlier.	Thus,	not	only	is	the	change	in	damping	not	constant,	but	also	the	tendency	to	

increase	or	decrease	is	not	consistent	either,	in	the	case	of	fully	submerged	systems.		

The	 contrast	 in	 behaviour	 between	 submerged	 and	 surface	piercing	 systems	 is	 caused	by	

the	 difference	 in	 damping,	 owing	 to	 the	 models	 from	 the	 two	 scenarios	 experiencing	

different	oscillatory	flow	regimes.		

As	just	noted,	while	a	submerged	system	has	two,	square,	vortex-creating	profiles	in	contact	

with	 the	 fluid,	 at	 all	 times,	 the	 surface	 piercing	 models	 have	 just	 one	 square	 profile	

submerged	 in	 the	 fluid.	The	way	these	profiles	create	 toroidal	vortices	can	be	seen	 in	 the	

flow	visualisation	section	(5.2)	of	this	work.	

In	the	same	way,	for	the	submerged	systems,	there	is	always	a	flat	surface	perpendicular	to	

the	direction	of	travel	and,	thus,	opposing	the	fluid	during	the	motion	of	the	buoys	in	both	

directions,	 as	 the	 oscillatory	motion	 reverses.	 In	 contrast,	 the	 surface	 piercing	models	 do	

not	 need	 to	 displace	 fluid	 from	 their	 path	 when	 traveling	 upward,	 as	 their	 leading,	 flat	

surface	 is	 outside	 the	 fluid	 when	 moving	 in	 the	 upward	 direction.	 This	 difference	 also	

explains	why	 the	 radiation	 damping	 becomes	more	 predominant	 from	 the	 48	mm	model	

onward	for	the	case	of	submerged	models	while	there	is	no	indication	of	a	turning	point	for	

the	surface	piercing	case,	for	the	whole	range	of	diameters	tested	(27-60	mm).		

3.1.2.5]	Conclusions	

After	analysing	the	data	presented,	the	following	conclusions	can	be	drawn.		

First,	it	is	obvious	that	there	is	a	significant	change	in	overall	fluid	damping	as	the	size	of	the	

machines	 is	 varied,	 as	 was	 to	 be	 expected,	 even	 if	 the	 regime	 and	 flow	 conditions	were	

similar	 (shown	by	calculating	Re).	This	was	 the	 first	 comprehensive	study	 focusing	on	 this	

aspect	of	scaling	when	it	came	to	wave-energy	machines.	

The	fluid	damping	experienced	in	these	experiments	was	caused	by	wave	creation	(radiation	

loss),	boundary	layer	friction,	form	drag	and	vortex	formation	and	shedding.	In	the	case	of	

oscillatory	flow,	the	behaviour	of	vortices	is	unique,	as	they	can	shed	and	collapse	at	lower	
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velocities	than	the	Re	suggests	for	unidirectional	flow.	This	is	due	to	unsteady	nature	of	the	

flow	regime,	especially	during	the	deceleration	phase.	This	characteristic	of	oscillating	flow	

enables	the	flow	to	become	transitional	or	turbulent	at	lower	velocities.	

What	was	discovered	which	 is	 significant	 and	 less	obvious,	 is	 that	 the	 change	 in	damping	

with	model	 size	 change	 is	 not	 intuitively	 predictable	 and	does	 not	 follow	 the	 same	 trend	

when	 the	 systems	 are	 fully	 submerged.	 This	 is	 useful	 for	 industry	 applications	 as	 fully	

submerged	buoys	are	often	used	for	heaving-buoy	point	absorber	wave-energy	converters.			

It	could	be	observed	that,	for	a	certain	range	of	diameters,	the	damping	decreased	with	the	

increase	 in	 diameter	 (27,	 33,	 42,	 48	 mm),	 while	 for	 the	 following	 range	 (48,	 60	 mm)	 it	

increased,	as	the	devices	got	larger.		

Thus,	the	variation	in	damping	is	not	linearly	connected	to	the	change	in	diameter	and	the	

variation	of	the	damping	with	diameter	switches	from	decreasing	to	increasing	slopes.		

It	 is	 inferred	 that	 this	 phenomenon	 is	 due	 to	 the	 different	 oscillatory	 flow	 regimes	

experienced	 by	 the	 systems.	 The	 change	 in	 velocities	 experienced	 by	 these	 models,	 as	

mentioned	 in	 section	 3.1.2.4,	meant	 that	 for	 a	 smaller	 diameter	 buoy	 traveling	 at	 higher	

velocities	(0.45	m/s)	the	regime	of	vortex	formation	and	shedding	was	different	compared	

to	the	large	diameter	system,	traveling	at	lower	velocities	(0.27	m/s).	In	addition,	the	drag	

experienced	would	also	be	 influenced	by	this	change	 in	velocity,	along	with	the	change	 in	

size,	which	was	illustrated	in	the	graphs	showing	skin	friction	and	form	drag.	This	could	lead	

to	a	change	in	the	ratio	of	damping	forces	(contributions)	acting	on	the	system.	

The	fact	that	the	smallest	diameter	model	experienced	the	largest	damping,	suggests	that	in	

its	case	the	damping	caused	by	vortex	formation	and	shedding	drag	had	a	more	profound	

effect	on	 it	 than	on	the	 larger	sized	model	which	represented	the	trough	(48	mm)	for	the	

lowest	 damping	 in	 graph	 3.32.	 However,	 this	 tendency	 became	 inversed	 as	 the	 size	 was	

further	 increased	 to	 60	mm	 -	 the	 damping	 started	 to	 become	 larger	with	 the	 increase	 in	

diameter.	The	increase	in	damping	experienced	after	this	trough	suggests	the	presence	of	a	

point	where	the	damping	strictly	related	to	the	size	of	the	model	(skin	friction,	form	drag,	

radiation	damping)	becomes	more	predominant	than	it	had	been	before.	This	conclusion	is	
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based	on	the	notion	that	the	radiation	damping	increases	linearly	with	the	diameter	of	the	

buoy	(as	mentioned	in	section	3.1.1).		

This	behaviour	of	the	fully	submerged	systems	was	in	contrast	with	the	results	obtained	for	

partially	submerged	systems.	These	did	not	show	a	perfectly	 linear	decay	trend	either,	but	

did	 show	 a	 strong	 tendency	 towards	 linearity	 and	 an	 obvious	 trend	 for	 a	 decrease	 in	

damping	as	the	diameter	was	increased	through	the	whole	diameter	range	(27-60	mm).			

Of	 course,	 this	 is	 counterintuitive,	 as	 it	 is	 expected	 for	 the	 damping	 to	 increase	 with	

diameter,	 as	 radiation	 damping,	 skin	 friction,	 and	 form	 drag	 increase	with	 an	 increase	 in	

diameter.		

Since	 the	 largest	 diameter	 system	 was	 the	 one	 to	 show	 the	 strongest	 difference	 in	

behaviour	between	the	case	when	it	was	fully	submerged	and	the	case	when	it	was	piercing	

the	 surface,	 the	 concept	 of	 a	 change	 in	 proportion	 between	 damping	 contributions,	

mentioned	earlier,	is	reinforced.	This	is	because	the	larger	diameter	body	would	experience	

boundary	 layer	 friction	 and	 form	 drag	 in	 both	 directions	 of	 motion	 when	 oscillating	

completely	 underwater,	 while	 experiencing	 form	 drag	 solely	 when	 traveling	 downward	 if	

partially	 submerged.	 In	 addition,	 as	 already	 noted,	 the	 number	 of	 geometrical	 profiles	

creating	vortices	would	be	two	for	the	case	of	submerged	buoys	(at	all	times),	and	only	one	

for	the	surface	piercing	ones	(at	all	times).	

It	is	inferred	that	this	difference	was	enough	to	cause	the	damping	for	the	largest	model	to	

be	 higher	 than	 the	 damping	 experienced	 by	 some	 smaller	 diameter	 systems	 when	 fully	

submerged,	and	lower	than	all	its	counterparts	when	partially	submerged.		

It	must	also	be	mentioned	that	since	the	partially	submerged	bodies	experienced	less	fluid	

damping,	their	velocities	could	be	higher.	It	is	thus	rational	to	assume	there	might	be	a	point	

in	diameter	increase	after	which	the	damping	of	these	surface-piercing	systems	would	also	

start	increasing	with	the	increase	in	diameter,	opposite	to	the	decreasing	tendency	shown	in	

the	results	section	(3.1.2.4).	

The	 impact	 of	 these	 findings	 affects	 all	 phases	of	wave-power	machine	developments,	 as	

mentioned	below.		
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1. Laboratory	 testing	 on	 the	 60	 mm	model	 fully	 submerged	 would	 yield	 completely	

different	damping	results	than	when	running	the	exact	same	experiments	with	a	48	

mm	model.	Not	only	that,	but	these	differences	would	not	be	of	the	same	nature	as	

when	running	two	models	of	 lower	diameter	than	48	mm.	Thus,	the	predictions	of	

the	 damping	 based	 on	 experiments	 like	 these	 can	 be	 inaccurate.	 Experiments	

submerged	or	surface	piercing	would	yield	different	trends	too.		

It	 was	 also	 found	 that	 running	 experiments	 with	 small	 variations	 in	 submergence	

depth	 and	 excitation	 displacement	 (40-20	mm)	 did	 not	 yield	 statistically	 different	

results.	Thus,	when	wanting	to	test	these	aspects,	this	should	be	considered.		

2. In	 the	 same	 way,	 using	 a	 model	 of	 a	 certain	 size	 in	 the	 laboratory	 might	 show	

different	 damping	 contributions	 to	 a	 full	 size	 machine.	 Obviously,	 this	 is	 to	 be	

expected	due	to	the	difference	in	Re.	However,	it	was	shown	that	running	a	pair	of	

laboratory	 experiments	 over	 a	 particular	 size	 range	 can	 show	 an	 increase	 in	

damping,	while	running	a	pair	of	laboratory	experiments	over	another	size	range	will	

show	a	decrease	in	damping.	Thus,	applying	the	observations	from	the	laboratory	to	

real	size	machines	may	be	problematic.		

3. Lastly,	 real	 ocean	 machines	 operate	 at	 different	 Re	 and	 in	 different	 conditions.	

However,	it	can	be	asked	if	the	switch	in	damping	slopes	which	was	observed	in	the	

results,	 is	also	present,	 in	 some	form,	 for	 full	 size	devices	 too.	 If	 there	 is	a	 specific	

size	 for	 prototype	machines	 for	 which	 the	 damping	 contributions	 change	 and	 the	

increase	 in	machine	 size	 does	 not	 yield	 the	 same	 change	 in	 damping	 as	 the	 exact	

same	increase	for	other	sizes,	even	if	the	sizes	are	similar	to	each	other.		

The	 experiments	 conducted	 in	 this	 section	 (3.1)	 showed	 that	 the	 overall	 damping	

experienced	 by	 heaving-buoys	 (radiation,	 boundary	 layer	 friction,	 form	 drag,	 vortex	

formation	and	shedding)	does	not	exhibit	the	same	tendency	in	its	variation	when	the	size	

of	 the	machines	 is	modified.	For	 some	range	of	 sizes,	 the	damping	was	seen	 to	decrease,	

while	 for	 the	other	 range	 in	size,	 it	 increased.	However,	 this	 result	was	not	visible	 for	 the	

same	models	when	they	were	operated	piercing	the	surface.		

The	explanation	 for	 this	 (which	will	be	proven	 in	 the	 flow	visualisation	study,	section	5)	 is	

that	 the	proportion	between	viscous	and	 inertial	 forces	 is	changed	as	 the	regime	changes	

between	 laminar	 and	 transitional/turbulent.	 Furthermore,	 the	 alternation	 between	 flow	
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directions,	 which	 is	 specific	 to	 oscillatory	 conditions,	 leads	 to	 flow	 separation	 and	 the	

formation	 of	 vortices,	 especially	 before	 and	 during	 the	 change	 of	 direction.	 The	 effect	 of	

these	vortices	on	the	drag	on	the	body	need	not	scale	linearly	with	diameter.	This	adds	to	

the	 complexity	 that	 would	 normally	 be	 presented	 in	 the	 case	 of	 a	 uni-directional,	

turbulent/transitional	flow.	 	
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3.2]	Two-system	array	of	heaving-buoy	point	absorbers		

3.2.1]	Damping	in	the	context	of	hydrodynamics	and	resonance	of	arrays	

	
figure	3.59	-	heaving-buoy	array	[151]	

As	stated	in	previous	sections,	the	opportunity	of	having	point	absorbers	operating	in	arrays	

(figure	 3.59)	 is	 of	 great	 interest.	 This	 is	 an	 effective	 way	 of	 increasing	 wave-power	

absorption	 [33-37],	 by	 increasing	 the	 number	 of	 devices,	 and	 of	 changing	 the	 resonant	

frequency	of	the	whole	system	[152],	thus	making	it	possible	to	better	tune	the	devices	to	

the	incoming	wave	frequency.	Operating	a	device	at	resonance	is	a	highly	desirable	way	of	

increasing	the	power	output	of	a	wave-energy	converter.		

In	the	case	of	a	simple	array	comprised	of	systems	of	heaving-buoy	energy	absorbers,	 the	

important	parameters	that	need	to	be	considered,	apart	from	the	aspects	mentioned	in	the	

case	of	a	single	device,	are	the	shape	and	size	of	 the	array	 (linear,	 rectangular,	 triangular,	

circular	etc.)	and	the	separation	distance	between	individual	devices.		

When	 several	 systems	 of	 converters	 operate	 together	 in	 an	 array,	 the	 behaviour	 of	 the	

system	 from	 the	 array	 is	 changed	 compared	 to	 that	 of	 an	 isolated	 device,	 due	 to	 three	

reasons.		

First,	because	the	waves	that	pass	a	single	machine	get	scattered	if	the	machine	size	is	large	

enough.	Often,	this	scattering	problem	can	be	ignored,	because	the	machines	are	point-like	

compared	to	the	wavelength.		
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Second,	 because	 when	 waves	 hit	 the	 structure	 of	 a	 single	 machine	 within	 the	 array	

(considered	stationary	and	sealed	in	this	case)	the	phenomenon	of	wave	reflection	appears.		

Third,	as	 it	was	shown	in	other	sections	(2.7,	3.1.1),	because	a	wave-energy	device	usually	

loses	energy	through	wave	radiation.	This	means	that	 the	device	 itself	creates	waves	as	 it	

operates,	and	these	waves,	which	are	different	from	the	reflected	waves,	transfer	energy	to	

other	machines	in	the	array.		

The	 composed	 effect	 of	 these	 newly	 created	waves,	 especially	 that	 of	 radiated	waves,	 is	

then	 transmitted	 to	 the	other	devices	 in	 the	array.	Obviously,	 since	an	array	has	 identical	

devices	these	effects	are	transmitted	from	one	device	to	another,	in	an	interconnected	way.	

For	 this	 reason	 the	 behaviour	 of	 the	 machines	 within	 the	 array	 no	 longer	 matches	 the	

behaviour	of	machines	running	in	isolation.	The	behaviour	can	either	improve	the	efficiency,	

when	the	interaction	is	called	constructive,	or	it	can	depreciate	power	extraction,	in	which	

case	the	interaction	is	called	destructive.	

In	this	context,	it	is	of	interest	to	study	the	same	aspects	that	were	presented	for	the	single	

wave-energy	 converter	 system,	which	 is	 the	 variation	of	 the	damping	experienced	by	 the	

machines	in	an	array	as	the	size	of	the	individual	machines	is	changed.	The	effect	of	having	

these	 converters	 in	 an	 array	 suggests	 that	 the	 scaling	 of	 the	 damping	 might	 be	 either	

different	 or	 similar	 to	 that	 of	 individual	 devices,	 depending	 on	 the	 characteristics	 of	 the	

interaction.	 This	 is	 worth	 investigating,	 as	 it	 can	 be	 useful	 in	 the	 three	 aspects	 of	 wave-

energy	converter	development	that	were	also	mentioned	for	the	case	of	the	single	system	–	

the	design	and	 theoretical	modelling	of	 a	 farm	of	devices,	 the	 laboratory	 testing	of	 these	

arrays	in	small-scale	form,	and	the	scaling	up	of	laboratory	array	models	to	full-size	farms	of	

prototypes.	 Not	 only	 that,	 but	 the	 proper	 scaling	 of	 the	 damping	 means	 an	 accurate	

prediction	of	forces	and	energy	efficiency,	even	when	simply	changing	the	size	of	a	device	in	

a	model	array	or	in	a	full-size	prototype	farm.	

The	way	 in	which	 theoretical	modelling	 ignores	 certain	 aspects	 of	 physical	 phenomena	 is	

similar	 to	 that	 which	 was	 shown	 in	 the	 single	 heaving-buoy	 case,	 along	 with	 the	 scaling	

issues	mentioned	in	the	scaling	subsection	(2.7.B)	of	this	work.	This	is	why	the	focus	of	this		

current	section	is	just	the	interaction	between	different	machines.		



	 	

																																																																																																																																																																				
158	 	

Starting	 with	 equation	 3.1,	 which	 represents	 the	 governing	 equation	 for	 a	 single	 body,	

oscillating	buoy	point	absorber,	the	equation	of	motion	for	a	simple	array	comprised	of	two	

buoys	can	be	written	as	follows	[34]		

𝑴𝒃 + 𝝁! 𝒁+ 𝑹𝝎𝒁+ 𝑲𝑯 +𝑲𝑨 𝒁 = 𝒇𝒆𝒙𝝎 − 𝐵!"#𝒁− 𝐾!"#𝒁  .																		(3.27)	

Although	this	equation	is	similar	to	the	one	written	for	a	single	point	absorber,	the	presence	

of	another	system	is	marked	within	the	radiation	damping	matrix	𝑹𝝎	and	within	the	mass	

and	 added-mass	 matrices,	 𝑴𝒃	 and	 𝝁!,	 respectively.	 In	 addition	 𝒇𝒆𝒙𝝎represents	 the	

excitation	 force	 resulting	 from	 the	 combined	 effect	 of	 incident	 wave	 field	 and	 diffracted	

wave	field	by	the	array. 	

If	 we	 define	 a	 custom	 interaction	 factor	 𝑞!! 	 [34],	 (not	 identical	 to	 the	 interaction	 factor	

mentioned	by	Budal	–	q	–	[30])	as		

𝑞!! =
!!!
!!!
  ,																																																																			(3.28)	

with	𝑃!!	 representing	 the	 power	 output	 of	 the	 i-th	 body	 in	 the	 array	 and	𝑃!!	 being	 the	

power	output	of	an	isolated,	single	device,	it	can	be	understood	from	existing	literature	[34]	

that	the	individual	components	of	an	array	can	interact	with	each	other	in	a	positive	manner	

when	𝑞!!>1	and	in	a	negative/destructive	way	when	𝑞!!<1.	Thus,	it	is	obvious	that	for	some	

cases	a	device	operating	in	a	farm	can	output	more	energy	than	if	it	were	isolated	and	vice-

versa.		

If	we	keep	the	definition	of	the	q	factor	given	by	Budal	[30],		

𝑞 = !!!
!  !!!

  ,																																																																			(3.29)	

as	 the	ratio	between	the	maximum	power	 that	may	be	absorbed	by	an	array,	𝑃!! ,	 to	 the	

maximum	 power	 available	 from	 the	 same	 number	 (N)	 of	 isolated	 machines,	 𝑃!!,	 from	

previous	research	[153,	154]	it	is	clear	that	it	is	possible	to	obtain	q>1.		

Finally,	 combining	 these	 interpretations,	when	q>1,	more	power	 is	 yielded	by	 an	 array	of	

devices,	thanks	to	their	constructive	 interaction,	than	from	the	same	number	of	 individual	



	 	

																																																																																																																																																																				
159	 	

machines	operating	in	isolation,	and	when	𝑞!!>1,	a	single	system	operates	more	efficiently	

in	an	array	than	by	itself.	Hence	the	use	of	arrays	proves	logical.		

The	 statement	 above	 can	 also	 be	 seen	 illustrated	 in	 studies	 that	 directly	 compare	 the	

behaviour	of	a	single,	larger,	machine	with	that	of	an	array	[155],	coming	to	the	conclusion	

that	using	the	same	quantity	of	material	to	build	several	machines	to	be	used	in	an	array	is	

more	efficient	than	building	a	larger	single	device	(calculations	done	for	a	buoy	oscillator).		

The	increase	in	power	caused	by	the	positive	interaction	between	single	components	within	

the	array	 is	 the	 combined	and	 interactive	 result	of	 the	 three	main	phenomena	 that	were	

enumerated	before:		

Firstly,	 as	 the	 incident	wave	 train	 reaches	 the	 device	 considered	within	 the	 array,	 it	 gets	

scattered.	 Secondly,	 that	 same	 device,	 which	 is	 now	 excited,	 creates	 waves	 of	 its	 own,	

radiated	waves.	Thirdly,	a	portion	of	the	energy	that	was	within	the	wave	is	extracted	by	the	

considered	device	 through	 the	power	 take-off	 system.	 In	addition,	 the	energy	 radiated	by	

other	excited	devices	from	the	array,	gets	transferred	to	the	device	considered.		[35].		

When	 it	 comes	 to	 scattering,	 earlier	 studies	 introduced	 the	 concept	of	point-absorbers	 in	

order	to	simplify	calculations	by	neglecting	scattering.	This	meant	that	a	machine	had	to	be	

sufficiently	 small	 compared	 to	 the	wavelength	 so	 that	 the	 scattering	 of	waves	 due	 to	 its	

presence	could	be	neglected	[30,	153,	154,	156].		

However,	 in	 later	 research	 it	 was	 discovered	 that	 the	 mere	 presence	 of	 an	 oscillating	

cylinder,	even	if	relatively	small	in	length	compared	to	the	water	depth,	caused	a	scattering	

of	the	waves	of	the	same	order	of	magnitude	as	a	vertical	pile	of	the	same	radius	that	had	

the	same	length	as	the	water	depth	in	that	location.	In	the	same	research	it	was	shown	that,	

if	 Bragg	 resonance	 occurs	 (for	 𝑘𝑒 = 𝑛!π,	 with	 e	 being	 the	 separation	 distance	 between	

devices	 and	 𝑛! 	 an	 integer),	 the	 scattering	 is	 very	 strong	 [157].	 Furthermore,	 studies	 on	

cylinders	at	rest	in	the	ocean	also	showed	that	the	scattering	of	waves	must	be	taken	into	

consideration	 when	 the	 array	 devices	 are	 close	 together	 [104,	 158,	 159].	 Thus,	

comprehensive	work	has	 been	done	when	 scattering	was	 accounted	 for	 as	well	 [36,	 157,	

160],	focusing	on	aspects	that	will	be	mentioned	in	the	paragraphs	below.		
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In	 the	 case	 of	 radiated	 waves,	 by	 writing	 equation	 3.4,	 it	 was	 shown	 that	 the	 laws	 that	

govern	 the	 behaviour	 of	 one	 single	 point	 absorber	 also	 incorporate	 the	 component	𝐵! ,	

which	represents	the	spread	of	energy	by	the	movement	of	a	device.	This	energy,	quantified	

in	equation	3.10,	 is	transferred	in	the	form	of	radiated	waves.	These	radiated	waves	travel	

from	 one	 device	 to	 another	 and,	 thus,	 influence	 the	 behaviour	 of	 the	 whole	 array.	 This	

influence	 is	 greatly	dependent	on	 the	distance	between	 two	 systems	 (devices)	within	 the	

array.	

In	 the	 existing	 literature,	 one	 of	 the	 main	 objectives	 has	 been	 the	 optimisation	 of	 this	

distance	 between	 devices	within	 an	 array	 (the	 spacing)	 [35,	 152,	 157]	 in	 order	 to	 obtain	

maximum	power	 output.	 Since	 one	 floating	machine	 can	 absorb	maximum	power	 from	a	

length	of	1/k	of	 the	 incoming	wave	 train,	 it	was	established	 that	 the	optimum	separation	

distance	 is	1/k	 [157].	However,	 it	 is	acknowledged	that	engineering	requirements	(such	as	

the	array	having	a	shared	power	take-off)	might	have	the	devices	operating	closer	together	

and	thus	there	is	room	for	research	on	closely	spaced	arrays	[37,	152].		

Another	focus	of	existing	research,	combining	all	the	three	phenomena	mentioned	earlier,	

was	 the	 configuration	 of	 the	 arrays,	 studying	 what	 layout	 would	 be	 better	 suited	 for	

maximum	power	extraction.	Arrays	formed	of	devices	in	a	row,	triangle	and	square	pattern	

have	 been	 considered.	 For	 a	 changing	 directionality	 of	 the	 incoming	 wave	 front,	 the	

triangular	 configuration	 was	 found	 to	 be	 optimum	 as	mentioned	 by	 Babarit,	 Andres	 and	

others	[22,	161].	

Numerous	other	papers	have	been	written	on	the	possibility	and	future	need	for	oscillating	

buoy	devices	to	be	arranged	in	arrays	[31,	32,	162,	163].		

It	 is	 also	 noted	 that	most	 of	 the	 research	 done	 around	 this	 topic	 has	 been	 numerical	 or	

analytical	with	little	or	no	experimental	backing.	However,	one	experimental	study	started	

in	2013	at	Ghent	University	 in	Belgium	needs	mentioning,	 featuring	25	 systems	within	an	

array,	focusing	on	wave	conditions	and	fixed	device	geometry.		

By	analysing	the	existing	literature	and	putting	it	together	with	the	experiments	mentioned	

related	to	a	single	system,	heaving-buoy,	the	same	gap	in	the	literature	can	be	observed	as	

for	a	single	device.		
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First,	 there	 is	 no	 specific	 research	 that	 concentrates	 on	 the	modification	 of	 the	 damping	

regime	 as	 the	 geometry	 (size)	 of	 the	 systems	 is	 changed,	 as	 heaving-buoy	 systems	 are	

concentrated	in	an	array.	

Second,	there	 is	no	specific	attention	given	to	the	change	in	overall	array	behaviour	when	

the	natural,	 internal	damping	of	each	 specific	device	 changes	with	 the	variation	of	device	

size.	Thus,	the	experiments	from	the	following	section	focus	on	these	aspects	that	have	not	

been	investigated	before.		

3.2.2]	Experimental	research		

3.2.2.1]	Introduction	and	justification	

As	described	in	the	literature	review	subsection	(3.2.1),	operating	wave-energy	converters	in	

arrays	 is	 a	 useful	 technique	 of	 increasing	 overall	 power	 absorption.	 In	 addition	 to	 this,	 it	

could	 also	 provide	 a	 way	 of	 tuning	 the	 frequency	 response	 of	 the	 whole	 array	 to	 the	

predominant	frequency	of	the	incoming	wave	train,	thus	increasing	efficiency.	

After	conducting	the	experiments	that	saw	a	single-system	point	absorber	(represented	by	a	

floating	 cylinder	 attached	 to	 a	 spring)	 operating	 in	 isolation	 in	 the	 single-system	 section	

(3.1),	 it	 was	 confirmed	 that	 scaling	 devices	 from	 one	 size	 to	 another	 could	 prove	

problematic,	 especially	 in	 conditions	 where	 the	 geometric	 similarity	 cannot	 be	 perfectly	

maintained,	and	due	to	the	change	in	flow	regimes	as	the	conditions	changed	from	laminar	

to	transient/turbulent,	all	within	a	reciprocating	motion.		

It	also	became	evident	that	since	the	evolution	of	 the	damping	did	not	 follow	 linearly	 the	

change	 in	 geometry	 (diameter	 of	 devices),	 especially	 for	 submerged	 devices,	 a	 straight-

forward	 approach	 to	 system-size	 tweaking	 and	 redesign	 could	 not	 be	 implemented,	 not	

even	when	it	comes	to	small	changes	relating	to	experimental	test	units.	

To	reiterate,	the	three	cases,	where	this	discrepancy	in	scaling	of	the	damping	impacts	the	

results	of	testing	and	operation,	are	laboratory	testing	of	different	sized	models,	scaling	of	

systems	 from	 model	 to	 large-size	 devices	 and	 changing	 the	 size	 of	 already	 designed	 or	

commissioned	sea-operating	devices.	
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It	thus	becomes	obvious	that,	in	order	to	realise	the	option	of	using	converters	in	an	array,	

these	 findings	 have	 to	 be	 taken	 into	 account,	 as	 a	 good	 understanding	 of	 individual	

behaviour	is	important	when	aiming	to	integrate	devices	in	an	array.		

In	 addition	 to	 this,	when	operating	 in	 an	 array,	 the	 radiated	 energy	 coming	 from	devices	

found	in	the	proximity	of	a	single	point	absorber	impacts	its	behaviour.	The	radiated	energy	

is	 a	 function	 of	 diameter,	 as	 mentioned	 in	 section	 3.1.1,	 and	 thus	 a	 stronger	 array	

interaction	would	 require	 the	 use	 of	 larger	 diameter	models.	 This	 is	 another	 reason	why	

industry	 operation	 of	 wave-power	 machines	 could	 see	 the	 requirement	 of	 changing	 the	

diameter	of	converters,	while	keeping	other	dimensions	constant,	aside	from	requirements	

related	to	available	space,	water	depth	etc.		

For	 this	 reason,	 a	 better	 understanding	 of	 the	 interaction	 between	 point-absorbers	

operating	 in	 such	arrays	 is	needed.	Unlike	 research	 that	has	been	done	before,	 this	 study	

focuses	 on	 an	 understanding	 of	 the	 variation	 in	 overall,	 natural	 damping	 as	 the	 models	

within	the	array	change	size	uni-dimensionally.	As	stated	before,	uni-dimensional	scaling	is	

used	 when	 space	 constraints	 cannot	 allow	 for	 the	 geometric	 similarity	 to	 be	 kept	 in	 all	

dimensions.	Moreover,	in	the	present	work	it	has	the	advantage	of	systematically	analysing	

different	aspects	of	the	physics.	

As	 mentioned	 in	 the	 literature	 review	 section	 (3.2.1),	 most	 of	 the	 excellent	 research	

conducted	so	far	on	arrays	is	focused	on	different	factors	that	influence	the	behaviour	of	an	

array	 or	 describe	 its	 performance,	 such	 as	 the	 separation	 distance	 between	 two	 systems	

within	the	array,	the	shape	of	the	array	itself	(circular,	triangular,	linear),	the	placement	of	

arrays	 compared	 to	 the	depth	of	 the	water,	 the	directionality	of	 the	 incoming	waves,	 the	

interaction	factor,	the	size	of	arrays	compared	to	the	driving	wave	 lengths	and	other	such	

characteristics.	Thus,	as	mentioned	previously,	the	same	gap	in	the	literature,	which	applies	

to	single,	 isolated	point	absorbers,	 is	also	present	when	studying	arrays	of	several	systems	

of	point	absorber	wave-energy	converters.		

For	this	reason,	a	study	to	investigate	if	the	findings	related	to	single-system	point	absorbers	

would	still	hold	true,	when	it	came	to	small-scale	arrays,	had	to	be	conducted.	It	would	be	

the	only	way	to	show	if	there	is	a	clear	influence	of	the	interaction	forces	found	within	an	

array	on	the	nonlinearity	in	damping	scaling	discovered	earlier	for	isolated	systems.		
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These	experimental	 results	would	 thus	expose	 the	nature	of	 the	variation	of	 the	damping	

within	an	array	when	the	size	of	 the	 individual	 systems	that	 form	the	array	 is	varied.	This	

would	prove	important	not	only	in	the	three	categories	of	usage	mentioned	earlier,	but	also	

when	 determining	 the	 feasibility	 of	 laboratory	 testing	 of	 small	 arrays	 using	 small	 model	

devices.	To	describe	further	the	last	point	in	the	previous	sentence,	the	experiments	would	

be	able	 to	show	the	difference	 (or	 lack	of)	between	 the	behaviour	of	a	 single,	 small-scale	

system	and	the	behaviour	of	a	small	size	array	composed	of	such	small-scale	systems.	This	

difference	is	vital	when	determining	what	small-scale	tests	are	appropriate	for	tank-testing	

of	array	laboratory	models.		

Thus,	to	sum	up	the	goals	of	the	two-system	array	experiment	in	six	points:	

1) enabling	an	accurate	prediction	of	the	damping	experienced	by	different	small-scale	

models	of	different	sizes	operated	in	arrays	during	laboratory	testing	–	for	instance,	

when	designing	different	sized	laboratory-models	for	tank	testing	of	array	efficiency;	

	

2) showing	the	change	of	behaviour	of	a	single	system	point	absorber	when	operated	

individually	in	laboratory	testing	versus	operating	in	a	two-system,	small-size	array;	

	

3) investigating	 the	existence,	 for	 a	 small-scale	 array,	 of	 a	 highly	 nonlinear	 change	 in	

damping	experienced	by	arrays	of	point	absorbers	when	the	scale	transition	between	

laboratory	models	and	industry-size	(prototype-scale)	machines	is	made;	

	

4) acknowledging	the	 importance	of	 the	difference	between	scaling	the	damping	of	a	

single-system	 laboratory	 model	 to	 prototype	 size	 versus	 the	 case	 of	 scaling	 the	

damping	of	the	same	system	that	is	operated	in	an	array;	

	

5) highlighting	the	presence	of	a	nonlinear	damping	behaviour	which	is	to	be	expected	

in	the	case	of	large-scale	devices	if	their	geometry	is	changed	in	size	–	for	example,	

increasing	the	size	of	an	already	commissioned	floating	point-absorber	with	the	goal	

of	increasing	energy	absorption;	
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6) giving	 insight	 on	 the	 difference	 in	 damping	 scaling	 between	 resizing	 a	 single	

prototype-size	point	absorber	versus	scaling	the	damping	when	resizing	a	prototype-

size	point	absorber	that	is	part	of	an	array.		

As	 it	was	also	stated	in	the	single-system	case,	providing	the	information	on	the	scaling	of	

the	 damping	 outlined	 in	 the	 points	 above	 will	 enable	 researchers	 and	 industry	 to	 better	

design,	 manufacture	 and	 optimise	 their	 use	 of	 wave-energy	 converters	 in	 general,	 thus	

furthering	the	process	of	implementing	wave-energy	extraction	as	a	consolidated	method	of	

powering	modern	society.	

To	 satisfy	 these	 six	 goals,	 free-decay	 experiments	 similar	 to	 those	 done	 with	 isolated	

systems	 were	 designed	 and	 performed	 on	 arrays	 consisting	 of	 oscillating	 two-system	

heaving-buoy	point-absorbers,	showing	the	interaction	phenomena	between	the	individual	

systems	 and	 also	 its	 effect	 on	 the	 scaling	 of	 the	 damping	 of	 these	 devices.	 Thus,	 the	

operating	regimes	of	the	systems	within	the	arrays	could	be	compared	with	the	behaviour	

of	 the	 same	 systems	 when	 they	 were	 operated	 in	 isolation	 and	 experiments	 were	

conducted	to	enable	this	comparison.		

	In	 order	 to	 further	 develop	 the	 understanding	 of	 the	 damping	 experienced	 by	 these	

machines	when	operated	in	arrays,	the	models	involved	in	the	experiment	were	constrained	

to	interact	with	each	other	only	by	means	of	wave	radiation.	Thus,	by	observing	the	natural	

decay	of	 the	system,	 the	problems	of	 incident	wave	scattering	and	power	 take-off	energy	

absorption,	that	were	mentioned	in	the	previous	section	(3.2.1),	could	be	eliminated,	giving	

a	better	control	over	the	experiment.	Also,	the	equation	of	motion	(3.27)	could	be	simplified	

by	removing	the	wave	excitation	term,	𝑓!"!,	since	there	was	no	incoming	wave	excitation	of	

the	system.		

In	 addition,	 by	 varying	 the	 depth	 at	 which	 the	 systems	 were	 installed,	 the	 change	 in	

interaction	caused	by	different	wave	 radiation	 regimes	could	be	observed.	As	a	 first	 step,	

different	 submergence	 depths	 for	 completely	 submerged	 models	 were	 tried	 out	 in	 the	

range	that	is	feasible	for	small-scale	laboratory	testing	(order	of	tens	of	mm).	Next,	the	case	

when	 the	 systems	 were	 piercing	 the	 surface	 was	 looked	 at.	 The	 difference	 between	

operating	the	systems	completely	underwater	versus	when	they	were	operated	piercing	the	

surface	proved	extremely	interesting	to	investigate.		
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The	 distance	 between	 the	 two	 individual	 systems	 that	 formed	 an	 array	 was	 kept	 as	 a	

constant	 function	 of	 their	 diameter	 in	 order	 to	 not	 introduce	 another	 variable,	 as	 wave	

radiation	 is	a	direct	 function	of	 the	diameter	of	 the	model.	Thus,	 the	models	were	always	

one	 diameter	 apart	 and	 experiments	 were	 always	 run	 in	 matching	 pairs	 of	 the	 same	

diameter.	

The	basic	principle	of	the	experiments	was	to	displace	the	modelled	point	absorber	systems	

(of	 the	 same	diameter)	 a	 certain	 distance	 from	 the	 zero	 reference	 point	 and	 then	 record	

their	free	decay	until	they	became	stationary,	under	the	effect	of	a	restoration	force.		

This	was	done	in	two	distinctive	manners	–	a)	when	the	bodies	were	displaced	and	released	

together	at	 the	same	time	and	b)	when	one	system	was	stationary	while	only	 the	second	

one	was	excited.	These	experiments	were	repeated	as	other	parameters	were	varied.		

The	parameters	 that	were	varied	during	 the	course	of	 these	experiments	were	 the	wave-

energy	converter	model	geometry	(five	different	diameters),	the	initial	excitation	amplitude	

(three	different	values)	and	the	submergence	depth	of	the	systems	(completely	submerged,	

at	different	depths,	but	also	piercing	the	surface).	

Translated	into	physical	terms,	the	aim	of	the	experiments	was	to	

• obtain	information	on	the	free-decay	angular	frequency	and	free-decay	amplitude	of	

each	buoy	diameter,	for	each	submergence	depth	and	for	each	initial	displacement	

value	as	they	operated	in	an	array,		

• use	 the	 previous	 point	 to	 get	 a	 clear	 qualitative	 relation	 between	 the	 diameter	

(relative	mass)	of	the	buoys	and	the	damping	forces	experienced	as	they	operated	in	

an	array	(illustrated	by	the	linear	damping	coefficient	(damping	constant),	damping	

ratio,	damping	components	etc.),	

• show	the	influence,	if	feasible,	of	different	initial	excitation	amplitudes	and	different	

submergence	depths	on	the	above	mentioned	parameters,	

• gather	 information	 on	 the	 free-decay	 angular	 frequency	 for	 each	 buoy	 (array	

component)	 diameter	 and	 excitation	 amplitude,	 thus	 confirming	 or	 refuting	 the	

results	from	the	isolated	system	experiments,	
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• find	 the	 influence	 of	 different	 initial	 excitation	 amplitudes/different	 submergence	

depths	on	the	above	mentioned	parameters,	as	the	modes	of	operation	changed	–	

the	case	where	the	systems	were	both	excited	compared	to	the	one	where	just	one	

was	excited	and	the	other	was	left	stationary.	

The	information	collected	from	these	points	will	then	be	summed	up	to	draw	conclusions,	

relating	to	the	variation	of	the	linear	damping	coefficient	(damping	constant)	and	damping	

ratio,	as	the	diameter	of	the	models	 is	changed,	thus	 illustrating	the	relation	between	the	

damping	 of	 each	 converter	 model	 and	 the	 respective	 diameter	 of	 the	 device.	 This	 is	

following	 the	 analysis	 process	 of	 the	 first	 series	 of	 experiments.	 In	 addition,	 these	

experiments	 will	 provide	 the	 same	 valuable	 insight	 into	 the	 nonlinearity	 of	 the	 damping	

scaling	when	it	comes	to	the	operation	of	these	absorbers	in	an	array	of	two	systems.	Lastly,	

the	 difference	 between	 different	 operation	 modes	 will	 become	 obvious	 as	 well.	 The	

importance	of	understanding	these	aspects	was	described	earlier.		

3.2.2.2]	Model	design,	planning	rationale	and	experimental	setup	

A)	The	point	absorber	system	

In	 the	 case	 of	 the	 array	 experiments,	 the	 following	 decisions	 were	 taken	 related	 to	

experimental	parameters,	decisions	 that	are	 similar	 to	 those	 taken	 in	 the	 case	of	 isolated	

systems.		

For	the	first	part	of	the	experiments,	the	added	mass	needed	to	be	dependent	only	on	the	

diameter,	 so	 for	 one	 set	 of	 experiments	 the	 buoys	 were	 completely	 submerged,	 as	 the	

added	 mass	 would	 have	 changed	 if	 the	 size	 of	 the	 wetted	 surfaces	 had	 been	 time	

dependent.		

The	system	models	were	submerged	at	40,	30,	20	mm	and	displaced	with	40,	30,	20	mm,	

respectively.	 The	 displacement	 values	 were	 carefully	 chosen	 in	 order	 to	 not	 plastically	

deform	the	spring,	while	also	providing	a	sufficient	number	of	oscillations	in	order	to	be	able	

to	draw	the	exponential	decay	curves.		

As	 just	 mentioned,	 one	 given	 parameter	 was	 the	 stiffness	 of	 the	 spring	 and	 this	 was	

experimentally	 confirmed	 by	 suspending	 different	 weights	 to	 the	 spring	 and	 drawing	 its	
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force	 versus	 deformation	 curve,	 thus	 yielding	 its	 constant.	 As	 in	 the	 case	 of	 the	 single-

system	 experiments,	 the	 same	 precautions	 were	 taken	 to	 ensure	 the	 spring	 had	 not	

deformed	plastically.	 The	 springs	 used	were	 identical	 to	 those	 used	 for	 the	 single-system	

experiments.	

Next,	 in	 order	 to	 see	 a	 different	 behaviour	when	 it	 came	 to	 radiated	waves	 transmitting	

energy	from	one	device	to	another	and	 influencing	the	behaviour	of	the	device	next	to	 it,	

experiments	 have	 also	 been	 performed	with	 the	 bodies	 only	 partially	 submerged.	 In	 this	

case,	100	mm	of	the	cylindrical	length	of	the	models	was	above	the	surface	of	the	water	and	

250	mm	were	underwater.	

Since	only	 the	diameter	had	 to	be	varied,	 the	point	absorber	models	had	 the	exact	 same	

shape	and	length	in	all	cases	of	the	experiments,	due	to	the	reasons	that	were	explained	in	

the	single-system	experiment	description.	

Next,	 for	 the	 skin-friction	 drag	 coefficient	 to	 be	 the	 same,	 the	 surface	 roughness	 of	 the	

models	 needed	 to	be	 the	 same	or	 similar	 and	 thus	 they	were	manufactured	of	 the	 same	

material.	 In	 addition,	 to	 aggravate	 the	 form	 drag,	 the	 ends	 of	 the	 cylinders	 were	 not	

streamlined,	but	kept	at	a	right	angle.		

Using	the	information	provided	above	and	the	simplified	equations	of	motion	mentioned	in	

earlier	sections	(equations	3.4,	3.27),	with	𝑓!"#representing	the	spring	restoration	force	and	

fluid	 damping,	 𝑓!"!	 being	 nil	 (since	 it	 is	 a	 free	 decay	 test),	 the	 feasibility	 of	 using	 the	

different	 diameter	 cylindrical	 systems	 used	 for	 the	 previous	 experiment	 was	 confirmed,	

making	sure	that	the	frequency	would	be	adequate	compared	to	the	tank	size,	measuring	

equipment	 characteristics	 and,	 depth	 of	 the	 pool,	 given	 the	 fact	 that	 in	 this	 case	 two	

systems	had	to	be	accommodated	in	the	same	tank.	

Thus,	 to	 summarize,	 the	point	 absorber	models	were	 fabricated	using	PVC	pipe	 closed	 at	

both	ends	with	waterproof	plastic	disks	(as	previously	seen	in	figure	3.2).	The	tubes	chosen	

had	 an	 approximate	 absolute	 surface	 roughness	 coefficient	 of	 0.0015	 mm	 and	 the	

consistency	in	diameter	was	confirmed	after	fitting	the	plastic	disks	at	the	end	of	the	tubes.	

Five	different	diameter	models	were	used	 in	 the	experiment	–	27,	33,	42,	48	and	60	mm,	

while	the	length	was	kept	constant	at	350	mm.		
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The	power	take-off	system, 𝑓!"#,	was	simulated	using	a	spring,	providing	a	restoring	force,	

working	in	conjunction	with	the	fluid	damping	acting	on	the	model.		

The	 systems	 consisting	 of	 a	 certain	 diameter	model	 and	 the	 spring	 were	 connected	 and	

fixed	to	the	bottom	using	braided	 line	(the	 line	mentioned	 in	subsection	3.1.2.2).	This	 line	

had	 the	 benefit	 of	 not	 stretching,	 thus	 not	 introducing	 extra	 elasticity	 or	 plasticity	 to	 the	

system.		

The	 same	O-ring	 skeleton,	 which	was	mentioned	 for	 the	 single	 system	 experiments,	 was	

used	to	secure	each	of	the	systems	to	the	bottom.		

B)	The	point	absorber	array	

In	order	to	simulate	an	array,	two	point	absorber	systems,	as	those	described	in	sub-section	

A,	were	used	together.		

For	 each	 parametric	 condition,	 the	 systems	 were	 identical	 to	 each	 other	 and	 were	 only	

changed	as	a	pair.	Thus,	 for	each	case,	 the	diameters	of	 the	 two	systems	were	 the	same,	

with	the	distance	between	the	systems	kept	as	one-diameter	length.		

A	rough	sketch	of	this	experimental	setup	and	the	placement	within	the	tank	can	be	seen	in	

figure	3.60.	
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figure	3.60	-	top	-	two	systems	in	an	array	experimental	setup;	bottom	-	placement	within	tank		

C)	The	tank	
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The	same	commercially	available	6.71	x	3.66	x	1.32	m	water	tank	was	used	(made	out	of	a	

flexible	lining	suspended	on	a	steel	frame)	as	in	the	case	of	the	single-system	experiments.		

The	 tank	had	 to	be	moved	and	 reinstalled	 in	a	new	 location	and	 the	necessary	 structures	

meant	 to	 hold	 the	 experimental	 components,	 measurement	 equipment	 etc.	 were	

redesigned,	 reconstructed	 and	 assembled.	 	 A	 photo	 of	 the	 new	 experimental	 tank	

installation	and	part	of	 the	experimental	 setup,	before	 the	excitation	system,	camera	and	

other	elements	were	installed,	can	be	seen	in	figures	3.61-3.63.		

The	tank	was	filled	with	water	that	was	0.8	m	deep,	this	meaning	that	the	wavelengths	were	

small	enough	 for	 the	experiment	 to	have	a	 ratio	of	depth	 to	wavelength	of	more	 than	½,	

thus	falling	into	the	deep	water	regime	as	mentioned	in	the	linear	wave	theory	from	section	

(2.4).		
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figure	3.61	-	partial	experimental	setup	

	
figure	3.62	-	partial	experimental	setup	
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figure	3.63	-	partial	experimental	setup	

D)	Measurement	equipment	

After	running	the	first	category	of	experiments,	for	the	single-system	point	absorber,	it	was	

concluded	 that,	 even	 though	 using	 a	 video	 camera	 for	 recording	 the	 movement	 of	 the	

systems	had	its	drawbacks,	such	as	the	need	for	accurate	lighting	(due	to	the	interference	

from	light	reflections),	the	need	for	proper	levelling	of	the	support	frame	etc.,	it	was	overall	

a	 viable	method	 of	 tracking	 the	 oscillations	 of	 the	 systems.	Methods	 of	 dealing	with	 the	

drawbacks	of	using	video	footage	will	be	presented	in	later	paragraphs.	

Thus,	 as	 for	 the	 experiments	 from	 the	 single-system	 section	 (3.1),	 the	 behaviour	 of	 the	

systems	within	the	array	was	recorded	with	a	high-speed	video	camera	–	a	Sony	HDR-AS15	

waterproof	action	camera	–	being	able	to	shoot	720p	video	at	120	frames	per	second.		

As	 in	 the	 case	 of	 the	 single-system	 experiments,	 the	 cylindrical	 models	 had	 lightweight	

antennas	 attached	 to	 them.	 These	antennas	had	a	 coloured	 indicator	on	 their	 top,	which	

allowed	for	the	tracking	software	to	identify	it	in	the	video	frame	and,	thus,	track	the	free-

decay	of	the	system.		

The	 videos	 were	 processed	 into	 numerical	 time-series	 data	 by	 a	 video	 analysis	 and	

modelling	software	called	Tracker.	The	version	used	was	4.83,	developed	by	D.	Brown	on	an	

Open	Source	Physics	(OSP)	Java	framework.	
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As	a	side	note,	an	 issue	 that	was	observed	with	 the	video-camera	measuring	method	and	

how	it	was	tackled	will	be	briefly	mentioned.		

Since	 the	 two	 systems	 were	 placed	 at	 different	 heights	 (due	 to	 testing	 different	

submergence	 scenarios	 –	 completely	 submerged	 and	 piercing	 the	 surface),	 it	 was	

problematic	having	the	same	background	behind	the	antennas	that	were	being	tracked.	

Thus,	due	 to	 the	 variation	 in	background	 colour,	 the	 video	 tracking	 software	would	often	

skip	to	other	elements	in	the	experimental	area,	instead	of	tracking	the	coloured	indicator	

at	the	top	of	the	antennas.		

Three	 possible	 solutions	 were	 investigated	 for	 fixing	 this	 –	 mounting	 the	 camera	 on	 a	

flexible	support	frame	that	would	slide	vertically;	installing	a	custom	background	behind	the	

models	and	their	antennas;	or	editing	the	videos	after	the	completion	of	the	experiments.	

The	 first	 two	 methods	 did	 not	 prove	 to	 be	 a	 viable	 solution,	 as	 the	 camera	 had	 to	 be	

stationary	and,	 thus,	 the	structure	holding	 it	had	to	be	permanently	 fixed	to	 the	 frame.	A	

viable	workaround	would	have	been	to	build	a	hybrid	mount	for	the	camera,	but	that	would	

have	been	very	time	consuming.	Then,	installing	a	custom	background	would	have	blocked	

the	only	light	source	from	the	room,	which	was	fixed.	

Since	the	space	where	the	tank	was	installed	could	be	used	only	temporarily,	it	was	decided	

that	 this	 problem	would	have	 to	be	 fixed	with	 software	editing,	 instead	of	 occupying	 the	

available	time	installing	different	light	sources,	building	different	camera	mounts	or	setting	

up	a	solid	background	pane	behind	the	models.	

Thus,	 the	 videos	 had	 to	 undergo	 a	 mixture	 of	 colour,	 contrast,	 saturation	 and	 exposure	

alteration	as	seen	 in	 figure	3.64	 (showing	a	 frame	before	being	modified),	and	 figure	3.65	

(showing	 the	 same	 frame	 after	 it	 had	 been	 edited).	 This	 was	 not	 needed	 for	 the	 single-

system	experiments	as	the	previous	installation-location	for	the	tank	assured	better	lighting	

facilities.		
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figure	3.64	-	two	different	diameter	buoys,	one	submerged,	one	partially	submerged	-	original	video	

capture	

	
figure	3.65	-	colour-adjusted	video	capture		

To	compensate	for	the	relatively	large	distance	between	the	two	colour	indicators	at	the	top	

of	 the	antennas	 (that	can	be	seen	between	 the	 two	cases	 shown	 in	 figure	3.64),	 the	high	
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contrast	seen	in	the	area	highlighted	with	an	oval	in	figure	3.65	was	used	instead.	Thus,	that	

area	 of	 high	 contrast	 was	 tracked	 instead	 of	 the	 coloured	 indicators	 at	 the	 top	 of	 the	

antennas.		

The	consistency	between	tracking	the	coloured	antenna	indicators	and	the	area	of	contrast	

was	extremely	good,	as	it	can	be	seen	in	the	following	graph,	3.66.	Thus,	although	it	was	a	

very	time	consuming	process	to	adjust	each	video,	 it	proved	effective	and	allowed	for	the	

time	 the	 space	 was	 available	 to	 be	 spent	 on	 performing	 experimental	 runs	 and	 not	 on	

additional	tasks.	

figure	3.66	-	accordance	between	tracking	the	antenna	and	tracking	the	black/white	contrast	border	

E)	Overall	setup	

The	setup	for	the	two	system	point	absorber	array	was	similar	to	that	used	for	single-system	

experiments,	as	follows.	

The	 systems	were	 fixed	 in	 the	middle	of	 the	 tank,	approximately	1.71	m	 from	the	closest	

edges.	This	assured	that	the	data	could	be	recorded	before	the	effect	of	tank	wall	reflection	

influenced	 the	 experiment.	 The	model	 wave-energy	 converters	 were	 allowed	 to	 oscillate	

naturally	as	any	constraint	would	have	resulted	 in	some	energy	being	 lost	due	to	guiding-

mechanism	friction	etc.	
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There	were	no	structures	inside	the	water	that	would	influence	the	experimental	behaviour,	

and	calibration	rulers	for	the	camera	were	placed	within	the	shooting	frame.		

All	the	experiments	mentioned	below,	were	performed	a	sufficient	number	of	times	to	yield	

statistically	significant	results	(typically	over	30	runs).	Based	on	the	observed	repeatability,	

the	number	of	analysed	videos	could	then	be	reduced.		

For	each	video	the	measurement	system	was	calibrated	and	the	still	water	conditions	were	

checked	by	looking	at	the	background	wave	“noise”	in	the	videos	(already	shown	in	figure	

3.6).	 As	 mentioned	 in	 the	 case	 of	 single	 systems,	 the	 settling	 time	 required	 was	

approximately	0.5-4	minutes.	

3.2.2.3]	Experimental	procedure	and	method	

In	 order	 to	 set	 off	 the	 experiments,	 the	 following	 method	 was	 used,	 which	 was	 also	

described	for	the	single-system	heaving-buoy	experiment.		

First,	 the	 main	 excitation	 cable	 seen	 in	 figure	 3.60	 would	 be	 fixed,	 held	 stationary	 by	 a	

clamp.	 This	 would	 hold	 the	 experimental	 model	 or	 models	 (depending	 on	 the	 type	 of	

experiment)	at	the	required	displacement,	measured	from	the	reference	position.		

To	 start	 the	 experiments,	 a	weight	 that	was	placed	on	 a	 small	 platform	above	 the	 clamp	

would	be	allowed	to	free-fall	over	the	clamp	holding	the	main	excitation	cable,	thus	opening	

the	 clamp	 and	 releasing	 the	 cable.	 This	 would	 cause	 the	 system/or	 systems	 to	 start	 the	

oscillations.		

When	this	method	was	used	for	two	systems,	the	excitation	cables	from	both	of	the	systems	

were	connected	together.	Then,	they	were	passed	through	a	low	friction	ring	and	this	ring	

was	 tied	 to	 the	main	excitation	cable.	This	was	done	so	 that	 the	 tension	 in	 the	excitation	

cables	 going	 to	 each	 respective	 system	 would	 be	 the	 same	 and	 hence	 ensure	 the	 same	

initial	displacement	conditions.	

The	 consistency	 of	 this	 method	 was	 tested	 by	 looking	 at	 the	 experimentally-recorded	

oscillations	 from	 the	 decay	 plots.	 In	 the	 graphs	 presented	 it	 could	 be	 observed	 that	 the	

slope	 from	 the	 start	 of	 the	 curves	 is	 relatively	 constant	 between	 different	 experimental	

runs.	 This	 shows	 that	 they	 were	 released	 in	 a	 consistent	 manner	 at	 the	 start	 of	 the	
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experiments.		To	save	space,	these	types	of	graphs	are	not	shown	for	arrays,	but	the	single	

point	absorber	section	(3.1)	can	be	checked	for	reference.	

The	 experiments	 for	 the	 two-system	 point	 absorber	 were	 performed	 following	 the	 steps	

outlined	in	the	next	paragraphs.		

These	steps	are	identical	for	both	the	case	when	the	models	were	completely	submerged	as	

well	as	the	case	when	they	were	piercing	the	surface.	

As	mentioned	earlier,	for	each	configuration	shown	below,	the	experiments	were	repeated	

over	30	times.	

The	experiments	for	two-system	arrays	were	divided	into	two	categories,	as	follows	

• experiments	that	had	both	systems	excited	at	the	same	time		

and		

• experiments	where	one	system	was	excited	and	the	other	one	was	free	(stationary),	

left	to	oscillate	solely	due	to	waves	being	radiated	by	the	excited	system.		

Within	these	two	different	excitation	methods,	the	following	steps	were	followed	for	each	

of	these	two	cases.	

1. A	given	pair	of	systems	–	specific	body	diameter	connected	to	a	spring	–	was	submerged	

to	a	desired	submergence	depth	from	the	surface	and	fixed	to	the	weight	at	the	bottom	

of	the	tank	using	the	ring	skeleton	described	earlier.	They	were	one	diameter	apart	and	

had	the	same	diameter.	

	

2. Then,	in	the	case	of	simultaneous	excitation,	the	systems	were	both	excited	with	a	given	

displacement.	 In	 the	 second	 case,	 only	 one	 system	 was	 excited	 while	 the	 other	 one	

remained	free.	Then,	the	free	decay	of	the	excited	system	was	recorded	with	the	video	

camera.	

	

3. After	 the	 still	 water	 state	 was	 reached	 once	 again,	 the	 excitation	 displacement	 was	

changed	and	the	experiment	repeated.		
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The	steps	above	were	repeated	until	the	desired	initial	displacement	(amplitude)	range	

was	exhausted.	

	

4. The	submergence	depth	was	changed	and	the	experiment	was	repeated.		

	

Steps	 1-4	 were	 repeated	 until	 the	 desired	 submergence	 depth	 range	 was	 exhausted,	

including	the	case	for	when	the	models	were	piercing	the	surface.		

	

5. Next,	 the	 converter	model	 array	was	 replaced	with	 one	 containing	 different	 diameter	

systems.	

	

Steps	1-5	were	repeated	for	all	model	diameters.		

3.2.2.4]	 Scaling	effects.	 Results	 and	discussion.	 Comparison	with	 single-mode	

of	operation	

Appreciated	 help	 with	 the	 data	 analysis	 was	 given	 by	 Latifa	 Nasrin,	 who,	 during	 a	 one-month	

internship,	analysed	approximately	1/15th	of	the	videos.	

The	results	for	the	case	of	operating	heaving-buoy	point	absorber	models	 in	a	two-system	

configuration	 will	 be	 presented	 below.	 They	 were	 processed	 using	 MATLAB	 and	 verified	

manually,	as	in	the	case	of	single-system	experiments.	As	mentioned	earlier,	the	individual	

experimental	 cases	will	 not	 be	 presented	 separately	 for	 each	 particular	 case,	 as	 it	would	

occupy	too	much	space.		

For	this	reason,	the	results	will	be	shown	in	the	context	of	comparisons	between	different	

operating	modes	including	the	case	of	running	a	system	in	isolation.		

Thus,	 the	 same	 conclusions	 that	 were	 drawn	 for	 the	 single-system	 case	 will	 be	 further	

reinforced	or	refuted	by	observing	the	trends	when	operating	systems	in	an	array,	alongside	

other	findings	that	are	strictly	related	to	array	operation.		
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The	experiments	conducted	observed	the	array	of	point	absorbers	operating	in	two	ways,	as	

mentioned	earlier.	

These	two	modes	of	operation	were	tested	in	two	conditions:		

1.	submerged	40	mm	under	the	water	level;		

2.	with	the	models	piercing	the	surface	(100	mm	above	the	water	surface,	250	mm	below).		

Therefore,	the	initial	displacement	was	40	mm	for	both	conditions.	Submergence	depths	of	

40,	30	and	20	mm	were	also	tested	with	initial	displacements	of	30	and	20	mm.	However,	

these	 different	 cases	 did	 not	 yield	 statistically	 significant	 results	 and,	 thus,	 will	 not	 be	

presented.		

Data	on	the	vertical	displacement	and	period	of	oscillation	was	gathered	in	the	same	way	as	

for	the	single-system	point	absorber.		

The	sources	of	errors	found	for	the	single	system	point	absorber	also	apply	to	experiments	

observing	two	systems	in	an	array.	An	additional	source	of	error	was	the	imperfect	similarity	

when	 installing	 the	 two	 systems.	 There	 were	 minor	 differences	 between	 the	 depth	 of	

submergence	between	the	two	systems,	but	only	in	the	magnitude	of	1-3	mm.	Apart	from	

this,	 the	 springs	 used	were	 theoretically	 identical	 (same	 company	 and	model),	 yet	 it	was	

expected	that	in	practice	they	were	not	100%	identical	in	response.	Thus,	they	were	tested	

and	small	discrepancies	were	indeed	found,	but	not	strong	enough	to	impact	the	results	in	

any	significant	way.		

Results	

The	numerical	results	are	shown	in	table	3.67,	containing	the	values	obtained	for	different	

submergence	 depths	 and	modes	 of	 operation.	 The	 values	 for	 the	 damping	 constants	 and	

ratios	were	calculated	with	four	decimal	place	precision	and	represent	an	average.	Thus,	the	

margins	of	error	must	be	considered	when	interpreting	the	meaning	of	these	values.	 	
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D	[m]	 	 𝛿	[rad/s]	 𝜁	 T	[s]	 f	[Hz]	
𝜔	

[rad/s]	

40	mm	submergence	-	both	systems	excited		

0.027 

Av	 2.3060 0.0734 0.200 

5.000 31.416 SD	 0.2139 0.0068 0.000 

ME	 0.0807 0.0026 0.000 

0.033 

Av	 1.3549 0.0539 0.250 

4.000 25.133 SD	 0.0824 0.0033 0.009 

ME	 0.0249 0.0010 0.003 

0.042 

Av	 1.2301 0.0574 0.293 

3.413 21.444 SD	 0.1682 0.0078 0.010 

ME	 0.0583 0.0027 0.004 

0.048 

Av	 1.1092 0.0583 0.330 

3.030 19.040 SD	 0.1427 0.0075 0.011 

ME	 0.0495 0.0026 0.004 

0.060 

Av	 1.1238 0.0742 0.415 

2.410 15.140 SD	 0.1666 0.0110 0.012 

ME	 0.0577 0.0038 0.004 

40	mm	submergence	–	only	one	system	excited	

0.027 
Av	 2.1809 0.0708 0.204 

4.902 30.800 
SD	 0.2720 0.0088 0.009 
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ME	 0.0973 0.0032 0.003 

0.033 

Av	 1.5665 0.0648 0.260 

3.846 24.166 SD	 0.1738 0.0072 0.012 

ME	 0.0545 0.0023 0.005 

0.042 

Av	 1.2640 0.0599 0.298 

3.356 21.0845 SD	 0.1001 0.0047 0.006 

ME	 0.0347 0.0016 0.002 

0.048 

Av	 1.1983 0.0639 0.335 

2.985 18.756 SD	 0.0726 0.0039 0.013 

ME	 0.0248 0.0013 0.005 

0.060 

Av	 1.5566 0.1048 0.423 

2.364 14.854 SD	 0.1175 0.0079 0.008 

ME	 0.0428 0.0029 0.003 

100	mm	surface	piercing	250	mm	submerged	–	both	systems	excited	

0.027 

Av	 2.1891 0.0679 0.195 

5.128 32.221 SD	 0.1309 0.0041 0.010 

ME	 0.0453 0.0014 0.003 

0.033 

Av	 1.4481 0.0583 0.253 

3.953 24.835 SD	 0.0964 0.0039 0.015 

ME	 0.0329 0.0013 0.006 

0.042 Av	 1.0680 0.0457 0.269 3.717 23.358 
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SD	 0.0720 0.0031 0.011 

ME	 0.0239 0.0010 0.004 

0.048 

Av	 0.9004 0.0430 0.300 

3.333 20.944 SD	 0.0440 0.0021 0.000 

ME	 0.0153 0.0007 0.000 

0.060 

Av	 0.6638 0.0370 0.350 

2.857 17.952 SD	 0.0377 0.0021 0.000 

ME	 0.0129 0.0007 0.000 

100	mm	surface	piercing	250	mm	submerged	–	only	one	system	excited	

0.027 

Av	 2.1802 0.0819 0.236 

4.237 26.624 SD	 0.2077 0.0078 0.021 

ME	 0.0934 0.0035 0.007 

0.033 

Av	 1.4241 0.0576 0.254 

3.937 24.737 SD	 0.0671 0.0027 0.009 

ME	 0.0240 0.0010 0.003 

0.042 

Av	 1.1304 0.0464 0.258 

3.876 24.353 SD	 0.0490 0.0020 0.011 

ME	 0.0170 0.0007 0.004 

0.048 

Av	 0.9300 0.0432 0.292 

3.425 21.518 SD	 0.0545 0.0025 0.011 

ME	 0.0189 0.0009 0.004 
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0.060 

Av	 0.6972 0.0388 0.350 

2.857 17.952 SD	 0.0404 0.0023 0.000 

ME	 0.0140 0.0008 0.000 

D	–	diameter;	𝛿	–	damping	constant;	𝜁	–	damping	ratio;	T	–	period;	f	–	frequency;	𝜔	–	angular	

frequency;	Av.–	mean;	SD	–	standard	deviation;	ME	–	margin	of	error	for	the	95%	confidence	interval	

table	3.67	-	parameters	for	two-system	arrays	in	different	modes	of	operation	

Re/Re!	 observed	 were	 in	 the	 same	 range	 as	 those	 mentioned	 for	 the	 single	 system	

experiments.		

Since	the	variation	of	the	damping	as	a	function	of	free-decay	angular	frequency,	oscillating	

mass,	boundary	layer	friction,	form	pressure	drag	and	diameter	increase	was	presented	for	

the	case	of	isolated	systems	and	the	results	for	arrays	showed	similar	correlations,	just	the	

case	of	the	damping	as	a	function	of	diameter	increase	is	shown	in	this	section.		

First,	 a	 comparison	 is	made	 between	 operating	 a	 single	 system	 40	mm	 under	 the	 water	

surface	and	operating	a	two	system	array	40	mm	under	the	water	surface.	The	case	where	

both	systems	are	excited	and	the	case	where	only	one	system	is	excited	are	both	presented	

in	 the	 same	 graph.	 Thus,	 the	 damping	 constant	 𝛿	 is	 shown	 as	 a	 function	 of	 diameter	

increase	in	graph	3.68.	



	 	

																																																																																																																																																																				
184	 	

figure	3.68	-	damping	constants	𝛿 	for	a	submerged	single	(isolated)	system	and	a	submerged	two-
system	array	(in	two	modes	of	operation	–	one	system	excited,	two	systems	excited)	versus	diameter;	
from	left	to	right,	the	points	on	the	graph	represent	the	27,	33,	42,	48,	60	mm	diameters	(a	diameter	

variation	of	1	was	arbitrarily	chosen	for	the	smallest	diameter	to	avoid	clutter)	

From	this	graph,	 it	 is	obvious	that	the	results	for	all	three	cases	are	nearly	overlapping	for	

certain	sized	models	(33,	42,	48	mm).	This	is	a	useful	finding.	It	shows	that	when	performing	

experiments	 at	 this	 scale	 the	 effects	 of	 array	 interaction	 are	underestimated	 and	hard	 to	

quantify.	 This	 is	 explainable	 if	 considering	 that	 the	 radiation	 damping	 increases	 with	 an	

increase	in	diameter.	Thus,	more	energy	is	damped	from	a	system	and	carried	in	the	form	of	

radiated	 waves	 to	 the	 other	 systems	 from	 the	 array	 and	 vice-versa	 as	 the	 diameter	

increases.	 For	 this	 diameter	 range	 (33,	 42,	 48),	 this	 interaction	 is	 minimal,	 as	 a	 small	

diameter,	representing	a	small-scale	laboratory	model,	allows	little	energy	to	be	transferred	

from	one	system	from	within	the	array	to	the	other.		

It	 is,	 thus,	 interesting	 how	 graph	 3.68	 demonstrates	 this	 and	 shows	 how	 the	 array	

interactions	 start	 to	 become	 more	 predominant	 only	 as	 the	 sizes	 of	 the	 models	 are	

increased	beyond	a	certain	diameter.	Thus,	there	can	be	seen	a	clear	turning	point,	which	

marks	the	48	mm	model,	from	which	onward	the	array	interactions	are	starting	to	become	

more	apparent.		
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The	 presence	 of	 this	 turning	 point	 and	 a	 clearer	 difference	 between	 array	 operation	 and	

single	system	operation	for	 larger	diameter	models	also	confirms	the	assumption	made	 in	

the	single	system	case	that,	from	this	point	onward,	corresponding	to	the	48	mm	model,	the	

radiation	damping	becomes	more	predominant.		

The	 fact	 that,	 the	 single	 system	 is	 more	 damped	 than	 the	 two	 systems	 excited	

simultaneously,	shows	a	constructive	interaction	between	these	excited	devices.	

In	addition	to	this,	another	observation	can	be	made.	When	 looking	at	the	data,	 it	can	be	

seen	 that	 the	 shape	 of	 the	 curves	 is	 similar	 between	 different	modes	 of	 operation.	 Thus	

they	all	confirm	the	conclusions	made	about	scaling	the	internal	damping	that	were	drawn	

in	the	previous	section	(3.1)	–	at	this	scale,	the	variation	in	damping	is	highly	nonlinear	in	the	

sense	 that	 it	 follows	 a	 non-monotonic	 trend.	 This	 trend	 does	 not	 match	 the	 linearly-

increasing	 trend	 of	 radiation	 damping,	 which	 is	 the	 predominant	 source	 of	 damping	

considered	in	linear	theory.	

If	the	damping	ratio	𝜁	 is	plotted	as	a	function	of	diameter	increase,	the	same	observations	
can	be	made,	from	figure	3.69.		
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figure	3.69	-	damping	ratios	𝜁	for	a	submerged	single	(isolated)	system	and	a	submerged	two-system	
array	(in	two	modes	of	operation	–	one	system	excited,	two	systems	excited)	versus	diameter;	from	
left	to	right,	the	points	on	the	graph	represent	the	27,	33,	42,	48,	60	mm	diameters	(a	diameter	

variation	of	1	was	arbitrarily	chosen	for	the	smallest	diameter	to	avoid	clutter)	

Another	interesting	trend	can	be	seen	in	figures	3.70	and	3.71.	They	represent	the	damping	
constant	𝛿	(3.70)	and	the	damping	ratio	𝜁	(3.71)	as	a	function	of	diameter	variation,	for	the	
runs	 where	 both	 two	 systems	 within	 the	 arrays	 were	 excited,	 showing	 the	 case	 of	 the	
systems	operating	in	arrays,	in	two	different	modes	–	40	mm	submerged	(SUB);	and	piercing	
the	surface	(100	mm	above	the	water	surface,	250	mm	under	-	PAR).		

	



	 	

																																																																																																																																																																				
187	 	

figure	3.70	-	damping	constants	δ	for	two-system	excited	submerged	arrays	(SUB)	and	for	surface	
piercing	arrays	(PAR)	versus	diameter;	from	left	to	right,	the	points	on	the	graph	represent	the	27,	33,	
42,	48,	60	mm	diameters	(a	diameter	variation	of	1	was	arbitrarily	chosen	for	the	smallest	diameter	

to	avoid	clutter)	

figure	3.71	-	damping	ratios	𝜁	for	two-system	excited	submerged	arrays	(SUB)	and	for	surface	
piercing	arrays	(PAR)	versus	diameter;	from	left	to	right,	the	points	on	the	graph	represent	the	27,	33,	
42,	48,	60	mm	diameters	(a	diameter	variation	of	1	was	arbitrarily	chosen	for	the	smallest	diameter	

to	avoid	clutter)	
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By	looking	at	these	figures,	another	conclusion	drawn	for	the	single	system	experiments	can	

be	confirmed.	That	is,	that	the	variation	in	damping	follows	different	trends	–	for	completely	

submerged	 systems,	 the	 damping	 observes	 a	 turning	 point;	 for	 surface	 piercing	 systems,	

however,	 the	 damping	 continues	 to	 decrease	 in	 a	 nearly	 linear	 fashion.	 Thus,	 operating	

laboratory	 experiments	 for	 the	 same	 exact	 model-scales	 will	 yield	 completely	 different	

results	 in	 damping	 trends,	 according	 to	 the	 mode	 of	 operation.	 Of	 course,	 it	 was	 not	

expected	 for	 a	 submerged	 system	 to	 behave	 as	 a	 surface	 piercing	 one.	 However,	 the	

difference	between	a	curve	with	a	turning	point	and	an	almost	linear	decrease	in	damping	is	

significant	and	unexpected.	The	reasons	behind	this	difference	in	operation	were	mentioned	

in	the	single-system	point	absorber	section	(3.1).	

Thus,	these	graphs	also	confirm	that,	as	with	the	single	system,	a	submerged	system	is	likely	

to	lose	a	larger	proportion	of	its	energy	through	wave	radiation	and	form	drag,	as	it	always	

has	a	flat	surface,	perpendicular	to	the	direction	of	travel,	displacing	fluid	from	its	path.	In	

contrast,	 a	 surface-piercing	model	 displaces	 fluid	 from	 its	 path	 only	 during	 its	 downward	

motion.	Some	of	the	energy	lost	through	radiation,	can	be	seen	as	interaction	energy,	which	

can	make	its	way	to	neighbouring	devices	as	radiated	waves.	In	addition,	as	also	mentioned	

before,	the	submerged	systems	always	have	two	vortex	creating	profiles	submerged,	while	

the	surface-piercing	ones	only	have	one	such	profile	underwater.	

The	same	confirmation,	for	this	difference	in	behaviour,	can	be	obtained	by	comparing	the	

arrays	when	only	one	system	from	a	two-system	array	is	excited.	This	can	be	seen	in	figures	

3.72	(damping	constant	𝛿		variation)	and	3.73	(damping	ratio	𝜁	variation).	
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figure	3.72	-	damping	constants	δ	for	a	single	(isolated)	system	and	a	two-system	array	[one	system	
excited	-	when	submerged	(SUB)	and	surface	piercing	(PAR)]	versus	diameter;	from	left	to	right,	the	
points	on	the	graph	represent	the	27,	33,	42,	48,	60	mm	diameters	(a	diameter	variation	of	1	was	

arbitrarily	chosen	for	the	smallest	diameter	to	avoid	clutter)	
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figure	3.73	-	damping	ratios	ζ	for	a	single	(isolated)	system	and	a	two-system	array	[one	system	

excited	-	when	submerged	(SUB)	and	surface	piercing	(PAR)]	versus	diameter;	from	left	to	right,	the	
points	on	the	graph	represent	the	27,	33,	42,	48,	60	mm	diameters	(a	diameter	variation	of	1	was	

arbitrarily	chosen	for	the	smallest	diameter	to	avoid	clutter)	

Apart	 from	confirming	 the	difference	between	running	 the	models	completely	submerged	

and	running	them	piercing	the	surface,	these	graph	also	show	another	interesting	aspect.	

It	 can	 be	 seen	 that	 exciting	 only	 one	 system	 in	 a	 partially	 submerged,	 two-system	 array,	

tends	 to	 show	 behaviour	 nearly	 identical	 to	 running	 a	 partially	 submerged	 system	 in	

isolation	 for	 the	 33-60	 mm	 models.	 Thus,	 in	 3.72,	 3.73,	 as	 diameters	 increase,	 the	

confidence	intervals	of	corresponding	curves	reach	complete	overlap.			

	This	 is	 in	contrast	with	3.68,	3.69,	where	 it	could	be	seen	that	having	one	system	excited	

within	 a	 submerged	 array	 showed	 a	 clearer	 difference	 in	 operation	 relative	 to	 using	 a	

submerged	isolated	system,	as	the	diameter	increased.	The	difference	in	damping	between	

the	two	modes	increased	for	the		60	mm	model.		

These	differences	are	caused	by	the	variation	in	damping	contributions,	as	detailed	earlier.	

Next,	 it	 is	 interesting	 to	compare	 the	operation	of	an	array	piercing	 the	surface,	with	one	

excited	system,	with	the	case	of	having	both	systems	from	the	same	array	excited.	This	 is	

visible	in	3.74	and	3.75	for	both	damping	constants	𝛿	and	damping	ratios 𝜁,	respectively.		
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figure	3.74	-	damping	constants	δ	for	a	surface	piercing,	two-system	array,	in	different	modes	of	

operation,	versus	diameter;	from	left	to	right,	the	points	on	the	graph	represent	the	27,	33,	42,	48,	60	
mm	diameters	(a	diameter	variation	of	1	was	arbitrarily	chosen	for	the	smallest	diameter	to	avoid	

clutter)	

	
figure	3.75	-	damping	ratios	ζ	for	a	surface	piercing,	two-system	array,	in	different	modes	of	

operation,	versus	diameter;	from	left	to	right,	the	points	on	the	graph	represent	the	27,	33,	42,	48,	60	
mm	diameters	(a	diameter	variation	of	1	was	arbitrarily	chosen	for	the	smallest	diameter	to	avoid	

clutter)	
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As	it	can	be	seen	from	these	two	last	plots,	the	tendency	is	again	towards	complete	overlap.	
This	 further	 enforces	 the	 point	made	 earlier,	 that	 running	 experiments	 on	 arrays	 for	 this	
model	scale	does	not	yield	results	that	are	strongly	different	from	the	case	of	running	single	
systems	in	isolation.	Thus,	all	three	modes	of	operation	(single	system,	two	systems	excited,	
one	system	excited)	experienced	similar	damping	with	a	trend	towards	overlapping	as	the	
diameter	was	increased,	for	the	surface-piercing	scenario.		

To	get	an	overall	idea	of	this,	the	last	two	plots,	3.76	and	3.77,	show	the	damping	constants	
𝛿	and	damping	ratios	𝜁	for	the	four	operation	modes	at	once	-	for	a	single	system	piercing	
the	surface;	for	a	single	system	submerged;	for	two	systems	excited	in	the	same	array	that	is	
submerged;	and	for	two	systems	excited	in	the	same	array	that	is	piercing	the	surface.	

All	the	observations	made	earlier	are	confirmed	by	this	comparison	as	well.	
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figure	3.76	-	damping	constants	δ	for	single	(isolated)	systems	and	two-systems	excited	[within	

arrays,	when	submerged	(SUB)	and	when	piercing	the	surface	(PAR)]	versus	diameter;	from	left	to	
right,	the	points	on	the	graph	represent	the	27,	33,	42,	48,	60	mm	diameters	(a	diameter	variation	of	

1	was	arbitrarily	chosen	for	the	smallest	diameter	to	avoid	clutter)	
	

	
figure	3.77	-	damping	ratios	for	single	(isolated)	systems	and	two-systems	excited	within	arrays	
[when	submerged	(SUB)	and	when	surface	piercing	(PAR)]	versus	diameter;	from	left	to	right,	the	
points	on	the	graph	represent	the	27,	33,	42,	48,	60	mm	diameters	(a	diameter	variation	of	1	was	

arbitrarily	chosen	for	the	smallest	diameter	to	avoid	clutter)	
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Lastly,	 in	 figure	3.78,	 the	energy	being	dissipated	 in	 the	 form	of	 radiated	waves,	 from	the	

excited	buoy,	 is	 seen	as	a	 source	of	excitation	 for	 the	 stationary	 system	within	 the	array.	

Thus,	the	stationary	buoy	can	be	seen	beginning	to	oscillate	and	oscillating	with	higher	and	

higher	 amplitude	 as	more	 and	more	 energy	 is	 transferred	 to	 it	 from	 the	 excited	 system.	

Towards	the	end	of	the	time	series,	the	amplitude	of	oscillation	for	the	two	systems	starts	

matching.	This	illustrates	the	energy	transfer	mentioned	earlier.		

	
figure	3.78	-	energy	transfer	from	an	excited	system	to	a	stationary,	free	system	(60	mm),	submerged	

In	 all	 these	plots,	 it	was	noticed	 that	 there	 is	 a	 stronger	difference	when	 it	 comes	 to	 the	

damping	of	the	27	mm	model.	However,	after	checking	the	flow	visualisation	videos	for	this	

model,	to	be	detailed	in	section	5,	it	was	discovered	that	the	diameter	of	the	cross-section	

of	the	torus,	of	the	ring	vortex	created	by	the	models,	was	approximately	the	same	for	both	

the	 27	mm	 and	 60	mm	model.	 Thus,	 due	 to	 the	 spacing	 between	 the	models	 being	 one	

diameter	 and	 the	 cross-section	 diameter	 of	 the	 vortex	 core	 being	 constant,	 the	 toroidal	

vortices	created	by	a	27	mm	model	could	affect	the	fluid	flow	around	the	model	found	in	its	

proximity,	 thus	 impacting	 its	 damping	 and	 behaviour.	 This	 was	 not	 possible	 for	 larger	

diameter	models,	as	they	were	placed	further	apart.		
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3.2.2.5]	Conclusions		

In	 this	 section,	 the	 results	 of	 operating	 heaving-buoy	models	 in	 a	 two-system	array,	with	

one	diameter	as	spacing,	have	been	shown.		

The	 first	 conclusion	 that	 can	 be	 drawn	 is	 that	 the	 nonlinear	 trend	 for	 the	 scaling	 results	

obtained	for	the	single	system	experiments	can	be	confirmed	after	observing	the	results	for	

the	array	experiments.		

Thus,	 the	 same	 nonlinear	 trend	 of	 the	 variation	 of	 the	 damping	 when	 compared	 to	 the	

changes	 in	 diameter	 could	 be	 observed	 for	 both	 the	 submerged	 and	 the	 surface-piercing	

modes	 of	 operation	 of	 the	 two-system	 array,	 with	 the	mention	 that	 the	 surface-piercing	

buoys	show	a	strong	tendency	towards	linearity.		

As	also	seen	for	the	isolated	system	experiments,	these	two	modes	of	operation	yield	two	

starkly	 different	 tendencies	 in	 the	 scaling	 of	 the	 internal	 damping.	 Thus,	 while	 the	

submerged	systems	observe	a	turning	point	when	plotting	the	damping	with	the	increase	in	

diameter,	 the	 surface	 piercing	 systems	 see	 the	 damping	 experienced	 decrease	 almost	

linearly	with	an	increase	in	size.	This	means	that	the	different	damping	contributions	change	

proportion	to	the	overall	damping,	as	the	models	have	a	different	number	of	square	profiles	

in	contact	with	the	fluid.	Therefore,	while	for	the	submerged	models	the	number	of	vortex	

generating	profiles	is	two	at	all	times,	for	the	surface	piercing	models	only	one	such	profile	

is	 in	 contact	 with	 the	 fluid.	 In	 addition,	 while	 the	 submerged	models	 always	 have	 a	 flat	

surface	 opposing	 the	 fluid	 in	 front,	 thus	 creating	 strong	 form	 drag,	 the	 surface	 piercing	

models	 exhibit	 this	 behaviour	 only	 during	 their	 downward	 motion.	 This	 also	 affects	 the	

radiation	damping	as	well.	Because	of	this,	the	importance	of	streamlining	becomes	evident.		

The	second	conclusion	that	can	be	drawn,	related	to	arrays,	is	that	for	certain	sized	models	

(33,	 42,	 48	 mm),	 the	 behaviour	 of	 an	 isolated	 system	 closely	 matches	 the	 behaviour	 of	

systems	integrated	in	this	two-system	array,	for	both	the	fully	submerged	and	the	partially	

submerged	cases.	Thus,	testing	these	sizes	in	laboratory	experiments	would	prove	without	

utility	 and	 resource	 consuming	without	 reason	 (building	 two	models	 and	 constructing	 an	

array	instead	of	simply	testing	one	model).		
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The	 third	conclusion	 is	 focused	on	array	 interactions	 in	general,	when	 looking	beyond	 the	

three	diameters	mentioned	in	the	second	conclusion.	In	the	case	of	submerged	systems,	the	

interaction	within	the	array	becomes	stronger	with	diameter	 increase	 (as	 it	could	be	seen	

through	the	difference	in	behaviour	for	single	versus	array	operation	modes),	while,	for	the	

surface-piercing	 ones,	 the	 curves	 start	 overlapping	 for	 all	 three	 modes	 of	 operation	 (in	

isolation,	 for	 two	excited	systems	and	 for	one	excited	system),	as	 the	diameter	 increases.	

This	 is	 caused	by	 the	difference	 in	 drag,	 radiative	 and	 vortex	 creation/shedding	damping,	

between	 the	 two	 modes	 of	 operation,	 as	 explained	 earlier.	 The	 difference	 in	 radiative	

damping	is	important,	as	this	radiated	energy	gives	birth	to	array	interactions.		

The	 fourth	 interesting	aspect	 found,	 after	performing	 the	 flow	visualisation	 studies,	 to	be	

discussed	 in	 section	 5,	 is	 that	 for	 the	 smaller	 diameter	models,	 due	 to	 their	 spacing	 (one	

diameter),	 the	 toroidal	 vortices	 created	 impacted	 the	 behaviour	 of	models	 found	 in	 their	

proximity.	For	larger	diameter	models	this	was	not	the	case,	as	they	were	implicitly	spaced	

further	 away	 from	 each	 other.	 This	 shows	 how	 the	 damping	 of	 closely	 spaced	 arrays	 is	

considerably	different	to	that	of	arrays	spaced	further	apart,	not	only	due	to	wave	radiation,	

but	also	due	to	vortex	creation	and	shedding	at	their	edges.	Thus,	if	this	spacing	is	desired,	

the	importance	of	streamlining	models	becomes	obvious.	The	use	of	streamlining	is	not	new	

in	itself,	when	it	comes	to	controlling	the	damping,	but	the	use	of	streamlining	for	this	array-

related	reason	is	novel.	 	
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4]	Scaling	effects	on	the	damping	of	oscillating	water	

column	devices	

4.1]	Damping	in	the	context	of	hydrodynamics	and	resonance	

The	 second	 type	 of	 wave-energy	 converter	 considered	 in	 the	 present	 research	 is	 the	

oscillating	water	column.		

The	oscillating	water	column	is	one	of	the	most	viable	and	most	used	technical	solutions	for	

wave-energy	 conversion	 [7].	 Thus,	 research	 on	 it	 can	 prove	 to	 be	 useful	 for	 the	 further	

development	 of	 wave-energy	 as	 a	 feasible,	 mature	 solution	 for	 meeting	 the	 energy	

requirements	of	modern	society.	

	
figure	4.1	-	oscillating	water	column	-	working	principle	[105]	

The	oscillating	water	column,	depending	on	 its	geometrical	characteristics,	can	sometimes	

be	 considered	 a	 point-absorber,	 while,	 most	 often	 in	 the	 literature,	 it	 is	 included	 in	 the	

terminator	category,	as	it	was	shown	in	the	technical	solutions	section	(2.6)	of	this	work.	

If	a	closer	look	is	taken	at	a	typical	oscillating	water	column,	the	following	components	can	

be	identified.		

First,	the	most	defining	aspect	of	this	device	is	the	air/compression	chamber	that	is	marked	

as	 the	 air-water	 chamber	 in	 figure	 4.1.	 It	 is	 inside	 this	 chamber	 that	 the	 water	 surface	

elevation	 fluctuates	 as	 the	 waves	 go	 past	 the	 machine.	 The	 part	 of	 the	 compression	

chamber	that	 forms	the	opening,	 through	which	the	water	enters	 the	chamber,	can	often	
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have	a	specific	geometry	in	order	to	increase	efficiency.	The	length	of	the	chamber	itself	can	

be	 modified	 by	 having	 special	 geometries	 at	 the	 entrance	 end.	 Thus,	 for	 example,	 the	

entrance	 of	 the	 compression	 chamber	 can	 be	 a	 simple	 cylindrical	 shape	 or	 it	 can	 be	 a	

cylindrical	shape	that	transforms	into	a	bent	duct	at	the	end,	thus	elongating	the	chamber	

of	the	device,	as	a	means	of	frequency	tuning	(this	will	be	explained	in	later	paragraphs).			

Second,	 the	 compression	 chamber	 is	 usually	 connected	 to	 a	 power	 take-off	 system.	 This	

system	converts	the	movement	of	the	waves,	via	an	air	pressure	differential,	into	a	form	of	

energy	 that	 can	 be	 used	 onshore.	 Usually,	 the	 power	 take-off	 system	 consists	 of	 an	 air	

turbine	connected	to	the	compression	chamber.		

Lastly,	 some	moorings	might	 be	 used	 in	 order	 to	 keep	 the	 power	 converter	 in	 a	 certain	

position.		

It	should	also	be	mentioned	that	oscillating	water	columns	are	more	flexible	than	oscillating	

buoy	point	absorbers	when	it	comes	to	possible	installation	locations.	They	can	be	installed	

in	a	variety	of	scenarios	either	onshore	or	offshore.	For	example,	oscillating	water	columns	

can	 be	 floating	 or	 bottom-fixed	 offshore	 structures;	 or	 they	 can	 be	 installed	 on	 the	

shoreline;	and	they	can	even	be	integrated	into	other	structures	such	as	breakwaters.	This	

offers	the	potential	to	reduce	the	cost	of	electricity,	as	the	need	for	coastal-protection	pays	

for	some	of	the	infrastructure	required	to	install	the	oscillating	water	column	devices	within	

the	breakwaters	[164].		

The	working	principle	of	this	type	of	converter	relies	on	the	pressure	differential	between	

the	inside	of	an	air-water	chamber	(which	has	 its	volume	fluctuate	as	the	waves	raise	and	

lower	 the	water	 level	 inside	 it)	 and	 the	 atmosphere.	 This	 pressure	 difference	 is	 normally	

used	to	drive	air	through	a	turbine,	thus,	generating	electricity.	The	working	principle	of	an	

oscillating	 water	 column	 was	 shown	 graphically	 in	 figure	 4.1	 [165],	 at	 the	 start	 of	 this	

section.		

As	 in	 the	 case	 of	 an	 oscillating	 buoy	 point	 absorber,	 the	 development	 of	 an	 operating	

oscillating	 water	 column	 comprises	 three	 major	 phases.	 First,	 the	 correct	 design	 of	 the	

machine	 is	 developed	 based	 on	 analytical	 and	 numerical	 simulations.	 Second,	 laboratory	

tests	are	performed	on	scale	models.	Third,	the	appropriate	scaling-up	of	the	design	to	real-
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size	prototype	machine	is	implemented.	Again,	it	must	be	emphasized	that	these	processes	

are	interdependent	as	they	rely	on	feedback	from	each	other.		

Thus,	the	same	two	crucial	requirements	in	the	development	of	the	oscillating	water	column	

can	be	identified,	as	it	was	also	the	case	of	the	heaving-buoy	–	first,	the	correct	theoretical	

estimation	 of	 the	 forces	 acting	 on	 the	 device	 and,	 second,	 the	 application	 of	 a	 correct	

scaling	law	in	order	to	get	the	behaviour	of	the	full-size	device.	As	a	note,	a	correct	scaling	

does	not	only	mean	the	accurate	estimation	of	forces	acting	on	a	full-size	device	based	on	

observation	made	during	laboratory-scale	testing,	but	also	ensures	the	correct	estimation	of	

forces	 when	 changing	 the	 size	 of	 small-scale	 or	 full-scale	 devices.	 In	 addition,	 there	 are	

situations	where	these	types	of	converters	have	to	be	changed	in	one	dimension	only	–	for	

example,	space	being	available	within	a	breakwater	for	a	 larger	diameter	oscillating	water	

column,	but	not	for	one	with	a	longer	chamber	etc.	

Thus,	there	is	a	clear	importance	of	a	study	that	shows	how	the	overall	natural	damping	of	

the	 device	 changes,	 with	 a	 variation	 in	 the	 size	 of	 the	 machine.	 In	 this	 case,	 by	 overall	

natural	damping,	the	natural	damping	experienced	by	the	device	in	the	absence	of	a	power	

extraction	system	is	understood.		

Existing	literature	shows	that	this	overall	natural	damping	of	the	machine	uses	at	least	50%	

[12]	out	of	the	total	energy	that	is	transmitted	by	the	waves	into	the	converter.	This	is	when	

considering	only	linear	damping	in	this	specific	theoretical	case.	In	other	words,	just	half	of	

the	energy	available	to	the	device	can	be	transformed	into	useful	energy	and	the	other	half	

is	lost	due	to	the	damping	of	the	device.		

For	this	reason,	it	is	worth	posing	the	following	two	questions.	How	does	the	scaling	law	of	

the	damping	intervene	in	the	theoretical	aspect	of	oscillating	water	column	design	(linearity	

versus	 nonlinearity)?	 How	 does	 it	 intervene	 when	 changing	 the	 size	 of	 the	 model	 or	

prototype?	

In	the	case	of	the	oscillating	water	column,	usually	the	same	theoretical	assumptions	meant	

to	simplify	the	calculations	are	used	as	for	other	wave-power	devices.		

First,	 the	 assumptions	 related	 to	 potential	 flow	 and	 linear	wave	 theory.	 Thus,	 the	 fluid	 is	

considered	inviscid,	irrotational,	incompressible,	as	the	velocity	field	is	a	potential	satisfying	
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Laplace’s	 equation	 and	 the	 water	 surface	 within	 the	 machine	 executes	 small	 amplitude	

oscillations	under	the	influence	of	regular	plane	waves.		

Again,	 just	from	this	description	it	 is	obvious	that	the	effects	of	 inlet	vortex	formation	and	

shedding,	 nonlinear	boundary	 layer	 friction	 etc.	 are	being	neglected.	 There	 are	numerical	

models	which	 integrate	 complex	 aspects	 of	 nonlinearity	 and	 they	were	mentioned	 in	 the	

general	 hydrodynamics	 subsection	 (2.7.A),	 but	 they	 also	 rely	 on	 approximations	 and	

simplifying	assumptions,	 in	 the	case	of	 the	oscillating	water	column	as	well	 [19,	111,	114,	

166-170].		

One	 different	 way	 of	 looking	 at	 the	 oscillating	 water	 column	 is	 by	 analysing	 its	 energy	

balance.	This	gives	an	opportunity	to	include	most	nonlinear	effects	[171].	However,	in	any	

case,	 the	 difference	 between	 the	 envisioned	 numerical	 model	 and	 actual	 physical	

phenomena	is	a	source	of	error.		

Secondly,	 this	 source	 of	 error	 is	 aggravated	 when	 the	 scaling	 law	 itself	 is	 not	 easily	

predictable,	which	will	 later	be	 investigated	 in	 the	experimental	 research	 included	 in	 later	

sections.	 This	 gap	 in	 the	 literature	 when	 it	 comes	 to	 scaling	 wave-power	 machines	 was	

mentioned	before	in	the	scaling	subsection	(2.7.B)	of	this	work.	

Now,	a	closer	look	will	be	taken	at	the	numerical	analysis	of	the	oscillating	water	column.	In	

the	 case	 of	 a	 point	 absorber	 heaving-buoy,	 the	 analysis	 started	 from	 the	 equation	 of	

motion,	but	 in	the	case	of	the	oscillating	water	column	the	more	 inclusive	energy	balance	

method	is	shown,	as	mentioned	earlier	[19,	171].	If	an	approach	is	desired	starting	from	the	

force	 balance,	 then	 the	 general	 equation	 presented	 for	 wave-power	 machines	 can	 be	

adapted	using	 the	 rigid-body	assumption	 for	 the	 column	of	water	 inside	 the	 compression	

chamber.	

First,	 it	must	be	said	 that	 this	energy	balance	method	also	stems	from	 linear	wave	theory	

and,	thus,	the	main	assumptions	of	linear	wave	theory	must	hold.		

As	 stated	 in	 the	 classification	 of	 wave-energy	 converters,	 there	 are	 two	major	 groups	 of	

converters:	devices	that	have	a	natural	frequency	and	devices	that	do	not	exhibit	this	self-

governing	characteristic.		
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Due	to	the	existence	of	a	restoring	force	that	tends	to	bring	the	system	to	a	steady	water-

surface	 state,	 the	 oscillating	water	 column	does	 have	 its	 own	 resonant	 frequency	 as	 also	

shown	 by	 Fleming	 &	 al.,	 for	 example	 [19].	 This	 is	 vital	 when	 talking	 about	 tuning	 and	

resonance	and	it	will	be	discussed	in	later	paragraphs.		

The	 hydrodynamic	 efficiency	 of	 an	 oscillating	 water	 column	 can	 be	 defined	 as	 the	 ratio	

between	the	time-averaged	energy	flux	generated	across	the	free	water	surface	movement	

inside	the	chamber	versus	the	time-averaged	rate	of	energy	influx	into	the	system	per	unit	

wave	crest	width	[16].	It	can	be	written	as	

𝜂! =
!! 
!!
  ,																																																																		(4.1)	

where	

𝑊!	=	!"
!"
= 𝑝𝑉!d𝑆!!

 ,																																																					(4.2)	

with	𝑊!	representing	the	energy	flux,	transferred	from	the	waves	into	the	heave	motion	of	

the	water	 surface	 inside	 the	air	 chamber,	𝑆! 	being	 the	cross-sectional	area	of	 the	 internal	

water	 surface,	𝑉!	 the	 velocity	 of	 the	water	 surface	within	 the	 chamber	 and	𝑃!	 	 the	 time	

averaged	energy	flux	of	the	incident	waves,	where	

𝑃! =
!
!
𝜌𝑔(!

!
)!𝑣!  ,																																																						(4.3)	

with 𝑣!	representing	the	group		velocity.		

The	total	power	that	is	delivered	by	an	oscillating	water	column	device	can	be	simplified	to	

[172]:	

𝑃 = 𝑃! − 𝑃𝑐ℎ  ,																																																									(4.4)	

where	𝑃	is	the	electrical	power	output,	𝑃! the	power	transferred	from	the	waves	and	𝑃𝑐ℎ	

is	 the	power	 losses	 that	occur	during	 the	entirety	of	 the	energy	conversion	chain	 (viscous	

effects,	aerodynamic	losses	in	the	turbine,	bearing	friction	etc.).	

As	 it	 can	 be	 seen	 from	 the	 equations	 written	 above,	 there	 is	 a	 difference	 between	 the	

energy	stored	in	the	waves	and	the	electric	energy	outputted	by	the	power	take-off	system.	
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If	we	ignore	the	losses	that	occur	between	the	input	and	output	of	the	power	take-off,	then	

it	is	obvious	there	is	also	an	energy	loss	between	the	input	into	the	device	and	the	input	to	

the	power	conversion	system.	This	is	caused	by	the	natural,	internal	damping	sources,	such	

as	 radiative	 dissipation,	 the	 compressibility	 of	 the	 air	 inside	 the	 air	 chamber,	 slosh,	 wall	

swash,	down	wash,	vortices	forming	and	shedding	along	the	entrance	of	the	chamber,	etc.	

The	 flow	of	 energy	 in	 and	 around	 the	 oscillating	water	 column	 can	 be	 described	 as	 seen	

below	[19].	

Converting	 the	 previous	 equations	 into	 energy,	 the	 total	 energy	 within	 a	 wave	 width	

considered	has	the	form	

𝐸!! = 𝐸!! + 𝐸!!   ,																																																					(4.5)	

thus	

𝐸!! = 𝐸!+𝐸! + 𝐸 !
!
+ 𝐸! + 𝐸! + 𝐸!!   ,																																(4.6)	

where 𝐸!! 	 is	 the	 energy	 lost	 through	 damping,	𝐸!! 	 is	 the	 energy	 conveyed	 into	 water	

surface	heave	inside	the	air	chamber,	𝐸! 	is	the	energy	lost	in	wave	diffraction,	𝐸! 	represents	

energy	lost	in	wave	radiation,	𝐸!/!	shows	the	energy	stored	in	front	wall	wash/downwash,	

𝐸!	the	energy	stored	in	water	column	slosh,	and	𝐸!	the	energy	that	creates	vortices.	

It	is	also	mentioned	that,	in	linear	wave	theory,	energy	propagates	at	the	rate	of	wave	group	

velocity	[19].		

𝐸!! = 𝑣! 𝐸! + 𝐸!   ,																																																				(4.7)	

where	𝐸! =
!
!"
𝜌𝑔𝐻!	and	𝐸! =

!
!"
𝜌𝑔𝐻! represent	the	kinetic	and	potential	energy	per	unit	

surface	area,	respectively.	Since	the	water	inside	the	column	is	a	mass,	the	potential	energy	

per	unit	width	can	be	calculated	as	the	potential	energy	of	the	mass	of	water	above	the	still-

water	reference	using	the	basic	 formula	𝐸! = 𝑚!𝑔ℎ!	with	ℎ!	being	the	distance	between	

the	centroid	of	the	mass	cross	section	(𝑚!)	and	the	still	water	level.		

Another	way	of	looking	at	the	oscillating	water	column	is	provided	in	the	literature	by	Evans	

and	 Porter	 [170]	 and	 it	 means	 changing	 the	 assumptions	 that	 would	 be	 generally	 made	

when	considering	wave-power	machines	in	general	theory.	One	common	assumption	is	that	
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the	chamber	of	the	device	was	considered	of	small	cross-section,	so	that	the	fluid	inside	the	

machine	can	be	seen	as	a	rigid	body,	without	any	fluctuations	on	the	free	surface.	This	rigid	

body	approximation	has	been	mentioned	in	the	general	hydrodynamics	subsection	(2.7.A).		

In	 this	 case	 [170],	 the	 approach	 has	 been	 improved	 to	 take	 into	 account	 the	 pressure	

distribution	at	the	surface	of	the	water	within	the	compression	chamber	and	the	presence	

of	a	non-plane	internal	water-surface.	This	is	done	by	considering	the	volume	flux	across	the	

free	surface	of	the	chamber,	instead	of	looking	at	excitation	forces,	and	by	considering	the	

increased	excitation	pressures	acting	on	the	free	surface	instead	of	 looking	at	velocities	of	

moving	 bodies.	 This	 method	 allows	 for	 a	 more	 accurate	 prediction	 of	 nonlinear	 energy	

conversion	 aspects.	 By	 allowing	 for	 operation	 in	 the	 time	 domain,	 rather	 than	 in	 the	

frequency	domain,	it	makes	it	easier	to	apply	optimal	control	methods.		

As	 a	 side	 note,	 the	 linear	wave	 theory	 assumptions	 enunciated	 earlier	 are	 still	 used	 as	 a	

starting	point	 for	 this	method	and	 the	aspects	of	wave	 radiation	and	wave	 scattering	are	

separately	considered.	The	end	result	of	this	approach	is	to	use	a	Galerkin	approximation	to	

yield	 a	 power	 series	 in	 relation	 to	 the	 normal	 velocity	 at	 the	 free-surface	 within	 the	

compression	chamber.	By	looking	at	the	volume	flux,	the	maximum	efficiency	of	the	device	

can	be	written,	considering	a	 linear	relation	between	the	volume	flux	through	the	turbine	

and	the	pressure	differential	between	its	output	and	input	[170],	

𝜂!!"# =
!!!

!!!!!!! !/!!!!
     ,																																																				(4.8)	

where		

𝜈! =
!"
!!!

𝐵				and	   𝜇! =
!"
!!!

𝐴																																																(4.9)	

represent	 the	non-dimensional	 radiation	 conductance	 (𝜈!)	 and	 radiation	 susceptance	 (𝜇!)	

coefficients,	with 𝐷!	being	the	width/diameter	of	the	air-water	chamber.	These	coefficients	

stem	from	the	complex	quantity	𝐵 − 𝑖𝐴 which	represents	the	radiation	admittance,	with 𝐴	

being	the	radiation	susceptance	and	𝐵	the	radiation	conductance,	defined	as	

𝐴 = !
!"
Re!"(𝑞!)				and				𝐵 =

!
!"
Im 𝑞!   ,																																(4.10)	

with	𝑞! 	representing	the	radiated	waves	component	(Re!" 	–	real	part;	Im	–	imaginary	part).		
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It	is	worth	mentioning	that	in	this	case	𝐴	is	an	equivalent	of	an	added	mass	coefficient	and	

𝐵	 an	 equivalent	 for	 a	 radiation	 damping	 coefficient,	 concepts	 used	 in	 the	 case	 of	 a	 rigid	

body	system	as	well.		

From	this	efficiency	formula,	equation	4.8,	 it	can	be	seen	that	the	theoretical	efficiency	of	

the	 device,	 using	 this	 method,	 is	 independent	 of	 many	 aspects,	 such	 as	 incident	 wave	

parameters,	and	depends	only	on	the	radiation	damping.		

Returning	 to	 the	 energy	 equation,	 4.6,	 the	 correct	 estimation	 of	 the	 different	 types	 of	

damping	 is	 a	 necessary	 prerequisite	 for	 determining	 how	 resonance	 occurs	 and	 how	 the	

natural	 frequency	 of	 the	 system	 evolves	 during	 operation.	 Also,	 the	 change	 these	 terms	

suffer	when	changing	the	scale	of	the	device	is	of	great	importance	if	laboratory	models	are	

to	properly	mimic	real-size	devices	or	when	changing	the	size	of	models	or	prototypes.	As	

shown	in	the	case	of	the	oscillating	buoy,	studies	conclude	that	the	 influence	of	nonlinear	

viscous	 terms	 and	 other	 nonlinear	 damping	 effects	 become	 more	 important	 when	 the	

devices	 operate	 near	 or	 at	 resonance.	 This	 is	 the	 scope	 of	 the	 research	 conducted	 on	

oscillating	 water	 columns,	 similar	 to	 the	 research	 done	 on	 oscillating	 buoys	 described	

earlier.		

The	 literature	points	out	 the	existence	of	 a	peak	of	𝜂!!"#=	1	 achieved	at	 resonance	 [16].	

Thus,	as	it	was	also	previously	stated,	in	order	for	the	energy	absorbed	by	the	device	to	be	

as	high	as	possible,	 it	 is	desired	for	the	wave-energy	devices	to	operate	at	resonance.	This	

means	 that	 their	 natural	 frequency	 should	 match	 the	 dominant	 frequency	 of	 the	 wave	

spectrum.	In	other	words,	the	motion	of	the	oscillating	water	column	should	be	in	tune	with	

the	excitation	force	[16-18].		

To	 put	 this	 in	 context,	 the	 derivation	 of	 the	 natural	 angular	 frequency	 of	 the	 oscillating	

water	column	is	shown,	starting	from	figure	4.2	as	a	reference.	
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figure	4.2	-	sketch	of	an	oscillating	water	column		

In	this	case	the	basic	assumptions	of	potential	flow	and	linear	wave	theory	are	accepted	and	

this	implies	that	y	is	much	smaller	than	L	(the	submerged	length	of	the	chamber).	

Thus,	the	vertical	balance	of	forces	can	be	written	using	Newton’s	second	law	as	

𝐹! = −𝐺!   ,																																																															(4.11)	

where	𝐹! 	 is	mass	multiplied	by	 acceleration	 and	𝐺! 	 is	 the	weight	of	 the	 volume	of	water	

found	above	the	mean	water	level	(hashed	in	figure	4.2).	

This	can	be	rewritten	as	

𝑚!𝑦 +𝑚!𝑔 = 0  ,																																																						(4.12)	

where	𝑚!is	the	mass	of	the	fluid	found	in	the	section	marked	with	L	and	𝑚! 	represents	the	

mass	of	the	volume	of	water	found	above	the	waterline.		

Written	as	a	product	of	cross-section	and	volume,	this	becomes	

𝜌𝑆!𝐿𝑦 + 𝜌𝑆!𝑦𝑔 = 0  .																																																			(4.13)	

Thus,		

𝑦 + !
!
𝑦 = 0  .																																																											(4.14)	
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Then,	

	𝜔! =
!
!
																																																															(4.15)	

is	chosen	to	get	a	solution	𝑦 = 𝐴!cos(𝜔!𝑡)	(where	𝐴!	is	a	constant)	and	𝜔! is	known	as	the	

natural	angular	frequency,	as	defined	earlier.	

Indeed,	 the	ocean	 spectra	 throughout	 a	 period	of	 time	may	 fluctuate	 in	 frequency.	 Thus,	

there	 are	many	 situations	when	 the	 power	 conversion	machines	 have	 a	 different	 natural	

frequency	than	that	of	the	incoming	waves.	This	leads	to	a	less	than	ideal	operation,	which	

needs	to	be	avoided.		

In	order	to	get	around	this	 issue,	engineers	have	resorted	to	different	methods	of	actively	

changing	 the	 natural	 frequency	 of	 the	 oscillating	 water	 column.	 This	 is	 called	 frequency	

control	or	tuning.	It	must	be	noted	that	frequency	control	is	proven	to	be	viable	only	if	the	

energy	used	 to	operate	 it	 is	 regained	by	 the	 increase	 in	energy	extraction	due	 to	 a	more	

efficient	operation.	

Most	solutions	available	for	the	goal	of	active	frequency	control	have	two	components,	as	

follows:		

• a	 prediction	 component	 –	 either	 a	 software	 component	 to	 predict	 the	 next	 input	

wave	based	on	a	model	or	a	measurement	component	for	real	time	measurements	

at	 a	 point	 in	 front	 of	 the	 device.	 These	 two	 solutions	 often	 prove	 to	 not	 be	 very	

reliable;	

• a	physical	way	of	controlling	the	natural	frequency	of	the	device.		

As	observed	from	previous	studies	in	the	literature,	examples	of	these	ways	of	changing	the	

frequency	of	the	device	pertain	to	modifying	the	power	take-off	system	(changing	the	angle	

of	 the	 turbine	 blades,	 inserting	 controllable	 valves	 to	manipulate	 the	 airflow	 through	 the	

turbine),	introducing	a	driven	buoyant	piston	on	the	water	surface	or	changing	the	volume	

of	 the	 air-water	 chamber	 etc.	 [17,	 113,	 173,	 174].	 Since	 some	 of	 these	 different	

implementations	of	tuning	tend	to	delay	the	phase	shift	of	the	device,	they	are	often	called	

“latching/clutching”	methods.	
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A	way	of	passively	achieving	resonance	is	by	changing	the	length	of	the	air	chamber	that	is	

underwater	 (equation	 4.15).	 This	 is	 one	 of	 the	 easiest	ways	 to	 tune	 the	 oscillating	water	

column.	 For	 this	 reason	 machines	 with	 a	 bent	 duct	 design	 have	 been	 implemented.	

However,	 as	 seen	 on	 many	 occasions,	 there	 are	 design	 and	 construction	 limits	 when	 it	

comes	to	the	maximum	size	of	a	single	oscillating	water	column	unit	[175].	

In	 addition	 to	 these	 methods,	 a	 different	 method	 to	 change	 the	 frequency	 response	 of	

oscillating	water	columns	is	to	have	them	operating	in	arrays.	This	is	due	to	the	fact	that	the	

energy	radiated	from	one	device	𝐸! 	 influences	the	behaviour	of	other	devices	from	within	

the	array	[176].		

Thus,	using	machines	 in	arrays	has	 two	benefits	–	 that	of	 replacing	a	machine	 that	would	

prove	 too	 massive	 to	 construct	 with	 several	 smaller	 converters	 and	 that	 of	 tuning	 the	

devices	to	the	frequency	of	the	incoming	waves.	

In	the	case	of	oscillating	water	columns	operating	 in	groups,	 the	same	principles	of	arrays	

that	were	mentioned	in	the	two-system	array	of	point	absorbers	section	(3.2)	apply,	as	seen	

in	the	literature	on	oscillating	water	columns	[121,	177-179].	Studies	on	arrays	of	oscillating	

water	 columns	 are	 still	 limited	mostly	 to	mathematical	models	 [176,	 178,	 179]	with	 their	

results	clearly	indicating	that	running	these	devices	in	arrays	is	of	interest.		

To	conclude,	in	the	above	description	of	the	oscillating	water	column	it	could	be	seen	that	

there	 are	 numerous	 terms	 that	 reflect	 the	 damping	 experienced	 by	 the	 machine	 in	 its	

energy	balance	equation	4.6.		

In	addition,	in	the	hydrodynamics	sections	of	this	work	it	was	mentioned	that	operation	at	

resonance	is	dependent	on	the	value	of	the	overall	damping	experienced	by	a	wave-power	

converter.	

The	 theory	 itself	was	 shown	 to	 include	assumptions	pertaining	 to	 linear	wave	 theory	 and	

potential	flow	that	do	not	completely	cover	the	physical	phenomena	taking	place	during	the	

operation	of	an	oscillating	water	column	device.	

Also,	the	literature	mentioned	in	the	scaling	subsection	(2.7.B)	of	this	work	shows	a	gap	in	

the	 research	 when	 it	 comes	 to	 scaling	 oscillating	 water	 columns	 and	 experimental	 work	
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done	before	has	shown	that	the	predictions	made	based	on	current	scaling	laws	and	theory	

always	show	discrepancies	between	different	scales	[28].	There	is	also	little	to	no	work	on	

the	 aspect	 of	 uni-dimensional	 size	 change	 of	 models	 or	 prototypes.	 The	 utility	 of	 uni-

dimensional	scaling	and	its	drawbacks	have	been	detailed	previously.		

For	this	reason,	the	research	presented	in	this	work,	focused	on	the	scaling	of	the	damping,	

as	 the	 size	 of	 the	 oscillating	 water	 column	 is	 changed	 in	 one	 dimension,	 aids	 in	 the	

understanding	of	 the	evolution	of	damping	and	 the	behaviour	of	oscillating	water	column	

converters	when	their	size	is	being	varied.		

4.2]	Experimental	research		

4.2.1]	Introduction	and	justification	

The	experimental	work	conducted	around	oscillating	water	columns	shares	common	goals	

with	the	work	presented	earlier	that	was	focused	on	buoy-type	point	absorbers.	

The	 research	 questions	 posed	 for	 the	 oscillating	 water	 column	 are	 justified	 below,	 as	

follows.		

There	are	conditions	in	experimental	testing	and	during	machine	exploitation	where	the	size	

of	an	existing	model	or	prototype	has	to	be	changed,	due	to	power	requirements	or	change	

of	the	space	available	for	installation.	When	such	an	adjustment	in	size	is	made,	it	is	of	great	

use	 to	 be	 able	 to	 scale	 the	 behaviour	 of	 the	 new	 converter,	 based	 on	 the	 data	 collected	

from	the	original-sized	one.	

In	practice,	the	requirements	of	an	 ideal	scaling	from	one	machine	size	to	another	cannot	

always	be	met.	A	larger-diameter	oscillating	water	column	might	yield	more	power,	yet	the	

installation	 location	might	 not	 allow	 for	 a	 longer	 submergence	 depth	 of	 the	 chamber.	 A	

laboratory	 testing	 facility	 might	 require	 a	 different	 diameter	 model,	 while	 not	

accommodating	a	different	chamber	height	for	the	model.	The	required	flows	needed	for	Re	

matching	 are	 often	 impossible	 to	 replicate	 in	 laboratory	 conditions,	 while	 operating	

different	sized	machines	 in	real	ocean	conditions	gives	no	control	over	the	matching	of	Fr	

and/or	Kc	either.	Hence,	when	changing	the	characteristics	of	devices,	it	is	often	impossible	
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to	 meet	 all	 requirements	 of	 perfect	 theoretical	 scaling	 such	 as	 Re	 and	 Fr	 and/or	 Kc	

matching,	total	geometric	similarity	etc.		

Thus,	if	a	precise	transition	is	to	be	made	from	a	laboratory-scale	oscillating	water	column	to	

a	 full	 size	oscillating	water	 column	device	or	between	different-size	 small	 scale	models	or	

between	 different-size	 full	 scale	 prototypes,	 it	 is	 essential	 that	 an	 accurate	 and	 precise	

scaling	law	can	be	used	to	translate	the	hydrodynamic	behaviour	of	one	size	device	into	the	

hydrodynamic	behaviour	of	a	differently-sized	machine.	This	enables	the	correct	estimation	

of	the	efficiency	of	a	full-scale	device	and	allows	an	accurate	prediction	of	the	power	that	

can	be	extracted	by	using	 such	a	 converter	 [170].	 In	addition,	 a	 correct	estimation	of	 the	

behaviour	of	a	full	sized	device	allows	for	the	predictive	tuning	of	the	machine,	enabling	it	to	

operate	 at	 resonance	 with	 the	 incoming	 wave	 train,	 which	 would	 further	 increase	 the	

energy	captured.	This	process	has	been	described	in	detail	in	the	previous	section	and	in	the	

scaling	subsection	(2.7.B).		

As	it	was	mentioned	in	the	theory,	the	increase	in	amplitude	of	the	machines	operating	at	

resonance,	 thus	 converting	 maximum	 energy,	 is	 directly	 dependant	 on	 their	 internal	

damping.	 Therefore,	 looking	at	 the	evolution	of	 the	damping	with	machine-size	 change	 is	

very	important.	

Thus,	while	there	are	studies	on	different	characteristics	of	the	forces	acting	on	wave-power	

machines,	 in	 the	 context	 of	 acknowledging	 linear	 wave	 theory	 and	 potential	 flow	

limitations,	there	has	been	little	to	no	work	done	exclusively	on	the	scaling	of	the	internal	

damping	experienced	by	the	oscillating	water	column	device	and	there	has	never	been	done	

a	study	 looking	at	the	variation	of	the	damping	as	the	size	of	the	converters	 is	changed	in	

one	 dimension.	 Most	 of	 the	 work	 that	 has	 been	 done	 on	 these	 aspects	 has	 also	 been	

analytical/numerical,	with	limited	experimental	backing.	

In	consequence,	 this	 is	 the	 focus	of	 the	experiments	 from	this	 section	 -	 to	 investigate	 the	

correlation	 between	 the	 overall	 damping	 experienced	 by	 a	 small-scale	 oscillating	 water	

column	 and	 one	 of	 its	 main	 geometrical	 characteristic,	 thus	 showing	 the	 fluctuation	 in	

internal	 energy	 dissipation	 experienced	 by	 the	 machine	 when	 the	 size	 of	 the	 device	 is	

varied.	The	scale-up	ratios	considered	in	this	work	reach	a	maximum	of	3.7.	However,	scale-
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up	 ratios	 from	 laboratory	 testing	 to	prototype-size	machines	 can	 reach	 ratios	of	 10-20	or	

higher.	

Thus,	 this	 study	 on	 oscillating	water	 columns	 has	 three	 practical	 uses	 (both	 in	 laboratory	

research	and	in	industry),	common	with	the	research	on	heaving-buoy	point	absorbers:	the	

accurate	prediction	of	the	overall	natural	damping	experienced	by	different	size	small-scale	

models	in	laboratory	testing	–	for	instance,	when	designing	different	size	laboratory-models	

for	tank	testing;	the	correct	anticipation	of	a	highly	nonlinear	change	in	damping	when	the	

scale	 transition	 between	 laboratory	 model	 and	 industry-size	 (prototype-scale)	 machine	 is	

made;	and	the	ability	to	highlight	the	presence	of	a	nonlinear	damping	behaviour	which	is	to	

be	 expected	 in	 the	 case	 of	 large-scale	 devices	 if	 their	 geometry	 is	 changed	 in	 size	 –	 for	

example,	increasing	the	size	of	an	already-commissioned	oscillating	water	column	device	in	

one	dimension	with	the	goal	of	increasing	energy	absorption.	

Ideally,	 as	 the	 size	 of	 an	 oscillating	 water	 column	 is	 increased,	 the	 damping	 caused	 by	

radiative,	viscous	and	pressure	effects	would	also	increase	in	predictable	amounts.		

Another	advance	over	existing	literature	is	that	the	experiments	described	here	were	free-

decay	 experiments	 within	 an	 oscillating	water	 column	 that	 was	 not	 under	 any	 excitation	

force	from	waves	(still	water)	and	which	did	not	use	any	power	take-off	system	-	thus	also	

eliminating	the	effects	of	compressibility	of	the	air	chamber,	alongside	the	damping	caused	

by	an	external	energy	extractor.		

Free-decay	 tests	allowed	 for	 the	entire	motion	of	 the	 system	 to	be	 simplified	and	 for	 the	

whole	damping	problem	to	be	reduced	down	to	the	natural,	internal	damping	of	the	device	

–	having	the	components	of	pressure,	viscous	and	radiative	damping.		

The	basic	principle	of	 the	experiments	was	 to	displace	 the	surface	of	 the	 fluid	 (within	 the	

chamber	of	the	oscillating	water	column)	to	a	certain	elevation	above	the	mean	water	level.	

Then,	after	release,	record	the	oscillation	of	the	water	surface	about	the	mean	water	level	

until	it	came	to	a	complete	stop.	This	would	allow	for	the	extraction	of	the	overall	damping	

ratio	 from	 the	 video	 data	 recorded,	 using	 the	 method	 mentioned	 in	 the	 damping	 ratio	

extraction	subsection	(2.7.C).	
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The	damping	ratio	is	the	non-dimensional	parameter	that	best	reflects	the	total	damping	of	

a	device,	in	relation	with	its	critical	damping,	and	its	fluctuation	will	be	later	compared	with	

the	variation	 in	diameter	of	 the	devices.	To	directly	 reflect	 the	damping	experienced	by	a	

converter,	the	exponential	decay	constant	for	each	system	and	configuration	is	analysed	as	

well.	

The	parameters	that	were	changed	during	the	course	of	the	series	of	experiments	were:	

• oscillating	water	column	diameters	(five	different	values);	

• length	of	the	oscillating	water	column	chamber	that	was	submerged	(two	different	

values);	

• initial	displacement	amplitude	(two	different	values).	

More	details	about	the	exact	setup	and	parameters	will	be	given	in	the	sections	below.	

If	converting	this	description	into	physical	terms,	then	the	aim	of	the	experiment	described	

above	was	to:		

• allow	 the	 gathering	 of	 information	 on	 the	 free-decay	 angular	 frequency	 and	 free-

decay	amplitude	of	each	diameter	oscillating	water	column,	 for	each	submergence	

length	and	for	each	initial	displacement	value;		

• allow	 for	 the	 extraction	 of	 a	 clear	 relation	 between	 the	 diameter	 of	 the	 water	

column	 converter	 and	 the	 damping	 forces	 experienced	 (illustrated	 by	 exponential	

decay	constant,	damping	ratio,	damping	components	etc.);	

• show	the	influence,	if	feasible,	of	different	initial	excitation	amplitudes	and	different	

submergence	depths	on	the	above	mentioned	parameters;	

• enable	 the	 recording	 of	 a	 qualitative	 imagine	 of	 the	 flow	 regime	 –	 which	 will	 be	

shown	in	the	oscillating	water	column	flow	visualisation	part	of	this	work.	

The	data	 collected	 related	 to	 these	aspects	will	 then	be	used	 to	draw	conclusions	on	 the	

scaling	of	the	damping	as	the	diameter	of	the	water	column	is	modified.	This	pure	kind	of	

experiment,	 relying	 on	 the	 free-decay	 of	 converters,	 focused	 on	 the	 evolution	 of	 the	

damping	with	one-dimensional	size	change	of	oscillating	water	columns	has	not	been	done	

before.	 	 	
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4.2.2]	Model	design,	planning	rationale	and	experimental	setup	

A)	Oscillating	water	column	models	

The	 experiments	 performed	 in	 this	 section,	 related	 to	 the	 single	 system	 terminators,	 are	

centred	around	five	different	diameter	models	of	the	oscillating	water	column	device.		

As	mentioned	in	previous	sections,	the	models	used	in	these	tests	are	meant	to	focus	only	

on	the	damping	caused	by	viscous,	pressure	and	radiative	effects,	excluding	the	power	take-

off-damping.		

Thus,	unlike	previous	research	done	in	this	field,	which	usually	employs	different	methods	

of	simulating	the	presence	of	a	power	take-off	system	(for	example	by	using	an	orifice	[12]),	

in	 this	 case	 the	damping	 caused	by	 the	power	 take-off	 system	 is	 completely	 excluded.	 In	

order	to	achieve	this,	 the	oscillating	water	column	models	were	constructed	out	of	acrylic	

tubing,	 without	 having	 any	 variation	 in	 diameter	 along	 their	 length	 and	 without	 any	

obstacles	that	could	hinder	the	free	airflow	through	the	model.	

As	it	was	shown	in	the	derivation	of	the	natural	frequency	for	an	oscillating	water	column,	in	

section	(4.1),	 the	natural	 (and	free-decay)	 frequency	of	such	a	device	 is	dependent	on	the	

length	of	the	chamber	that	is	below	the	water	surface	(equation	4.15).	In	order	to	provide	

generalized	results,	it	was	decided	that	the	models	would	have	a	straight,	vertical	chamber,	

instead	of	the	bent-duct	type	that	is	sometimes	employed	in	the	industry,	as	noted	earlier.	

This	would	not	only	allow	for	a	more	simple	construction,	but	would	also	provide	vertical-

axis	 symmetry	 regarding	 the	 fluid	 phenomena	 occurring	 inside,	 around	 the	 edges	 of	 the	

chamber,	and	around	the	device	 itself,	especially	when	 it	comes	to	the	waves	radiated	by	

the	device.		

To	 record	 the	 free-decay	 of	 the	water	 surface	within	 the	 device	models,	 a	 balanced	 and	

marked	 float	was	 placed	 inside	 the	 air	 chamber.	 For	 the	 recording	 to	 be	 possible	with	 a	

video	camera,	the	walls	of	the	device	model	had	to	be	transparent.	More	information	about	

the	float	will	be	provided	in	the	next	paragraphs.		

Thus,	taking	these	aspects	into	consideration,	the	device	models	were	built	out	of	900	mm	

long	transparent	acrylic	tubes	with	a	uniform	surface	roughness.	The	outside	diameters	of	
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the	tubes	chosen	were	30,	35,	50,	60,	100	mm	and	the	wall	thickness	was	approximately	2	

mm.		

To	displace	the	water	surface	within	the	models,	to	get	them	to	oscillate,	a	vacuum	pressure	

was	 created	 within	 the	 oscillating	 water	 columns	 using	 a	 vacuum	 pump.	 To	 connect	 the	

vacuum	hose,	a	three	mm	hole	was	drilled	into	the	wall	of	the	model	and	a	M3	pneumatic	

fitting	was	 connected.	By	using	 spacers,	 the	 connection	was	done	 in	 such	 a	way	 that	 the	

fitting	did	not	protrude	inside	the	device	model.	More	about	the	method	used	to	displace	

the	water	surface	will	be	presented	in	a	later	subsection.			

The	 relation	 between	 the	 heaving-buoy	 converter	 experiments	 presented	 before	 to	 the	

work	done	around	oscillating	water	columns	can	be	seen	in	the	top	part	of	figure	4.3,	with	

the	lower	part	showing	the	placement	of	the	setup	within	the	tank.	
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figure	4.3	-	top	-	transition	from	oscillating	buoy	to	oscillating	water	column;	bottom	-	placement	
within	tank	

The	characteristics	of	the	models	mentioned	earlier	will	be	presented	in	table	4.5	and	table	

4.6.	The	first	table	represents	the	case	of	a	400	mm	submergence	depth	while	the	second	

shows	the	case	of	a	200	mm	submergence.	
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figure	4.4	-	displaced	volume	for	oscillating	water	column	

The	 submergence	 length	 L	 represents	 the	 length	of	 the	 chamber	 that	was	 below	 the	 still	

water	surface.	L	can	be	seen	in	the	sketch	from	figure	4.4.	 It	 is	worth	mentioning	that,	for	

these	 experiments,	 the	 submergence	 depth	 and	 the	 submergence	 length	 are	 equal.	

However,	for	a	bent	duct	chamber,	for	example,	this	would	not	be	the	case.		

In	the	tables	below,	the	mass	m	is	the	mass	of	the	volume	found	inside	the	chamber	of	the	

model	at	equilibrium.		

The	 lateral	surface	LS	 represents	 the	 inside	surface	area	of	 the	chamber	that	 is	 in	contact	

with	the	fluid	at	rest.	Thus,	it	was	calculated	using	the	inner	diameter.	The	frontal	surface	FS	

is	the	inner,	cross-sectional	area	of	the	water	chamber	that	is	perpendicular	to	the	direction	

of	motion.		

Thus,	 the	descriptive	parameters	 for	each	diameter	 system	 for	 the	400	mm	submergence	

depth	are	available	in	the	table	below.	In	this	case,	the	initial	displacement	InD	was	140	mm.	

The	physical	significance	of	InD	can	be	seen	in	figure	4.4.	
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No.	
ID	

[m]	

L	

[m]	

InD	

[m]	

V	

[m!]	

𝑚 	

[kg]	

LS	

[m!]	

FS	

	[m!]	

LS+FS	

[m!]	

1 0.026 0.4 0.14 0.000212 0.2124 0.0327 0.000531 0.0332 

2 0.031 0.4 0.14 0.000302 0.3019 0.0390 0.000755 0.0397 

3 0.046 0.4 0.14 0.000665 0.6648 0.0578 0.001662 0.0595 

4 0.056 0.4 0.14 0.000985 0.9852 0.0704 0.002463 0.0728 

5 0.096 0.4 0.14 0.002895 2.8953 0.1206 0.007238 0.1279 

ID	 –	 inner	 diameter;	 L	 –	 submergence	 length;	 InD	–	 initial	 displacement;	V	–	volume	of	 chamber;						

m	–	mass	of	fluid	inside	chamber;	LS	–	lateral	surface;	FS	–	frontal	surface	

table	4.5	-	characteristics	of	models	for	the	400	mm	submergence	case	

In	the	next	table,	4.6,	the	characteristics	of	the	models	for	the	200	mm	submergence	length	

are	presented.		

Two	different	initial	displacements	InD,	large	enough	to	yield	statistically	significant	results,	

were	used	with	this	200	mm	submergence	depth	–	140	mm	and	70	mm.		 	
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No.	
ID	

[m]	

L	

[m]	

InD	

[m]	

V	

[m!]	

𝑚	

[kg]	

LS	

[m!]	

FS	

[m!]	

LS+FS	

[m!]	

1 0.026 0.2 
0.14 

0.000106 0.1062 0.0163 0.000531 0.0169 
0.07 

2 0.031 0.2 
0.14 

0.000151 0.1510 0.0195 0.000755 0.0202 
0.07 

3 0.046 0.2 
0.14 

0.000332 0.3324 0.0289 0.001662 0.0306 
0.07 

4 0.056 0.2 
0.14 

0.000493 0.4926 0.0352 0.002463 0.0376 
0.07 

5 0.096 0.2 
0.14 

0.001448 1.4476 0.0603 0.007238 0.0676 
0.07	

ID	–	inner	diameter;	L	–	submergence	length;	InD	–	initial	displacement;	V	–	volume	of	chamber;	m	

–	mass	of	fluid	inside	chamber;	LS	–	lateral	surface;	FS	–	frontal	surface	

table	4.6	-	characteristics	of	models	for	the	200	mm	submergence	case	

B)	The	water	displacement	system		

As	previously	mentioned,	 the	water	surface	within	 the	oscillating	water	column	had	to	be	

displaced	to	a	certain	level	to	start	the	free-decay	tests;	the	initial	displacement	InD	was	70	

mm	and	140	mm.	This	was	done	using	the	vacuum	pump,	as	mentioned	earlier.	

To	seal	the	top	end	of	the	oscillating	water	column	model,	a	circular	cap	(lid)	made	out	of	2-

6	mm	thick	rubber	was	used.	To	stop	the	rubber	cap	from	warping	towards	the	inside	of	the	

tube,	under	the	force	of	 the	vacuum,	 it	was	secured	on	10	mm	thick	acrylic	cutouts	using	
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glue	and	screws.	A	mass	(of	around	200	g)	was	glued	on	top	of	the	cap.	Figure	4.3,	already	

presented,	can	be	used	as	a	reference.	

	
figure	4.7	-	diagram	used	to	calculate	vacuum	needed	

To	calculate	the	vacuum	required	to	lift	the	water	surface	to	the	desired	height,	the	diagram	

from	figure	4.7	was	used.		

If	A	 is	 considered	 the	 level	 of	 the	 still	 water,	 then	 the	 pressure	 at	 that	 point	 is	 equal	 to	

atmospheric	pressure.	Thus,	

𝑃! = 𝑃!"#  ,																																																																(4.16)	

However,	if	the	water	is	raised	to	level	B,	where	𝑦! − 𝑦! = 140 𝑚𝑚,	then	𝑃!becomes	

𝑃! = 𝑃!"# + 𝜌𝑔ℎ = 𝑃!"# + 1373.4 Pa		.																																					(4.17)	

Thus,	a	pump	that	would	be	able	to	provide	a	negative	pressure	(vacuum)	of	around	1400	

Pa	would	be	sufficient.		

For	this	 reason,	plus	cost	considerations,	a	manual	vacuum	pump	was	chosen.	 In	order	to	

hold	the	vacuum	within	the	model,	the	pump	also	had	to	come	or	be	fitted	with	a	one	way	

valve.	
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The	experimental	procedure	for	each	run	entailed	creating	a	vacuum	within	the	model	to	lift	

the	water	 surface	 to	 the	desired	 level	 and	 then	quickly	 removing	 the	 cap	 that	 sealed	 the	

chamber	to	let	the	water	column	start	oscillating	around	the	mean	water	level.		

The	 cap	would	 be	 easy	 to	 remove	 since	 the	 sealing	 of	 the	 chamber	was	 done	 by	 simply	

placing	the	cap	on	the	acrylic	tube	and	then	creating	vacuum	inside	the	model.		

The	vacuum	combined	with	the	initial	weight	of	the	cap	would	force	the	cap	inwards,	thus	

allowing	the	rubber	to	seal	well	without	any	additional	clamps	or	sealant.			

In	 order	 to	 remove	 the	 caps	 and	 let	 the	 water	 surface	 begin	 its	 descent,	 the	 caps	 were	

connected	to	a	braided	wire	(the	same	as	in	section	3.1)	that	was	secured	to	a	weight.	When	

the	weight	would	be	allowed	to	fall	off	the	platform	it	was	resting	on,	it	would	lift	the	cap	by	

pulling	the	braid	wire	and	unsealing	the	tubes.		

To	ensure	that	this	method	provided	precise	replication	with	each	try,	the	decay	curves	of	

the	oscillation	of	 the	water	 surface	were	analysed	and,	 for	 the	 start	of	each	oscillation,	 it	

was	 found	 that	 they	 show	 the	 same	 slope,	 suggesting	 that	 the	 system	 started	 the	

experiments	under	the	same	conditions	for	each	run.	

C)	The	tank	

The	experiments	were	carried	out	in	the	6.71	x	3.66	x	1.32	m	above	the	ground,	steel	frame	

tank	 that	was	 also	 used	 for	 the	 buoy	 point	 absorber	 experiments.	 The	 tank	was	 be	 filled	

with	water,	0.8	m	deep.	

The	 lack	 of	 space	 for	 installing	 the	 experimental	 tank	 proved	 a	 challenge	 throughout	 this	

whole	 research	 effort.	 Since	 the	 tank	 had	 to	 be	 relocated	 and	 reinstalled	 before	 these	

experiments	 could	be	 completed,	new	challenges	arose	 that	need	 to	be	mentioned	along	

with	the	solutions	adopted	to	mitigate	them,	as	they	will	later	be	brought	up	as	sources	for	

errors	for	the	experimental	data.		

Since	previous	locations	used	were	no	longer	available	for	setting	up	the	tank,	negotiations	

with	local	city	officials	were	started	and	carried	out	successfully	in	order	to	have	access	to	a	

new	space	where	the	experiments	could	be	conducted.	
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The	new	location	granted	presented	specific	challenges,	which	had	to	be	mitigated	in	order	

to	ensure	quality	data	collection.	

Since	the	location	was	outdoors	and	unpaved,	a	new	flat	platform	had	to	be	erected	before	

installing	the	tank.	The	new	platform	was	made	out	of	plywood	on	top	of	9	cubic	meters	of	

packing	sand	which	was	manually	brought	on	site.	The	top	of	the	platform	was	covered	with	

waterproof	material	in	order	to	ensure	that	the	plywood	would	not	get	water-damaged	and	

that	the	sand	from	underneath	the	platform	would	maintain	its	integrity	and	levelness.		

The	obvious	challenge	was	to	ensure	the	platform	was	 level	and	for	this	spirit	 levels	were	

used,	alongside	more	rudimentary,	spherical	measuring	devices.	The	platform	can	be	seen	

in	figure	4.8.			

	
figure	4.8	-	setup:	platform	

On	top	of	the	platform,	the	tank	was	installed	as	it	can	be	seen	in	figures	4.9,	4.10.		
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figure	4.9	-	setup:	pool	erection	

	
figure	4.10	-	setup:	erected	pool	

Lastly,	on	top	of	the	tank	the	same	wood-board	support	frame	as	mentioned	in	the	previous	

point	absorber	experiments	was	installed,	on	top	of	the	steel	frames	–	figure	4.11.	Note,	in	

figure	 4.11,	 the	 wood	 boards	 are	 not	 yet	 tensioned	 together	 and	 the	 rest	 of	 the	

experimental	setup	is	not	yet	present.		
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figure	4.11	-	setup:	partial	support	frame	

Finally,	 the	 tank	was	 fitted	 exactly	with	 the	 same	 equipment	 as	 in	 the	 case	 of	 the	 point	

absorber	 experiments	 and	 thus	 new	 photos	 of	 the	 setup	were	 not	 taken.	 For	 reference,	

figures	3.61-3.63	can	be	consulted.		

Thus,	because	of	 the	way	 the	 tank	had	been	 installed,	 an	obvious	 source	of	error	 for	 the	

experiments	would	be	the	differences	in	water	level	inside	the	tank	due	to	the	platform	not	

forming	a	perfectly	plane,	horizontal	surface.			

For	 this	 reason,	 after	 the	 tank	 was	 filled	 with	 water,	 differences	 in	 water	 level	 were	

measured	 in	different	 locations	throughout	the	tank.	The	highest	difference	 in	water	 level	

was	 43	mm,	 discovered	 between	 two	 opposing	 edges	 of	 the	 pool.	 Since	 the	 water	 level	

during	the	experiments	was	measured	to	be	800-898	mm	at	the	point	where	the	oscillating	

water	 column	models	were	 installed,	 a	maximum	variation	 in	 depth	of	 4.7-5%,	measured	

between	two	extremities	of	the	pool,	was	deemed	acceptable.	

In	order	for	the	tank	walls	to	be	consistently	parallel,	a	3.55	m	long,	cylindrical	spacer	with	

adjustable	end	 lengths	was	constructed	and	placed	between	the	upper	beams	of	the	tank	

that	support	the	lining	along	its	length.				
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D)	Water	surface	tracking	method	and	equipment	

The	 movement	 of	 the	 water	 was	 tracked	 using	 a	 Sony	 HDR-AS15	 water-resistant	 action	

camera	at	120	fps	in	720p	quality.	The	software	used	to	digitize	the	videos	is	called	Tracker	

(version	 4.95;	 developed	 by	 D.	 Brown;	 Open	 Source	 Physics	 (OSP)	 Java	 framework).	 The	

challenges	of	using	this	method	will	be	briefly	described	below	and	in	the	overall	procedure	

subsection.	

As	the	water	surface	was	difficult	to	track	with	a	video-camera,	a	float	of	small	dimensions	

(approximately	 30	mm	 long,	 10	mm	 in	 diameter)	 was	 placed	 inside	 the	 oscillating	 water	

column	models.	

Since,	during	an	oscillation,	the	water	surface	crosses	the	mean	water	 level,	the	change	in	

medium	entails	refraction	and	reflection	effects	that	hinder	video	tracking.	For	this	reason,	

the	 float	was	equipped	with	a	 lightweight	antenna	and	a	small	mass	 (a	 few	grams)	at	 the	

bottom	to	keep	it	upright.		

The	top	of	the	antenna	was	fitted	with	a	light	cloth	sphere	(three	mm	in	diameter)	that	had	

rough,	stiff	material	spikes	all	around	it.	The	spikes	were	around	0.2	mm	in	diameter.	This	

ensured	that	whenever	the	float	would	come	too	close	to	the	walls	of	the	tube	it	was	just	a	

few	 very	 thin	 spikes	 that	 actually	 caused	 friction	 between	 the	 antenna	 and	 the	 chamber	

inner	wall.	Not	only	that,	but	since	the	spikes	were	relatively	stiff,	they	would	actually	push	

the	antenna	away	from	the	walls	of	 the	tube,	as	soon	as	coming	 in	contact	with	 it,	acting	

similarly	to	a	spring.	

It	is	assumed	that	the	water	inside	the	oscillating	water	column	model	would	behave	in	the	

same	way	vertically	(hydrodynamically	speaking),	with	the	float	inside	it,	as	it	would	without	

the	float.	

This	 is	because,	 if	we	consider	 the	 total	weight	of	 the	water	within	 the	column,	𝐺!"!,	 it	 is	

known	that	the	weight	of	the	float	must	be	equal	to	its	buoyancy.	This	means	that	the	mass	

of	the	float	(including	antenna	etc.)	must	be	equal	to	the	mass	of	the	water	displaced	by	the	

float.	Thus,	

𝐺!"!(𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑓𝑙𝑜𝑎𝑡) = 𝐺!"!(𝑤𝑖𝑡ℎ 𝑓𝑙𝑜𝑎𝑡).																															(4.18)	
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This	means	that	the	inertial	characteristics	of	the	volume	of	water	would	be	maintained	as	

long	as	we	ensured	 the	 float	did	not	come	 in	contact	with	 the	extremities	of	 the	devices.	

The	 lowest	point	of	 travel	 for	 the	 float	was	still	 relatively	 far	away	 from	the	 intake	of	 the	

device.	

E)	Overall	setup	

The	oscillating	water	 columns	mentioned	 in	 subsection	A	were	 fixed	 in	 the	middle	of	 the	

tank,	onto	the	support	frame,	by	using	rectangular	anodised	aluminium	tubing.	The	acrylic	

device	models	were	 fixed	 to	 the	aluminium	tubing	using	 tension	connectors.	This	allowed	

for	 a	 strong,	 rigid	 fix	 that	 could	 also	 be	 undone	 when	 changing	 models	 for	 different	

diameter	ones.		

Suitable	L-shaped	steel	sheets	were	used	to	prevent	the	aluminium	tubing	from	having	any	

movement,	thus	supressing	all	its	degrees	of	freedom.	

To	 check	 that	 the	water	 column	model	was	 perfectly	 vertical,	 a	 simple	 string-weight	 tool	

was	constructed.	The	tool	consisted	of	a	weight	attached	to	a	string,	a	string	that	was	itself	

connected	to	a	T-shaped,	light	wooden	frame.	When	the	weight	would	be	suspended	from	

the	same	level	as	the	top	of	the	device	model,	the	string	would	show	the	correct	orientation	

in	order	 for	 the	model	 to	be	perfectly	vertical.	By	moving	 the	 tool	around	the	model,	 the	

correct	orientation	could	be	ensured	for	all	axes.	

The	distance	between	 the	axis	of	 the	model	 tubes	and	 the	 closest	edges	of	 the	 tank	was	

around	1.83	meters.		The	water	depth	was	0.8	m,	as	previously	mentioned.	

Behind	the	oscillating	water	column	models	a	white	background	was	placed	 indicating	the	

diameter	and	the	unique	experimental	code.	This	also	aided	the	image	capture	process.		

The	water	 had	no	 structures	 or	 supports	 in	 it	 and	 even	 the	 calibration	 tapes	were	 either	

suspended	in	the	visual	field	of	the	camera,	so	as	to	not	 interfere	with	the	free-motion	of	

the	fluid	within	the	tank,	or	marked	on	the	aluminium	tubing	supporting	the	models.		

The	experiments	performed	were	repeated	35-43	times	in	order	to	ensure	that	the	results	

were	statistically	accurate.	Sources	of	possible	systematic	errors	were	also	inventoried.		
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Due	to	the	strong	light	from	the	sun,	multiple	videos	had	to	be	edited	in	order	to	enhance	

the	contrast	between	the	top	of	 the	antenna	and	the	background	used,	as	 the	 reflections	

caused	by	the	natural	light	on	the	surface	of	the	acrylic	tubes	proved	to	hinder	the	tracking	

software.	

After	 each	 run	 was	 completed,	 time	 was	 spent	 to	 allow	 the	 water	 level	 to	 settle	 down	

(approximately	3	minutes),	even	 if	no	pronounced	waves	could	be	observed	on	the	water	

surface	while	performing	these	experiments.	

Since	 the	 experiments	 were	 executed	 outdoors,	 the	 effect	 of	 the	 wind	 was	 taken	 into	

consideration	and	the	experiments	were	stopped,	if	required.	

4.2.3]	Experimental	procedure	and	method	

The	experiments	involving	the	models,	vacuum	system	(excitation	method),	surface	tracking	

and	video	recording	equipment	described	above,	were	performed	as	follows:	

1.	 The	 float	 (with	 the	 antenna	 and	 mass)	 would	 be	 lowered	 into	 the	 water	 as	 close	 as	

possible	to	the	position	where	the	model	would	be	installed.	

2.	A	specific	diameter	oscillating	water	column	model	would	then	be	lowered,	carefully,	as	

to	 encompass	 the	 float	without	 damaging	 it	 and	without	 tipping	 it	 over	 –	 if	 the	 float	 got	

tipped	over	the	end	of	the	antenna	would	come	into	contact	with	water,	swell	up	with	fluid,	

and	need	replacing.		

3.	Then,	 the	device	model	would	be	securely	 fixed	to	the	rectangular	anodised	aluminium	

tubing	 using	 removable,	 flexible,	 tension	 connectors.	 It	 would	 be	 set	 at	 the	 lowest	

submergence	depth	–	400	mm.		

To	check	that	the	right	length	of	the	chamber	was	underwater,	the	400	mm	level	had	been	

previously	marked	on	the	tube.	

To	 check	 that	 the	 water	 column	 model	 was	 perfectly	 vertical,	 the	 string-weight	 tool	

mentioned	in	the	previous	subsection	would	be	used.	

4.	An	opaque	background	made	out	of	either	cardboard	and	white	paper	or	cardboard	and	

white	 cloth	would	 be	 installed	 behind	 the	 converter	models.	 This	 ensured	 that	 the	 video	
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tracking	 software	would	be	 able	 to	 properly	 track	 the	 antenna	 tip	 of	 the	 float	within	 the	

chamber	 of	 the	 device.	 The	 specific	 code	 of	 the	 experiment	would	 have	 been	 previously	

written	 on	 each	 background.	When	 this	was	 done,	 it	was	 important	 to	make	 sure	 not	 to	

cover	the	calibration	tape	which	was	marked	on	the	aluminium	tubing.		

5.	The	hose	for	the	vacuum	pump	would	be	installed	into	the	M3	fitting	of	the	device	model.	

6.	The	vacuum	pump	would	be	connected	to	the	hose	and	also	secured	to	the	frame	that	

was	on	top	of	the	tank.	

7.	The	video	camera	would	then	be	installed	to	the	tripod	rigidly	suspended	from	the	frame	

mentioned	earlier.	

8.		After	wirelessly	connecting	the	camera	to	a	display,	the	setup	would	be	tested	to	make	

sure	 that	 the	 float	 is	 in	 the	 correct	position,	 in	 the	 right	 field	of	 view,	 that	 the	 camera	 is	

straight	etc.		

9.	The	cap	would	be	placed	on	the	device	model	and	it	would	be	sealed	as	described	in	the	

water	displacement	system	subsection.	

10.	Using	 the	 vacuum	pump,	 the	water	 surface	would	 be	displaced	 to	 140	mm	using	 the	

markings	on	the	tube.	Then,	the	cap	would	be	removed	using	the	method	described	earlier.		

11.	 After	 the	 free-decay	 had	 been	 recorded	 and	 the	 water	 within	 the	 device	model	 had	

properly	 settled,	 the	experiment	would	be	 repeated.	Each	experiment	would	be	 repeated	

approximately	35–43	times.	

12.	 Next,	 the	 same	 process	 would	 take	 place,	 as	 described	 in	 steps	 9-11,	 but	 this	 time	

displacing	the	water	surface	to	just	70	mm.		

13.	The	device	model	would	be	removed	from	the	aluminium	tubing	and	it	would	be	fixed	at	

another	submergence	depth,	using	the	markings	on	the	tube	–	200	mm.		

14.	The	steps	described	above	(4-11)	would	be	repeated.		

15.	Lastly,	the	oscillating	water	column	model	would	be	replaced	with	a	different	diameter	

one	and	steps	1-14	would	be	repeated.		
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4.2.4]	Scaling	effects.	Results	and	discussion		

Similarly	to	the	case	of	the	heaving	point	absorber	experiments,	by	recording	the	free	decay	

of	 the	water	 surface	 confined	within	 the	 chamber	 of	 an	 oscillating	water	 column	model,	

information	on	 the	period	of	oscillation	and	vertical	displacement	was	gathered	using	 the	

measurement	methods	 described	 earlier.	 The	 results	 were	 processed	 using	MATLAB	 and	

verified	manually,	as	in	the	case	of	buoy	experiments.		

It	 should	 be	 noted	 that,	 for	 all	 graphs	 presented,	 the	 trends	 for	 the	 curves	 showing	 the	

decay	constant	as	a	function	of	diameter	is	conserved	when	considering	the	damping	ratio	

as	a	function	of	diameter.	This	is	because	the	damping	ratio	is	the	damping	constant	divided	

by	the	free-decay	frequency	and	the	free-decay	frequency	for	all	diameters	is	approximately	

constant	for	the	same	submergence	length.	However,	since	the	damping	ratio	is	often	used	

in	the	literature,	both	graphs	will	be	presented	for	all	cases.			

The	measurements	of	the	periods	were	statistically	tested	for	over	30	samples	and	the	95%	

confidence	interval	(under	0.012	seconds)	was	found	to	be	within	the	resolution	of	the	time	

sampling	 interval	 (0.025	 seconds).	 For	 this	 reason,	 the	 averages	 obtained	 for	 the	 periods	

were	used	as	constants,	as	they	were	not	significantly	influenced	by	any	random	errors.	As	

before,	the	periods	were	always	sampled	starting	from	the	second	oscillation,	to	make	sure	

only	 the	 natural	 response	 of	 the	 system	was	 recorded	 and	 not	 also	 any	 inconsistency	 in	

experiment	initiation.	The	average	values,	standard	deviation	and	margins	of	errors	can	be	

seen	in	the	table	containing	the	results,	which	will	be	presented	in	later	paragraphs.			

The	 sources	 of	 error	 for	 the	 measurements	 related	 to	 the	 vertical	 displacement	 are	

mentioned	in	the	next	paragraphs.	

Sources	of	errors	

The	main	source	of	errors,	in	the	case	of	the	oscillating	water	column	experiments,	was	the	

minor	 difficulties	 the	 tracking	 software	 faced	 due	 to	 the	 light	 reflection	 and	 refraction	

caused	 by	 the	 transparent	 walls	 of	 the	 models.	 However,	 after	 using	 video	 enhancing	

techniques	 similar	 to	 those	 used	 on	 the	 heaving-buoy	 point	 absorbers,	 the	 discrepancies	

found	were	in	the	order	of	a	millimetre	or	less.	These	errors	were	not	systematic	and	they	

were	accounted	for	by	calculating	the	95%	confidence	interval.		
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Next,	 in	 case	of	 the	 large	diameter	model	 (96	mm),	 the	 float	 inside	 the	model	 could	also	

experience	 limited	horizontal	motion.	 In	 this	 case	 as	well,	 the	differences	 found	between	

different	 runs	 were	 minimal	 and	 were	 also	 accounted	 for	 by	 calculating	 the	 confidence	

interval.	

Lastly,	the	angle	between	the	camera	lens	and	the	object	tracked	could	suffer	slight	changes	

during	 different	 system	 installations,	 which	 could	 lead	 to	 systematic	 errors.	 The	 good	

correlation	in	results	between	different	systems	and	operational	scenarios	shows	that,	even	

if	these	errors	might	have	been	present,	they	did	not	significantly	impact	the	results.		

Results	

As	it	could	be	seen	in	the	description	of	the	oscillating	water	column	models	used	for	this	

experimental	work,	there	were	three	cases	considered,	as	follows.		

First,	when	the	models	had	a	submergence	 length	of	400	mm	and	were	excited	by	 raising	

the	water	surface	to	140	mm	above	the	reference	as	an	initial	displacement.	Second,	when	

the	 models	 saw	 a	 submergence	 length	 of	 200	 mm	 and	 were	 excited	 with	 an	 initial	

displacement	 of	 140	 mm.	 Third,	 when	 the	 chambers	 of	 the	 models	 were	 200	 mm	

submerged	and	the	fluid	surface	was	displaced	initially	with	70	mm.			

As	 for	all	experiments,	 the	periods	 for	 this	case	were	measured	experimentally,	while	 the	

frequency	and	angular	 frequency	were	calculated	analytically.	The	standard	deviation	and	

margin	 of	 error	 for	 the	 95%	 confidence	 interval	 are	 also	 presented	 for	 over	 30	 samples	

considered.		

Using	the	method	described	in	the	damping	ratio	extraction	subsection	(2.7.C),	the	decaying	

oscillations	 for	each	diameter	were	 fitted	with	an	exponential	decay	curve	over	 the	peaks	

and	 the	 damping	 constants 𝛿	 and	 damping	 ratios	 𝜁	 were	 calculated	 for	 each	 case.	 The	

experiments	 were	 repeated	 around	 35-43	 times	 for	 each	 scenario	 and	 thus	 the	 95%	

confidence	 interval	 for	 the	 values	 could	 also	 be	 obtained.	 As	 in	 the	 case	 of	 the	 heaving	

buoys,	 this	 investigation	 is	 focused	on	 the	 variation	 in	 damping	with	uni-dimensional	 size	

change.	 The	nonlinearities	 in	 damping	 experienced	by	 each	model	 as	 their	 displacements	

and	velocities	change	(with	the	decay	of	their	amplitude	of	motion)	are	acknowledged,	but	

not	separately	investigated.	



	 	

																																																																																																																																																																				
229	 	

In	order	 to	get	non-dimensional	parameters,	 the	dimensional	values	 for	 the	diameter	and	

length	of	 the	models	 can	be	divided	by	 the	depth	of	 the	 tank	 (0.8	m).	 The	 resulting	non-

dimensional	 diameters	 are	 0.033,	 0.039,	 0.058,	 0.07,	 and	 0.12.	 The	 non-dimensional	

submergence	 lengths	 are	 0.500	 and	 0.250.	 The	 non-dimensional	 initial	 displacements	 are	

0.175	 and	0.088.	 The	damping	 constant	 becomes	non-dimensional	 by	 dividing	 it	with	 the	

free-decay	 angular	 frequency	 (equation	 2.66),	 thus	 obtaining	 the	 (non-dimensional)	

damping	 ratio	 (equation	 2.66).	 Since	 this	 study	 focuses	 on	 the	 trends	 of	 the	 damping,	

dimensional	values	will	be	used	for	spatial	parameters	with	the	note	that	these	trends	are	

perfectly	conserved	when	using	the	non-dimensional	parameters	mentioned	above	as	well.	

In	 addition,	 where	 strong	 nonlinearity	 is	 found	 the	 results	 are	 also	 compared	with	 (non-

dimensional)	Kc	and	Fr.		

As	for	the	heaving	buoys,	the	wavelengths	for	the	oscillating	water	columns	were	calculated	

using	linear	wave	theory,	as	a	function	of	period	of	oscillation	(section	2.4).	In	this	case,	they	

ranged	from	1.3	to	2.7	m,	corresponding	to	different	diameter	models.	The	time	needed	for	

waves	to	reflect	from	the	tank	walls	and	influence	the	experiments	ranged	from	1.5	to	2.4	

seconds.	 Thus,	 the	 reflected	waves	had	an	 influence	on	 the	experiments.	 For	 this	 reason,	

using	 Bessel	 functions,	 the	 significance	 of	 the	 reflected	 waves	 was	 calculated	 [180].	 The	

results	showed	that	the	effect	of	the	reflection	was	less	than	9%.	

It	was	mentioned	before	that	examples	of	an	oscillation	 for	each	 individual	diameter	case	

will	not	be	given,	as	it	would	take	up	too	much	space.	Thus,	only	the	example	of	the	decay	

for	the	31	mm	inner	diameter	model	when	it	is	400	mm	submerged	will	be	shown,	with	the	

note	that	the	decay	oscillations	for	the	other	diameters	considered	are	similar,	including	the	

ones	for	the	200	mm	submergence	length.	This	example	is	visible	in	figure	4.12.		
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figure	4.12	-	example	of	the	decay	oscillations	for	the	31	mm	oscillating	water	column	model	

The	results	for	each	testing	scenario,	specific	submergence	length	and	initial	displacement,	

will	be	presented	in	the	following	sections.	

Systems	with	a	submergence	length	of	400	mm,	displaced	140	mm		

The	results	for	the	case	of	the	400	mm	submergence	can	be	seen	in	the	next	table	 (4.13).	

The	 values	 for	 the	damping	 constants	 and	 ratios	were	 calculated	with	 four	 decimal	 place	

precision	and	 represent	an	average.	Thus,	 the	margins	of	error	must	be	considered	when	

interpreting	the	meaning	of	these	values.	 	
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ID [mm]	 	 𝛿	[rad/s]	 𝜁	 𝑇 [s]	 𝑓 [Hz]	 𝜔	[rad/s]	

26 

Av.	 0.2981 0.0623 1.314 

0.761	 4.781	SD	 0.0113 0.0024 0.013 

ME	 0.0035 0.0007 0.005 

31 

Av.	 0.2411 0.0506 1.318 

0.759	 4.767	SD	 0.0251 0.0053 0.017 

ME	 0.0084 0.0018 0.006 

46 

Av.	 0.2172 0.0457 1.322 

0.756	 4.753	SD	 0.0080 0.0017 0.010 

ME	 0.0027 0.0006 0.004 

56 

Av.	 0.2015 0.0421 1.313 

0.762	 4.785	SD	 0.0096 0.0020 0.014 

ME	 0.0031 0.0006 0.005 

96 

Av.	 0.1846 0.0391 1.330 

0.752	 4.724	SD	 0.0094 0.0020 0.015 

ME	 0.0028 0.0006 0.005 

ID	–	inner	diameter;	𝛿	–	damping	constant;	𝜁	–	damping	ratio;	T	–	period;	f	–	frequency;	𝜔	–	angular	

frequency;	Av.–	mean;	SD	–	standard	deviation;	ME	–	margin	of	error	for	the	95%	confidence	interval	

table	4.13	-	parameters	for	systems	having	a	400	mm	submergence	length	and	140	mm	initial	
displacement	

Calculated	 Fr	 were	 0.54,	 0.45,	 0.30,	 0.25,	 and	 0.15	 for	 the	 26,	 31,	 46,	 56,	 and	 96	 mm	

diameters,	respectively.		
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Calculated	Kc	were	18.70,	15.73,	10.63,	8.68,	and	5.13	 for	 the	26,	31,	46,	56,	and	96	mm	

diameters,	respectively.		

The	velocity	amplitudes	considered	were	obtained	from	the	downward	motion	of	the	first	

oscillation	of	the	systems.	

Calculated	Re!	were	in	the	range	of	1.9− 7.1 × 10!.	Instantaneous	Re	were	in	the	range	of	

1− 3.9 × 10!.	 These	 numbers	 have	 the	 same	 significance	 as	 for	 the	 buoy	 experiments	 –	

sub-criticality	and	a	boundary	layer	along	the	surface	that	is	laminar	until	separation	at	the	

trailing	edge	[150].	

These	 numbers	 were	 calculated	 using	 equations	 2.49-2.52	 and	 the	 velocity	 that	 was	

constant	 for	 all	 models,	 since	 the	 natural	 frequency	 of	 the	 oscillating	 water	 column	 is	

dependent	 only	 on	 the	 submerged	 length	 of	 the	 chamber,	 which	 was	 approximately	

constant	for	all	diameter	models.			

In	the	next	graph,	4.14,	the	variation	of	the	free-decay	angular	frequency	is	compared	with	

the	change	in	diameter.	In	this	graph	and	all	other	similar	ones,	the	variation	in	diameter	is	

plotted	as	the	difference	between	successive	increases	in	diameter.		
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figure	4.14	-	comparison	between	the	free-decay	angular	frequency	ω	and	diameter	variation;	from	
left	to	right,	the	points	on	the	graph	represent	the	26,	31,	46,	56,	96	mm	diameters	(a	diameter	

variation	of	1	was	arbitrarily	chosen	for	the	smallest	diameter	to	avoid	clutter)		

In	the	case	of	the	oscillating	water	column,	the	natural	angular	frequency	is	dependent	only	

on	the	submergence	length	and	gravitational	acceleration	(as	proven	in	the	hydrodynamics	

section	4.1,	equation	4.15)	and,	thus,	this	graph,	showing	the	free-decay	angular	frequencies	

as	a	 function	of	diameter,	 is	expected	 to	be	 linear	and	 invariant	with	diameters,	with	 the	

differences	visible	being	accounted	for	by	the	limitations	 in	measurement	resolution	given	

by	 the	 frame	 rate	 of	 the	 camera,	 not	 by	 random	 errors.	 There	 is	 also	 a	 relatively	 small	

difference	 between	 the	 natural	 angular	 frequency	 and	 the	 measured	 free-decay	 angular	

frequency,	in	the	range	of	3-5%.	This	difference	is	to	be	expected	and	stems	from	the	fact	

that,	even	 if	 the	 systems	are	not	damped	with	an	artificial	damper,	 they	are	 still	damped	

through	natural	(internal)	processes	(which	are	the	subject	of	this	work).		

If	in	the	case	of	the	oscillating	heaving-buoys	the	differences	in	free-decay	frequency	could	

reach	 as	 high	 as	 53%,	 for	 the	 oscillating	 water	 column	 the	 differences	 in	 free-decay	

frequency	go	only	as	high	as	1.3%.	This	demonstrates	that	the	differences	observed	are	due	

to	the	measurement	frame	rate.		

As	 an	 exercise,	 the	 damping	 ratios	 were	 also	 calculated	 using	 a	 constant	 free-decay	

frequency	 of	 4.781	 rad/s.	 The	 results	 were,	 in	 the	 order	 of	 diameter	 increase,	 0.0623,	
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0.0504,	 0.0454,	 0.0421	 and	 0.0386	 respectively.	 The	 largest	 difference	 between	 these	

results	and	the	obtained	experimental	values	 is	1.27%.	Thus,	 this	difference	 is	not	able	 to	

influence	the	trend	of	the	graphs	that	will	be	discussed	later.	

Next,	 in	graph	4.15,	 the	 free-decay	angular	 frequency	 can	be	 compared	with	 the	mass	of	

water	within	the	chamber	and,	as	expected,	this	graph	is	similar	to	the	one	from	figure	4.14	

since	the	length	of	the	device	chamber	is	kept	constant	and	only	the	diameter	is	varied.		

	
figure	4.15	-	the	variation	in	free-decay	angular	frequency	ω	as	a	function	of	mass	

In	the	next	figure,	4.16,	the	decay	curves	can	be	seen	for	all	five	different	diameter	models.	

As	a	reminder,	the	decay	curves	used	for	the	comparison	are	given	by	equation	2.65.	This	

was	discussed	in	the	damping	ratio	extraction	method	subsection	(2.7.C).	
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figure	4.16	-	the	decay	curves	for	all	5	systems	

By	looking	at	these	curves,	in	figure	4.16,	 it	 is	clear	that	similar	increases	in	diameter	yield	
different	 changes	 in	damping.	 This	becomes	 clearer	 if	 looking	 at	 the	decay	 constants	 and	
ratios.	Thus,	 in	the	next	graph,	4.17,	 the	decay	constant	𝛿	can	be	plotted	as	a	 function	of	
diameter	variation.	
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figure	4.17	-	variation	of	damping	constant	𝛿	versus	diameter;	from	left	to	right,	the	points	on	the	
graph	represent	the	26,	31,	46,	56,	96	mm	diameters	(a	diameter	variation	of	1	was	arbitrarily	

chosen	for	the	smallest	diameter	to	avoid	clutter)	

In	 this	 graph,	 4.17,	 it	 can	 be	 observed	 that	 the	 damping	 decrease	 noticed	 between	 the	

smallest	 diameter	 oscillating	water	 column	models	 (26	 and	 31	mm)	 is	 significantly	 higher	

than	the	damping	decrease	between	the	two	largest	models	(56	and	96	mm).	Thus,	for	the	

first	two	systems	representing	an	increase	in	diameter	of	just	5	mm,	the	change	in	damping	

constant	 is	 0.0570	 rad/s.	 However,	 for	 the	 last	 two	 systems,	 for	 an	 increase	 in	 diameter	

800%	 higher,	 of	 40	 mm,	 the	 change	 in	 damping	 constant	 is	 3.37	 times	 lower,	 reaching	

0.0169	rad/s.		

The	 velocities	 experienced	 for	 the	 oscillating	 water	 column	 systems	 were	 relatively	

constant,	irrespective	of	diameter	–	approximately	0.37	±	0.020	m/s.		

It	can	also	be	seen	that	the	damping	decrease	with	the	increase	in	diameter	for	the	31,	46	

and	56	mm	diameters	is	approximately	linear.		

What	is	interesting,	in	general,	is	that	the	damping	experienced	by	the	devices	is	decreasing,	

while	 the	 radiation	 damping,	which	 is	 the	 predominant	 source	 of	 damping	 considered	by	

the	 literature,	 would	 yield	 an	 increasing	 trend	 with	 an	 increase	 in	 diameter.	 This	 will	 be	

visible	in	the	comparison	with	a	numerical	simulation,	seen	at	the	end	of	this	section.	This	
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result	is	important	if	these	scale-size	models	were	to	be	used	in	a	laboratory	wave	flume	to	

predict	the	behaviour	of	larger	size	devices,	for	example.	The	trend	in	overall	damping	is	the	

opposite	 of	 what	 would	 be	 expected	 purely	 on	 the	 basis	 of	 radiation	 damping	 and	 the	

variation	between	models	themselves	experiences	a	changing	path,	from	a	sudden	decrease	

to	a	low	decrease	in	damping.		

It	 is	 thus	 important	 when	 considering	 models	 on	 this	 scale.	 The	 sources	 for	 these	

discrepancies	 could	 be	 capillary	 effects,	 but	 it	 is	 inferred	 they	 are	 mostly	 due	 to	 the	

difference	in	flow	regimes.	This	is	because	in	the	flow	visualisation	section	of	this	work	(5.1)	

differences	 in	 vortex	 formation	and	 shedding	between	 the	 small	 diameter	model	 and	 the	

large	diameter	model	will	be	 shown	and	 the	 influence	of	 capillary	effects	 is	minor	as	was	

mentioned	in	the	linear	wave	theory	section	(2.4).		

Next,	in	plot	4.18,	the	increase	in	diameter	is	shown	as	an	influence	on	the	damping	ratio	𝜁	

–	the	measure	relating	the	actual	damping	of	the	machines	to	their	critical	damping.	

	
figure	4.18	-	damping	ratio	𝜁	versus	diameter;	from	left	to	right,	the	points	on	the	graph	represent	

the	26,	31,	46,	56,	96	mm	diameters	(a	diameter	variation	of	1	was	arbitrarily	chosen	for	the	smallest	
diameter	to	avoid	clutter)	

This	 graph	 shows	 the	 same	 tendencies	 as	 the	 damping	 constant	 graph.	 It	 shows	 that	 the	

systems	 become	 less	 and	 less	 damped	 (more	 and	 more	 underdamped	 -	 𝜁<1)	 as	 the	
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diameter	 is	 increased,	 even	 if	 the	 radiative	 damping	would	 increase	with	 the	 increase	 in	

diameter.	

However,	 noticing	 this	 slope	 is	 reducing	 at	 the	 96	 mm	 diameter,	 the	 assumption	 of	 the	

existence	of	a	point	where	the	trend	is	reversed	can	be	considered.		

In	the	following	graph,	4.19	A,	the	influence	of	the	boundary	layer	friction	between	the	fluid	

and	inside	walls	of	the	oscillating	water	column	chamber	is	shown	by	plotting	the	damping	

constant	 against	 the	 inside	 lateral	 surface	 area	 of	 the	 chamber.	 The	 sum	 of	 the	 lateral	

surface	and	frontal	surface	of	the	fluid	contained	in	the	chamber	is	also	drawn.	The	frontal	

surface	 as	 an	 independent	 influence	 on	 the	 damping	 constant	will	 be	 plotted	 separately.	

The	confidence	intervals	for	both	data	sets	are	the	same	so	they	were	plotted	just	for	one	

data	set	to	make	reading	the	graph	easier.	

figure	4.19	A	-	damping	constant	𝛿	versus	surface	area	(LS	–	lateral	surface;	FS	–	frontal	surface)	

In	this	graph,	4.19	A,	the	smallest	diameter	system	still	shows	a	significantly	higher	damping.	

The	results	obtained	are	the	opposite	of	 the	prediction	made	by	 linear	wave	theory	—	an	

increase	in	damping	with	diameter	increase.		

In	 this	 graph	 (4.19	 A),	 the	 separation	 between	 the	 increase	 in	 diameter	 and	 increase	 in	

lateral	 surface	area	can	be	seen	as	 the	distance	between	 the	 two	data	 sets.	To	 show	this	
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even	more	clearly,	the	influence	of	the	frontal	surface	area	of	the	water	column	within	the	

chamber	on	the	damping	constant	is	presented	in	the	next	figure,	4.19	B.		

figure	4.19	B	-	damping	constant	𝛿	versus	the	change	in	frontal	surface	area	FS	

The	next	graph,	4.20,	shows	the	damping	constant	as	a	function	of	the	ratio	lateral	surface	

over	volume.	A	 linear	 trend	would	show	that	 the	boundary	 layers	dominate	 the	damping.	

However,	 a	 lack	 of	 such	 a	 trend	 can	 be	 seen	 in	 figure	 4.20.	 This	 further	 shows	 the	

importance	 of	 vortex-related	 damping.	 In	 this	 graph,	 the	 highest	 ratio	 of	 surface	 over	

volume	corresponds	to	the	smallest	diameter	(26	mm).	
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figure	4.20	-	damping	constant	𝛿	as	a	function	of	ratio	(surface/volume	-	this	ratio	increases	with	a	

decrease	in	buoy	diameter)	

The	 same	 relations	between	 surface	areas	and	damping	can	be	 illustrated	by	plotting	 the	

damping	ratio	as	a	function	of	surface	area	and	ratio	between	surface	area	and	volume.	This	

is	done	in	graphs	4.21	A	and	4.21	B.	
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figure	4.21	A	-	damping	ratio	𝜁	as	the	surface	area	changes	with	diameter	increase	(LS	–	lateral	
surface;	FS	–	frontal	surface)	

Separating	 the	 frontal	 surface	 of	 the	 water	 column,	 the	 results	 can	 be	 seen	 in	 the	 next	

graph,	4.21	B.	

	
figure	4.21	B	-	damping	ratio	𝜁	as	the	frontal	surface	area	FS	changes	
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Figure	4.22	shows	the	ratio	surface	over	volume	as	an	influence	on	the	damping	ratio.	

	
figure	4.22	-	damping	ratio	𝜁	as	a	function	of	ratio	(surface/volume	-	this	ratio	increases	with	a	

decrease	in	buoy	diameter)	

By	 looking	 at	 figures	 4.19-4.22,	 it	 is	 obvious	 that	 the	 change	 in	 damping	 is	 not	 a	 direct	

function	of	surface	area	as	a	measure	of	viscous	frictional	damping	 in	the	boundary	 layer.	

Thus,	it	means	that	the	vortex	formation	and	shedding	during	the	oscillatory	cycle	plays	an	

important	 role	 in	 defining	 the	 damping	 experienced	 by	 the	 device.	 For	 this	 reason,	 the	

importance	of	considering	this	nonlinear	source	of	damping,	not	included	in	classical	linear	

wave	theory,	is	highlighted.	This	conclusion	is	based	on	the	fact	that	the	wall	friction	should	

show	a	 clear	 impact	on	 the	graph	 trends,	 since	 skin	 friction	 is	dependent	on	velocity	 and	

surface	area	(equations	3.12-3.16).	If	velocity	is	constant	between	different	diameters,	skin	

friction	damping	should	show	a	clear	impact	on	the	overall	damping	if	plotting	surface	area	

as	a	function	of	diameter.	Therefore,	the	fact	that	skin	friction,	as	a	function	of	surface	area	

only,	 does	 not	 change	 the	 trend	 of	 the	 curves,	 and	 the	 fact	 that	 the	 curves	 have	 an	

orientation	opposite	to	predicted	by	radiation	damping	as	a	function	of	diameter	increase,	

show	 that	 the	difference	 in	diameter	 creates	different	patterns	of	 flow	when	 it	 comes	 to	

vortex	formation	and	shedding,	thus	yielding	different	damping	trends	between	diameters.	

Indeed,	 this	 is	 visible	 in	 the	 flow	 visualisation	 part	 of	 this	 work	 (subsection	 5.3).	 For	 this	
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reason,	 this	 nonlinear	 source,	 vortex	 creation	 and	 shedding,	 is	 the	 main	 cause	 of	 the	

discrepancy	between	theory	and	experimental	results,	in	this	case.		

Lastly,	the	damping	constants	and	damping	ratios	are	plotted	as	a	function	of	Fr	and	Kc,	in	

figures	4.23	 and	4.24.	Note:	When	 reading	 these	graphs,	 it	 should	be	noted	 that	 the	non-

dimensional	numbers	increase	with	a	decrease	in	diameter.		
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figure	4.23	-	damping	constant	𝛿	as	a	function	of	Kc	and	Fr;	Fr	and	Kc	increase	with	a	decrease	in	

diameter	
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figure	4.24	-	damping	ratio	ζ	as	a	function	of	Kc	and	Fr;	Fr	and	Kc	increase	with	a	decrease	in	

diameter	

These	 last	graphs	 (4.23,	4.24)	 show	the	relation	between	the	damping	and	Fr	and	Kc.	The	

meaning	and	formulae	for	these	numbers	were	detailed	 in	subsection	2.7.B.	The	trends	 in	

the	 graphs	 are	 similar	 and	 they	 show	 a	 high	 Kc	 and	 Fr	 for	 a	 small	 diameter	 model	

corresponding	 to	 a	 high	 damping.	 This	 is	 because,	 since	 the	 velocity	 and	 period	 are	
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dependent	only	on	the	submergence	length,	Kc	and	Fr	are	influenced	by	the	inverse	of	the	

diameter.		

Systems	submerged	200	mm,	displaced	140	and	70	mm		

In	 order	 to	 economise	 on	 space,	 the	 results	 for	 the	 140	 mm	 and	 70	 mm	 initial	

displacements,	in	the	case	of	the	200	mm	submergence	length,	are	presented	together.		

The	results	obtained	for	these	testing	scenarios	can	be	seen	in	the	next	table.	The	values	for	

the	 damping	 constants	 and	 ratios	 were	 calculated	 with	 four	 decimal	 place	 precision	 and	

represent	an	average.	Thus,	the	margins	of	error	must	be	considered	when	interpreting	the	

meaning	of	these	values.	 	
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ID [mm]	 InD	[mm]	 	 𝛿	[rad/s]	 𝜁	 𝑇 [s]	 𝑓 [Hz]	 𝜔	[rad/s]	

26 

140 

Av.	 0.3914 0.0589 0.945 

1.058 6.649 SD	 0.0120 0.0018 0.010 

ME	 0.0039 0.0006 0.004 

70 

Av.	 0.3758 0.0555 0.928 

1.077 6.771 SD	 0.0178 0.0026 0.012 

ME	 0.0056 0.0008 0.004 

31 

140 

Av.	 0.4163 0.0627 0.946 

1.057 6.642 SD	 0.0155 0.0023 0.009 

ME	 0.0049 0.0007 0.003 

70 

Av.	 0.4040 0.0598 0.930 

1.075 6.756 SD	 0.0218 0.0032 0.010 

ME	 0.0067 0.0010 0.004 

46 

140 

Av.	 0.3779 0.0579 0.962 

1.039 6.532 SD	 0.0081 0.0012 0.014 

ME	 0.0026 0.0004 0.005 

70 

Av.	 0.3266 0.0490 0.943 

1.060 6.663 SD	 0.0109 0.0016 0.022 

ME	 0.0035 0.0005 0.008 

56 

140 

Av.	 0.3424 0.0524 0.962 

1.039 6.532 SD	 0.0108 0.0017 0.013 

ME	 0.0056 0.0009 0.004 

70 Av.	 0.2730 0.0409 0.941 1.063 6.677 
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SD	 0.0164 0.0025 0.013 

ME	 0.0052 0.0008 0.005 

96 

140 

Av.	 0.3452 0.0538 0.979 

1.021 6.418 SD	 0.0142 0.0022 0.016 

ME	 0.0048 0.0007 0.005 

70	

Av.	 0.2622 0.0398 0.953 

1.049 6.593 SD	 0.0254 0.0039 0.007 

ME	 0.0077 0.0012 0.020 

ID	 –	 inner	 diameter;	 InD	 –	 initial	 displacement;	 𝛿	 –	 damping	 constant;	 𝜁	 –	 damping	 ratio;	 T	 –	 period;	 f	 –	

frequency;	𝜔	 –	 angular	 frequency;	Av.–	mean;	 SD	 –	 standard	 deviation;	ME	 –	margin	 of	 error	 for	 the	 95%	

confidence	interval	

table	4.25	-	parameters	for	systems	having	a	200	mm	submergence	length	with	140	mm	and	70	mm	
initial	displacements	

Calculated	Kc	for	the	140	mm	initial	displacement	were	19.99,	16.78,	11.50,	9.45,	and	5.61	

for	the	26,	31,	46,	56,	and	96	mm	diameters,	respectively.	

Calculated	Fr	for	the	140	mm	initial	displacement	were	1.89,	0.99,	0.67,	0.55,	and	0.32	for	

the	26,	31,	46,	56,	and	96	mm	diameters,	respectively.			

Calculated	Kc	for	the	70	mm	initial	displacement	were	9.64,	8.1,	5.54,	4.54,	and	2.68	for	the	

26,	31,	46,	56,	and	96	mm	diameters,	respectively.			

Calculated	Fr	for	the	70	mm	initial	displacement	0.29,	0.24,	0.16,	0.13,	and	0.08	for	the	26,	

31,	46,	56,	and	96	mm	diameters,	respectively.	

Calculated	Re!	were	in	the	range	of	2.7− 9.7 × 10!	for	the	140	mm	models	and	1.3−4.9 ×

 10!	for	the	70	mm	models.	Instantaneous	Re	were	in	the	range	of	1.6− 5.9 × 10!	for	the	

140	mm	displacement	 and	0.8− 2.9 × 10!	 for	 the	 70	mm	displacement.	 These	 numbers	

have	 the	 same	 significance	 as	 for	 the	 buoy	 experiments	 –	 sub-criticality	 and	 a	 boundary	

layer	along	the	surface	that	is	laminar	until	separation	at	the	trailing	edge	[150].	

The	above	numbers	were	calculated	using	equations	2.49-2.52.			
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The	 first	graph	plotted,	4.26,	 shows	 the	variation	of	 the	angular	 frequency	 in	 response	 to	

the	variation	in	diameter.	As	stated	before,	in	the	case	of	the	oscillating	water	column,	the	

natural	frequency	is	only	a	function	of	submergence	depth	and	gravitational	acceleration,	so	

the	 graph	 below	 is	 expected	 to	 show	 an	 invariant	 result.	 The	 difference	 between	 the	

measured	 free-decay	 angular	 frequency	 and	 the	 theoretical	 natural	 frequency	 of	 the	

models,	caused	by	the	presence	of	natural	damping	sources,	was	in	the	range	of	3-9%.		

	
figure	4.26	-	comparison	between	angular	frequency	ω	and	variation	in	diameter;	from	left	to	right,	
the	points	on	the	graph	represent	the	26,	31,	46,	56,	96	mm	diameters	(a	diameter	variation	of	1	was	

arbitrarily	chosen	for	the	smallest	diameter	to	avoid	clutter)	

Indeed,	this	graph	shows	the	invariance	expected.	The	maximum	difference	between	free-

decay	 angular	 frequencies	 𝜔	 is	 2.6%,	 with	 the	 average	 value	 for	 the	 difference	 being	

approximately	 1.2%.	 The	 average	 difference	 between	 the	 case	 of	 the	 140	 mm	 initial	

displacement	and	70	mm	initial	displacement	is	0.137	rad/s	and	is	0.020	s	if	measured	as	a	

period.	Once	again,	for	confirmation,	the	damping	ratios	were	calculated	using	a	single	free-

decay	angular	frequency	and	it	was	found	that	the	graphs	show	the	same	tendencies	with	

these	new	damping	ratios	as	well.			

Next,	 the	angular	 frequency	can	be	shown	as	a	 function	of	mass	of	water	confined	within	

the	models,	in	figure	4.27.	This	mass	of	water	can	be	varied	by	changing	the	submergence	

length	as	well,	but	in	this	case	it	is	varied	by	changing	the	diameter	of	the	device.		
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figure	4.27	-	variation	in	free-decay	angular	frequency	ω	as	a	function	of	mass	

This	shows	a	similar	relation	to	the	one	illustrated	in	figure	4.26.	

Next,	using	the	information	on	the	damping	constant	𝛿	and	the	damping	ratio	𝜁	obtained,	

the	following	graphs	can	be	plotted.	

First,	the	graphs	showing	the	decay	curves,	4.28	and	4.29.	In	the	case	of	the	decay	curves,	

the	 140	mm	 and	 70	mm	 cases	 are	 presented	 separately	 otherwise	 the	 graphs	 would	 be	

impossible	to	read.		
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figure	4.28		-	decay	curves	for	the	different	diameter	systems	excited	with	140	mm	initial	
displacement	

figure	4.29	-	decay	curves	for	the	different	diameter	systems	excited	with	70	mm	initial	displacement	

Judging	by	 these	 curves,	 clear	 differences	 can	be	 seen	between	 the	 70	mm	and	140	mm	

cases.	The	gap	between	the	decay	curves	of	the	systems	is	more	significant	for	the	70	mm	

displacement	than	for	the	140	mm	displacement.	This	can	be	better	seen	if	 looking	just	at	

the	 damping	 rate	 constants.	 Thus,	 in	 order	 to	 illustrate	 better	 the	 information	 from	 the	
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above	 decay	 curves,	 the	 damping	 constants	 can	 be	 plotted	 as	 a	 function	 of	 diameter	

variation,	in	image	4.30.	

	
figure	4.30	-	damping	constant	𝛿	versus	diameter	for	both	initial	displacements;	from	left	to	right,	

the	points	on	the	graph	represent	the	26,	31,	46,	56,	96	mm	diameters	(a	diameter	variation	of	1	was	
arbitrarily	chosen	for	the	smallest	diameter	to	avoid	clutter)	

This	figure	shows	more	clearly	a	steeper	decrease	in	damping	experienced	by	the	systems	in	

the	case	of	the	70	mm	initial	displacement.	This	again	suggests	that	there	 is	an	 important	

component	of	the	damping	that	is	related	to	the	vortex	formation	and	shedding	during	the	

oscillatory	 cycle	 of	 the	 motion.	 This	 becomes	 clearer	 in	 context,	 if	 we	 consider	 that	 the	

experienced	 velocities	 for	 the	 systems	 displaced	 at	 140	mm	 reached	 0.55	m/s	 while	 the	

systems	excited	with	70	mm	initial	displacements	saw	maximum	average	velocities	of	0.27	

m/s.	 This	 is	 indeed	 explained	 by	 the	 fact	 that	 the	 free-decay	 angular	 frequencies	 of	 the	

systems	have	to	stay	approximately	the	same,	while	the	distance	travelled,	the	amplitude	of	

the	oscillations,	is	changed	by	a	factor	of	two.	This	variation	in	velocity	generates	different	

flow	 regimes.	 This	 trend	 is	 opposite	 to	 the	 trend	 predicted	 by	 linear	wave	 theory,	which	

considers	radiation	damping.	Thus,	the	halving	in	velocity	between	the	two	cases	causes	a	

decrease	 in	 damping	 for	 the	 slowest	 system.	 Further	 observations	 will	 be	 made	 when	

looking	 at	 the	 comparison	 between	 the	 400	 mm	 submergence	 versus	 the	 200	 mm	

submergence	length.		
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This	 difference	 in	 damping,	 between	 the	 two	 initial	 displacements,	 highlights	 the	

discrepancy	 between	 real	 surface	 motion	 and	 small	 amplitude	 surface	 elevation	 that	

represents	one	of	the	assumptions	of	linear	wave	theory.	Different	amplitudes	of	oscillation	

have	 yielded	 different	 results.	 The	 difference	 might	 be	 considered	 acceptable	 for	 an	

approximation,	however	this	is	the	first	comprehensive	study	to	highlight	it.	Of	course,	the	

displacements	tested	are	large	compared	to	the	submerged	length,	so	nonlinearity	is	to	be	

expected.		

The	increase	in	damping	between	the	26	and	31	mm	diameter	models	will	be	mentioned	in	

the	later	section	that	sees	a	comparison	between	the	case	of	the	200	mm	and	the	400	mm	

submergence	lengths.		

Next,	the	damping	ratio	𝜁	can	be	shown	as	a	function	of	diameter	change	in	figure	4.31.		

figure	4.31	-	damping	ratio	𝜁	versus	diameter	for	both	initial	displacements;	from	left	to	right,	the	
points	on	the	graph	represent	the	26,	31,	46,	56,	96	mm	diameters	(a	diameter	variation	of	1	was	

arbitrarily	chosen	for	the	smallest	diameter	to	avoid	clutter)	

The	damping	ratio	correlation	from	image	4.31	allows	for	the	same	observations	to	be	made	

as	for	the	previous	graph,	4.30.	
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In	the	next	figure,	4.32	A,	the	influence	of	the	boundary	layer	friction	is	shown	by	plotting	

the	damping	constant 𝛿	as	function	of	interior	surface	area.	In	the	same	graph,	the	frontal	

surface	of	the	water	column	is	also	shown.		

	
figure	4.32	A	-	damping	constant	𝛿	versus	the	change	in	surface	area	for	both	displacements	(LS	–	

lateral	surface;	FS	–	frontal	surface)	

The	frontal	surface	can	be	 looked	at	 individually	 in	relation	to	the	damping	constant	𝛿,	as	

seen	in	the	next	figure,	4.32	B.		
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figure	4.32	B	-	damping	constant	𝛿	and	the	change	in	frontal	surface	FS	for	both	displacements	

The	next	 image,	4.33,	shows	the	damping	constant	as	a	function	of	the	ratio	between	the	
lateral	surface	and	volume	of	water	within	the	device.	

	
figure	4.33	-	damping	constant	𝛿	as	a	function	of	ratio	(surface/volume	-	this	ratio	increases	with	a	

decrease	in	buoy	diameter)	

Finally,	the	same	relations	can	be	shown	when	it	comes	to	damping	ratios	𝜁,	in	figures	4.34-
4.35.	



	 	

																																																																																																																																																																				
256	 	

	
figure	4.34	A	-	damping	ratio	𝜁	versus	surface	area	for	both	displacements	(LS	–	lateral	surface;	FS	–	

frontal	surface)	

figure	4.34	B	-	damping	ratio	𝜁	as	a	function	of	frontal	surface	area	FS	for	both	displacements	
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figure	4.35	-	damping	ratio	𝜁	as	a	function	of	ratio	(surface/volume	-	this	ratio	increases	with	a	

decrease	in	buoy	diameter)	for	both	displacements	

The	 two	 scenarios	 presented	 have	 different	 velocities	 between	 scenarios,	 but	 constant	

velocities	 between	models	 for	 a	 particular	 scenario.	 By	 looking	 at	 images	 4.32-4.35,	 it	 is	

obvious	that	the	same	trends	in	the	graphs	are	present,	as	when	comparing	the	damping	to	

the	 change	 in	 diameter.	 Thus,	 the	 damping	 of	 the	 devices	 is	 not	 influenced	 primarily	 by	

boundary	layer	friction,	for	reasons	discussed	for	the	400	mm/140	mm	case,	or	by	radiation	

damping	(since	the	radiation	damping	trend	would	increase	with	diameter	increase,	which	

will	 be	 shown	 later	 when	 comparing	 with	 numerical	 results).	 Thus,	 the	 only	 source	 of	

damping	not	accounted	for	is	the	vortex	formation	and	shedding.		

Like	in	the	case	of	the	400	mm	submergence	length,	the	last	graphs	will	show	the	damping	

constants	and	ratios	as	a	function	of	Kc	and	Fr	(figures	4.36,	4.37).	
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figure	4.36	-	damping	constants	δ	as	a	function	of	Kc	and	Fr	for	both	displacements;	Kc	and	Fr	
increase	with	a	decrease	in	diameter	
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figure	4.37	-	damping	ratios	ζ	as	a	function	of	Kc	and	Fr	for	both	displacements;	Kc	and	Fr	increase	

with	a	decrease	in	diameter	

These	numbers	show	that	the	change	in	damping	occurs	over	a	small	variation	in	Kc	and	Fr,	

for	 the	 70	mm	 initial	 displacement,	 in	 contrast	 to	 the	 140	mm	 case.	 This	 is	 because	 the	

velocity	of	motion	is	lower	for	the	70	mm	displacement	than	for	the	140	mm	one	(since	the	

periods	are	constant,	due	to	the	submergence	lengths	being	constant	—	200	mm	—	and	the	

initial	displacement	being	half	of	140	mm).		
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Comparison	between	200	mm	submergence	 length	and	400	mm	submergence	 length	for	a	

displacement	of	140	mm		

At	the	start,	the	free-decay	angular	frequencies	can	be	seen	(and	the	influence	on	them	by	

changing	the	submergence	length	by	a	factor	of	two),	in	graph	4.38.		

	
figure	4.38	-	the	angular	frequency	𝜔	for	both	submergence	lengths	(400	and	200	mm)	versus	

diameter;	from	left	to	right,	the	points	on	the	graph	represent	the	26,	31,	46,	56,	96	mm	diameters	(a	
diameter	variation	of	1	was	arbitrarily	chosen	for	the	smallest	diameter	to	avoid	clutter)	

The	variation	in	mass	of	fluid	trapped	within	the	chamber	of	the	model	will	yield	a	similar	

graph,	as	it	was	shown	for	both	the	200	and	400	submergence	lengths,	so	it	is	not	presented	

again.	

Next,	the	damping	rate	constant	for	both	cases	(400	mm	submergence	length	and	200	mm	

submergence	length)	is	shown	in	image	4.39.		
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figure	4.39	-	the	damping	constant	𝛿	for	the	two	submergence	lengths	versus	diameter;	from	left	to	
right,	the	points	on	the	graph	represent	the	26,	31,	46,	56,	96	mm	diameters	(a	diameter	variation	of	

1	was	arbitrarily	chosen	for	the	smallest	diameter	to	avoid	clutter)	

In	 figure	4.39,	 along	with	 the	plot	 for	 the	70	mm	 initial	displacement,	4.30,	 first	 it	 can	be	

seen	 that	 the	damping	constant	changes	approximately	 linearly	with	 the	diameter	 for	 the	

31,	46	and	56	mm	systems.		

Second,	 the	 same	 tendency	 of	 the	 rate	 of	 damping	 decrease	 to	 reduce	 and	 even	 change	

trends	is	visible	for	both	cases,	at	the	point	marking	the	56	mm	diameter.		

Third,	 the	 damping	 experienced	 by	 the	 400	 mm	 submerged	 models	 is	 lower	 than	 that	

experienced	by	 the	200	mm	submerged	models.	The	velocities	measured	 for	 the	400	mm	

submergence	were	around	0.37	m/s	while	 the	ones	measured	 for	 the	200	mm	case	were	

around	 0.55	 m/s.	 This	 difference	 in	 velocity	 matching	 the	 difference	 in	 damping	 again	

suggests	 that,	 at	 this	 small-scale	 at	 least,	 the	 vortex	 formation	 and	 shedding	 plays	 an	

important	role	in	damping.	

In	the	case	of	the	200	mm	submergence,	a	peak	can	be	seen	in	the	graph	that	is	not	present	

for	the	400	mm	submergence,	corresponding	to	the	31	mm	model.	Since	the	submergence	

length	is	the	main	difference	between	these	experimental	scenarios,	it	is	inferred	that	this	is	

the	cause	for	this	difference	in	behaviour,	along	with	the	implicit	change	in	velocity	regimes	
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mentioned	 earlier.	 Comparing	 the	 curves	 corresponding	 to	 the	 different	 submergence	

lengths,	the	trends	are	similar	for	the	31-96	mm	models.	Thus,	 it	 is	the	damping	of	the	26	

mm	 model	 that	 differs	 between	 the	 case	 of	 a	 200	 mm	 submergence	 and	 a	 400	 mm	

submergence.	This	 suggests	 that	 the	difference	 in	velocity	between	the	 two	submergence	

length	cases	has	a	different	impact	on	the	small	diameter	model	than	on	the	larger	diameter	

models.	 In	 the	 fluid	 visualisation	 section	 (5)	 it	 will	 be	 shown	 how	 the	 regimes	 of	 vortex	

formation	and	shedding	differ	between	the	26	mm	diameter	model	and	the	96	mm	model	

for	 the	 400	 mm	 submergence	 length.	 Therefore,	 a	 similar	 difference	 in	 flow	 regime	 is	

inferred	 to	 exist	 between	 the	 26	mm	 and	 the	 96	mm	model	 when	 submerged	 200	mm.	

However,	 the	 difference	 in	 vortex	 creation,	 collapse	 and	 shedding	 between	 the	 26	 mm	

model	 and	96	model	 that	has	been	 confirmed	 through	 fluid	 visualisation	 for	 the	400	mm	

submergence	 length	could	be	different	 than	 the	difference	between	these	models	 for	 the	

200	mm	submergence.	Flow	visualization	data	 is	not	available	 for	 the	200	mm	case,	so	at	

this	point	in	time	this	remains	as	a	speculation.		

The	data	can	also	be	used	to	plot	the	damping	ratios	yielding	similar	conclusions,	 in	figure	

4.40.	
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figure	4.40	-	the	damping	ratios	𝜁	for	the	400	and	200	mm	cases	versus	diameter;	from	left	to	right,	
the	points	on	the	graph	represent	the	26,	31,	46,	56,	96	mm	diameters	(a	diameter	variation	of	1	was	

arbitrarily	chosen	for	the	smallest	diameter	to	avoid	clutter)	

The	data	presented	 in	 figure	 4.40	 shows	 that	 all	 systems	 are	underdamped,	 as	 expected,	

and	 that	 the	 increase	 in	diameter	 leads	 to	an	 increase	 in	 the	underdamped	nature	of	 the	

systems	through	a	lowering	of	actual	damping	compared	to	the	critical	damping.		

The	 curves	 below	 (figure	 4.41)	 show	 that	 the	 fastest	 traveling	 system	 (200	 mm	

submergence,	 0.55	 m/s)	 has	 the	 largest	 range	 of	 Fr	 variation	 compared	 to	 the	 slower	

systems	(0.37	m/s	for	400	mm	submergence).		
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figure	4.41	–	the	damping	constants	𝛿	and	ratios	𝜁	as	a	function	of	Fr		for	the	200	and	400	mm	

submergence	lengths;	Fr	increases	with	a	decrease	in	diameter	

Comparison	between	experimental	and	numerical	results	

Lastly,	 a	 comparison	 is	 done	 between	 the	 laboratory	 experiments	 and	 the	 numerical	

solutions	of	Evans	and	Porter	[181],	calculated	by	Md.	K.	Hasan.	This	can	be	seen	in	the	next	
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graph,	4.42.	The	numerical	model	allows	for	the	calculation	of	the	radiation	damping,	which	

is	the	only	source	of	damping	considered	in	linear	wave	theory.	

	
figure	4.42	-	experimental	and	numerical	damping	ratios	𝜁	versus	diameter;	from	left	to	right,	the	
points	on	the	graph	represent	the	26,	31,	46,	56,	96	mm	diameters	(a	diameter	variation	of	1	was	

arbitrarily	chosen	for	the	smallest	diameter	to	avoid	clutter)	

This	 figure,	4.42,	 shows	 the	 radiation	damping	 considered	by	 the	 linearized	 theory	 in	 the	

same	context	as	the	actual	damping	found	in	the	experiments	performed.		

Both	data	sets	cover	the	case	of	the	400	mm	submergence	length.	The	difference	between	

the	two	data	sets	can	be	inferred	to	represent	the	damping	due	to	the	combined	effects	of	

boundary	layer	friction	and	vortex	formation	plus	shedding.		

Since	 the	gap	between	 these	sets	 is	quite	considerable,	 it	 can	be	seen	 that	 in	 the	case	of	

laboratory	scale	experiments,	at	 least,	 the	effects	of	viscous	 friction	and	vortex	 formation	

plus	shedding	should	be	considered.	However,	the	skin	friction	was	not	found	to	change	the	

damping	trends	in	a	significant	way,	as	presented	earlier,	thus	suggesting	the	major	source	

for	the	difference	in	damping	between	numerical	and	experimental	results	is	vortex–related	

damping.	 	 A	 second	 observation,	 which	 was	 mentioned	 before,	 is	 that	 the	 trend	 of	 the	

radiative	damping	is	positive.	However,	the	damping	experienced	in	the	experiments	sees	a	
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negative	 trend	with	 a	 suggestion	 of	 asymptoting	 at	 large	 diameter.	 This	 suggests	 further	

discrepancy	between	what	the	linear	theory	predicts	compared	to	real-life	conditions.		

4.2.5]	Conclusions	

The	 cases	 considered	 in	 the	 experimental	 research	 around	 oscillating	water	 columns	 saw	

five	diameter	models	 (26,	31,	46,	56,	96	mm)	with	 their	 air-chamber	 submerged	200	mm	

and	 400	mm	 under	 the	 still-water	 reference	 line.	 In	 addition,	 for	 the	 200	mm	 case,	 two	

initial	displacements,	140	mm	and	70	mm,	were	considered.		

The	findings	that	were	extracted	from	the	results	have	shown	that	running	experiments	at	

this	 scale	 when	 trying	 to	 predict	 and	 scale	 the	 behaviour	 of	 large-scale	 oscillating	 water	

column	machines	could	prove	partially	unreliable.	This	is	important	since	a	large	number	of	

testing	 facilities	 include	 wave-flumes	 that	 fit	 models	 of	 the	 size	 considered	 in	 these	

experiments.	In	detail,	the	following	five	findings	can	be	highlighted.	

1)	 It	could	be	seen	that	during	the	experimental	 runs	the	overall	damping	experienced	by	

the	machines	saw	a	decreasing	trend	with	an	increase	in	diameter,	coupled	with	a	tendency	

to	asymptote	to	a	constant	damping	as	diameter	 increased.	The	rate	of	decrease	was	not	

only	not	constant,	but	it	also	showed	different	amounts	of	variation	in	damping	throughout	

the	five	different	sizes	tested.			

2)	Another	observation	 to	be	made	 is	 that	 the	overall	damping	changes	proved	not	 to	be	

closely	related	to	the	boundary	layer	skin	friction	between	the	water	column	and	the	inside	

walls	 of	 the	 chamber.	 The	 same	phenomena	 could	 be	 seen	when	 considering	 the	 frontal	

area	of	the	water	column.	This	behaviour	is	opposite	of	what	linear	wave	theory	predicts,	as	

previously	explained.		

3)	From	the	numerical	results	and	 intrinsic	characteristics	of	radiation	damping,	 it	became	

obvious	that	there	 is	a	strong	 inconsistency	between	the	decrease	 in	damping	seen	 in	the	

experiments	and	the	increase	in	radiation	damping	that	is	naturally	observed	with	increase	

in	 diameter.	 While	 acknowledging	 the	 presence	 of	 other	 damping	 sources,	 radiation	

damping	is	often	considered	to	be	the	primary	source	of	damping	in	the	literature	and	the	

easiest	to	consider	by	using	linearized	methods.	For	this	reason,	these	results	show	that	it	is	
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equally	important	to	consider	all	forms	of	damping,	at	least	when	extrapolating	laboratory	

results	performed	at	this	scale.		

4)	It	was	also	shown	that	most	differences	in	damping	between	analogous	cases	were	also	

strongly	related	to	a	respective	change	in	average	fluid	velocity	during	the	motion	phases	of	

oscillatory	 flow.	 It	 was	 visible	 how	 the	 same	 submergence	 length	 showed	 a	 decreased	

damping	 for	 lower	 amplitude	 oscillations	 than	 for	 higher	 amplitude	 ones	 –	 this	 can	 be	

translated	as	a	constant	period	of	oscillation	needing	 to	account	 for	a	 larger	 travel	 space,	

thus	yielding	an	increased	velocity.	This	in	itself	is	interesting	since	it	shows	the	importance	

of	 choosing	 the	 correct	 amplitude	 of	 motion	 during	 laboratory	 testing	 as	 different	

amplitudes	yield	different	results	even	 if	other	aspects	are	comparable.	 In	addition	 it	puts	

pressure	 on	 the	 assumption	 of	 small	 amplitude	 waves	 that	 are	 considered	 under	 linear	

wave	theory.	As	earlier	mentioned,	 the	amplitudes	of	operation	were	 large	 in	comparison	

with	the	submergence	 length.	However,	resonating	machines	are	meant	to	generate	 large	

amplitudes.		

5)	The	findings	from	2	and	3	focused	on	radiation	damping	and	boundary	layer	friction.	The	

insufficiency	 of	 considering	 only	 these	 forms	 of	 damping	 shows	 the	 importance	 of	 also	

considering	the	damping	stemming	from	vortex	formation	and	shedding	when	considering	

the	damping	of	these	energy	converters.	This	is	backed	up	by	point	4	as	well.		

In	 conclusion,	 the	 experiments	 performed	 show	 the	unpredictability	 in	 scaling	 the	overall	

damping	of	oscillating	water	columns	(when	using	laboratory	testing	of	small	scale	models	

of	 this	 size)	 if	 considering	 only	 radiation	 damping	 and	 even	 when	 considering	 radiation	

damping	plus	skin	friction.		

This	 could	 plausibly	 affect	 all	 the	 three	 cases	 mentioned	 in	 the	 introduction	 –	 when	

considering	different	 sized	models	 for	experimental	 testing,	when	scaling	up	a	 small-scale	

device	to	a	prototype	size	machine	and	when	changing	the	size	of	existing	prototypes,	even	

if	the	Re	would	be	different	in	these	cases,	as	to	be	expected.	

Properly	predicting	 the	damping	and	 the	sources	of	damping	 for	wave-power	machines	 is	

important	 if	 the	 right	 engineering	 and	 economic	 measures	 are	 to	 be	 taken	 during	 their	

design,	testing	and	commercial	exploitation.	 	
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			5]	Fluid	Flow	Visualisation.	Observations	
5.1]	Introduction	

In	this	section	of	the	work,	the	streaklines	of	coloured	particles	injected	in	the	fluid,	in	the	

vicinity	of	wave-power	machine	models,	are	shown	and	discussed.	

The	dye	used	for	fluid	flow	visualisation	was	injected	using	gravity	to	ensure	a	constant	flow	

rate.	The	 injection	tubes	were	2.6	mm	in	 inside	diameter	 for	 the	oscillating	water	column	

models	and	1	mm	in	inside	diameter	for	the	heaving-buoys.	They	were	attached	to	the	side	

of	 the	 models	 as	 seen	 in	 figure	 5.1	 for	 the	 heaving	 point	 absorber	 and	 in	 5.2	 for	 the	

oscillating	water	 column.	The	dye	 injection	 is	expected	 to	have	 some	 impact	on	 the	 flow,	

since	 it	 is	 a	 fluid	entering	 the	 tank	with	 its	own	velocity,	but	 this	 is	 to	be	expected	when	

injecting	dye	and	cannot	be	avoided.	Apart	from	this,	for	the	oscillating	water	column,	the	

presence	of	the	injection	system	did	not	influence	the	behaviour	of	the	models	in	any	other	

way.	 However,	 for	 the	 heaving	 point	 absorbers,	 the	 flexibility	 of	 the	 tube	 did	 add	 an	

additional	stiffness	to	the	system.	Nonetheless,	since	the	same	stiffness	was	added	to	both	

the	small	and	large	diameter	models,	the	comparison	between	their	behaviours	can	still	be	

made.		

The	reflection	of	the	dye	on	the	water	surface	is	visible	in	most	of	the	photos.	This	is	useful	

for	visually	establishing	the	position	of	the	water	surface,	the	relative	position	of	the	devices	

and	the	magnitude	of	their	amplitude	of	motion	compared	to	their	submergence	depth.	

In	the	case	of	the	heaving-buoys,	the	models	were	also	refitted	with	metal	hook	connectors	

at	 the	 end,	 instead	 of	 the	 flexible	 braid	 used	 for	 the	 experiments.	 This	 was	 because	 the	

braid	would	absorb	 the	dye	and	 then	slowly	 release	 it	during	 the	next	experimental	 runs,	

thus	providing	an	unwanted	secondary	source	of	dye.		

The	 videos	 and	 images	were	 captured	 using	 an	 underwater	 action	 camera	 filming	 at	 120	

frames	per	second	(GoPro	Hero	4).		
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figure	5.1	-	injection	hose	(tube)	location	for	the	heaving	point	absorber	

	
figure	5.2	-	injection	hose	(tube)	location	for	the	oscillation	water	column	model	

There	are	two	fluid-dynamics	phenomena	at	the	centre	of	the	flow	visualisation	presented	

in	 the	 next	 paragraphs	 –	 the	 oscillatory	 flow	 and	 the	 vortex	 ring.	 Thus,	 the	 phases	 of	

formation,	growth	and	collapse	of	vortex	rings	in	the	case	of	the	heaving-buoy	models,	for	

example,	are	closely	related	to	the	direction	and	reversal	of	the	fluid	motion	representing	

the	phases	of	oscillatory	flow.		
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The	full	cycle	of	the	oscillatory	flow	seen	 in	the	experimental	section	has	four	phases	–	1)	

the	downward	motion;	2)	the	complete	stop	signalling	the	future	reversal	of	the	motion;	3)	

the	upward	motion;	4)	the	complete	stop	signalling	the	future	reversal	of	the	motion.	

The	downward	motion	of	 the	oscillation	 can	be	broken	up	 into	 sub-phases,	 as	 follows:	 a)	

positive,	 decreasing	 acceleration	 with	 increasing	 velocity;	 b)	 zero	 acceleration	

corresponding	to	maximum	velocity;	c)	negative	acceleration.	

The	complete	stop	is	characterised	by	the	maximum	negative	acceleration	corresponding	to	

zero	velocity.		

The	upward	motion	of	the	object	can	be	divided	into	the	same	phases	as	for	the	downward	

motion,	only	reversed.		

Thus,	in	future	paragraphs,	still	shots	of	the	dye	streaklines	will	be	shown	for	the	machines	

as	they	evolve	through	these	phases.	

The	 ring	 vortex	 can	 be	 characterised	 as	 a	 volume	 of	 fluid	 having	 a	 toroidal	 shape	 and	

experiencing	poloidal	flow.	Thus,	the	vorticity	vector	in	the	torus	has	its	direction	along	the	

centre	of	the	circles	that	are	coaxial	with	the	revolution	axis	of	the	torus.	Around	this	torus-

shaped	core	of	 the	vortex,	 there	 is	an	entrapped	volume	of	the	fluid	that	travels	with	the	

vortex	 torus	 and	 has	 the	 shape	 of	 a	 deformed	 ellipsoid.	 This	 entrapped	 volume	 is	

encapsulated	by	the	streamline	furthest	away	from	the	vortex	core	that	is	still	closed.	This	

volume	is	called	the	vortex	atmosphere.			

The	 total	 energy	 of	 a	 vortex	 ring	 is	 the	 sum	 of	 the	 energy	 of	 the	 fluid	 from	 the	 vortex	

atmosphere	and	the	energy	of	the	fluid	outside	the	vortex	atmosphere	that	still	experiences	

translatory	 motion	 with	 the	 vortex	 [182].	 In	 the	 flow	 visualisation	 description	 from	 this	

work,	only	the	energy	from	the	vortex	atmosphere	will	be	mentioned.	

Thus,	the	energy	of	the	vortex	atmosphere	can	be	calculated	as		

𝐸! = 𝜌 !
!
[(𝑢!" + 𝑢!"!)

! + 𝑢!"#!] 𝑑𝑉!!!
		,																																			(5.1)	
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where	𝑢!"	represents	the	axial	component	of	the	velocity,	𝑢!"# 	the	radial	component,	𝑢!"! 	

the	translational	velocity	of	 the	vortex	ring,	and	𝑉!	 is	defined	as	 the	volume	of	 the	vortex	

atmosphere	[182].	

There	are	further	aspects	and	characteristics	of	the	ring	vortexes	observed,	but	they	cannot	

all	be	discussed,	as	 the	formation	of	vortex	rings	“is	a	problem	of	vortex	sheet	 formation,	

the	 steady	 state	 is	 a	 problem	 of	 existence,	 their	 duration	 is	 a	 problem	 of	 stability	 and	 if	

there	are	several	we	have	a	problem	of	vortex	interactions”	[183].	Thus,	their	complete	and	

complex	evaluation	is	beyond	the	scope	of	this	flow	visualisation	section,	which	aims	to	only	

show	 the	 difference	 in	 flow	 patterns	 created	 by	 different	 diameter	wave-power	machine	

models.	

5.2]	Flow	visualisation	for	the	heaving-buoy	point	absorber	

The	dye	streaklines	created	by	the	27	mm	and	60	mm	diameter	point	absorber	models	are	

shown	 in	 the	 next	 pages.	 They	 were	 created	 for	 the	 case	 when	 the	 cylinders	 were	 fully	

submerged	 and	 experienced	 a	 40	 mm	 initial	 displacement.	 The	 images	 are	 presented	 in	

diameter	 pairs	 as	 to	 facilitate	 a	 comparison	 between	 flow	 regimes	 corresponding	 to	

different	size	converters.	In	the	case	of	the	27	mm	model,	an	enhanced	image	is	presented	

to	the	right	in	order	to	aid	in	visualising	the	coloured	fluid	in	relation	to	the	contour	of	the	

model.	

In	figures	5.3	and	5.4,	the	start	of	the	downward	motion	of	the	model	can	be	seen.	The	dye	

is	slowly	injected	and	escapes	the	tube	at	the	trailing	edge	of	the	model.		
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figure	5.3	-	start	of	positive	downward	acceleration	phase	for	the	27	mm	buoy	

	
figure	5.4	-	start	of	positive	downward	acceleration	phase	for	the	60	mm	buoy	

In	the	next	two	images,	5.5	and	5.6,	a	ring	vortex	can	be	seen	forming	at	the	trailing	edge	of	

the	 cylinder.	 The	 size	 of	 this	 toroidal	 vortex	 does	 not	 linearly	 scale	 with	 the	 change	 in	

diameter.	Thus,	the	27	mm	model	creates	a	ring	vortex	with	a	core	of	approximately	12.2	

mm	in	diameter,	while	the	60	mm	model	creates	a	ring	vortex	of	11.5	mm	in	the	diameter	of	

the	torus	cross-section.	The	outside	diameter	of	the	ring	itself	tightly	matches	the	diameter	

of	 the	 models.	 The	 volume	 of	 the	 torus	 for	 the	 27	 mm	 model	 is	 approximately	 5.6×
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10!! m!,	 while	 the	 volume	 for	 the	 vortex	 core	 of	 the	 larger	 diameter	 model	 is	

approximately	1.6×10!! m!.		

figure	5.5	-	downward	acceleration	phase	for	the	27	mm	buoy	

figure	5.6	-	downward	acceleration	phase	for	the	60	mm	buoy	

From	the	equation	of	energy	of	the	vortex	atmosphere	(equation	5.1),	it	is	clear	that	the	size	

of	the	ring	vortex	 is	directly	proportional	to	the	energy	stored	 in	 it.	Although	the	data	did	

not	provide	 the	velocities	needed	to	calculate	or	estimate	 the	amount	of	energy	 found	 in	

the	ring	vortex,	due	to	the	limitations	of	the	recording	equipment	(resolution,	frame	rate),	
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the	 presence	 of	 the	 toroidal	 vortices	 show	 that	 energy	 was	 clearly	 dissipated	 from	 the	

models	thorough	vortex	creation.	This	may	confirm	that	the	complex	phenomenon	of	vortex	

formation	and	shedding	does	impact	the	damping	of	these	models	even	at	Re	mentioned	in	

the	experimental	sections	(3.1,	3.2).		

In	the	next	two	images,	5.7	and	5.8,	the	size	of	the	ring	vortexes	can	be	seen	at	full	growth.	

Again,	 the	 diameter	 of	 the	 cores	 is	 similar	 between	 the	 two	 model	 sizes,	 however,	 the	

velocities	 (both	 radial	 and	 translational)	 were	 found	 to	 differ	 (this	 was	 measured	

qualitatively,	without	 allowing	 for	 an	 approximation	 of	 their	 values	 to	 be	made	 precisely	

enough	for	energy	calculations).	
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figure	5.7	-	downward	motion	phase	for	the	27	mm	buoy	

figure	5.8	-	downward	motion	phase	for	the	60	mm	buoy	

As	 the	 models	 start	 decelerating	 and	 eventually	 come	 to	 a	 full	 stop,	 the	 ring	 vortexes	

continue	their	motion	due	to	their	inertia,	which	means	coming	into	more	and	more	contact	

with	 the	 body	 of	 the	models	 and,	 thus,	 starting	 to	 lose	 their	 shape.	 This	 can	 be	 seen	 in	

figures	5.9	and	5.10	below.	
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figure	5.9	-	downward	motion	-	deceleration	phase	for	the	27	mm	buoy	

	
figure	5.10	-	downward	motion	-	deceleration	phase	for	the	60	mm	buoy	

In	the	next	still	frame	from	image	5.11,	the	ring	vortex	for	the	27	mm	model	is	enlarged	in	
the	diameter	of	the	ring	and	evacuated	to	the	sides	of	the	model,	as	the	cylinder	changes	its	
direction	of	motion.	The	same	enlargement	and	evacuation	of	the	ring	vortex	can	be	seen	
for	the	60	mm	model	in	figures	5.12	and	5.13.	
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figure	5.11	-	vortex	evacuation	for	the	27	mm	buoy	

	
figure	5.12	-	vortex	evacuation	for	the	60	mm	buoy	
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figure	5.13	-	vortex	enlargement	and	evacuation	for	the	60	mm	buoy	

The	next	couple	of	images	show	that	the	evacuated	ring	vortex	collapses	almost	instantly	for	

the	 27	 mm	 model,	 while	 for	 the	 60	 mm	 model	 it	 keeps	 its	 shape	 and	 rotation	 longer,	

collapsing	with	a	delay	of	approximately	0.05-0.075	s.	This	is	clearer	when	observing	videos	

of	this	behaviour	(frames	5.14,	5.15).	

At	 this	 point	 the	 models	 are	 already	 moving	 upward	 as	 it	 can	 be	 seen	 in	 the	 next	 few	

images.		
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figure	5.14	-	vortex	collapse	for	the	27	mm	buoy	

	
figure	5.15	-	vortex	collapse	for	the	60	mm	buoy	

After	the	motion	has	reversed,	new	ring	vortices	start	to	form	and	grow	near	the	top	of	the	

models	as	they	continue	their	upward	motion.	These	can	be	seen	 in	 figures	5.16	and	5.17	

and	are	indicated	with	an	arrow.		
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figure	5.16	-	formation	of	new	vortex	for	the	27	mm	buoy	

	
figure	5.17	-	new	vortex	for	the	60	mm	buoy	

The	 next	 couple	 of	 images	 (5.18,	 5.19)	 show	 the	 new	 top	 vortices	 fully	 formed	 for	 both	

models.	
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figure	5.18	-	top	vortex	for	the	27	mm	buoy	

	
figure	5.19	-	top	vortex	for	the	60	mm	buoy	

At	the	end	of	their	upward	motion,	the	bodies	come	to	a	stop	and	reverse	direction	once	

more.	 As	 this	 happens	 the	 newly	 formed	 vortices	 are	 evacuated	 inwards	 and	 the	 major	

diameter	of	the	torus	shrinks.	This	is	the	opposite	behaviour	compared	to	what	was	seen	for	

the	downward	reversal	when	the	vortices	were	enlarged	and	evacuated	to	the	exterior	of	

the	models.	This	can	be	seen	in	figures	5.20	and	5.21.	
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figure	5.20	-	top	vortex	being	evacuated	for	the	27	mm	model	

	
figure	5.21	-	top	vortex	being	evacuated	for	the	60	mm	model	

Finally,	the	phenomenon	described	 in	the	previous	paragraphs	repeats	 itself	as	the	bodies	

have	a	downward	motion	once	more,	in	images	5.22	and	5.23.	To	the	top	of	the	image,	the	

vortices	that	were	evacuated	earlier	are	still	visible,	while,	at	the	trailing	edge	of	the	models,	

new	vortices	are	forming.	
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figure	5.22	-	second	downward	motion	for	the	27	mm	model	

	
figure	5.23	-	second	downward	motion	for	the	60	mm	model	

The	vortex	further	defining	itself	can	be	seen	in	image	5.24	below,	for	the	60	mm	model.	
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figure	5.24	-	second	downward	motion	for	the	60	mm	model	

It	is	obvious	that	the	ring	vortex	follows	the	shape	of	the	circular	trailing	edge	of	the	model.	

However,	to	make	it	clear	that	the	vortex	formation	is	axisymmetric	and	to	allow	the	extent	

to	which	the	motion	is	axisymmetric	to	be	assessed,	images	5.25-5.28	are	presented.		
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figure	5.25	-	visualisation	of	axisymmetry	

	
figure	5.26	-	visualisation	of	axisymmetry	
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figure	5.27	-	visualisation	of	axisymmetry	

	
figure	5.28	-	visualisation	of	axisymmetry	

The	visualisation	of	the	heaving	models	confirms	the	conclusions	drawn	in	sections	3.1.2.5,	

3.2.2.5,	which	stated	that	the	strong	non-linear	relation	between	model	sizes	and	damping	

and	 between	 different	 regimes	 of	 operation	 (submerged	 versus	 surface	 piercing)	 and	

damping	is	caused	by	varying	contributions	to	the	damping	owing	to	viscous	effects,	vortex	

formation	 and	 shedding,	 which	 are	 not	 evaluated	 when	 using	 solely	 linear	 wave	 theory.	

These	 effects	 could	 all	 be	 seen	 in	 the	 images	 presented	 so	 far,	 and	 it	 is	 clear	 that	 they	
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extract	energy	from	the	wave	converter.	In	addition,	the	energy	extracted	by	the	vortices	of	

the	 small	 diameter	 model	 is	 expected	 to	 be	 higher	 than	 that	 dissipated	 by	 the	 larger	

diameter	model,	as	its	vortices	have	a	higher	velocity	(see	equation	5.1).	

5.3]	Flow	visualisation	for	the	oscillating	water	column		

In	 the	next	still	 images,	 the	streak	 lines	created	by	dye	 injected	near	 the	oscillating	water	

column	models	will	be	presented.	The	figures	will	again	be	shown	in	pairs,	for	the	26	and	96	

mm	 interior	 diameter	 models,	 with	 a	 400	 mm	 submergence	 length	 and	 with	 an	 initial	

displacement	of	140	mm.		

In	these	images	the	axis-symmetry	can	be	seen	from	the	first	figures,	as	highly	diffused	dye	

was	used	in	order	to	track	the	movement	of	the	fluid	inside	the	oscillating	water	column,	in	

addition	 to	 visualising	 the	 fluid	dynamical	 phenomena	 created	by	 the	 lip	of	 the	 chamber.	

This	will	make	it	possible	to	show	the	reversal	of	the	flow	in	the	boundary	layer,	taking	place	

due	to	an	adverse	pressure	gradient	created	as	the	oscillatory	flow	changes	direction.			

In	 the	 first	pair	of	photos	 (5.29	and	5.30)	 the	downward	motion	of	 the	 fluid	encapsulated	

within	the	chamber	of	the	model	has	been	initiated.	Near	the	mouth	of	the	model,	at	the	

exterior,	a	ring	vortex	is	already	forming.	This	ring	goes	around	the	lip	of	the	model	and	its	

left	side	is	shown	in	the	images.	On	the	opposite	side,	the	vortex	core	and	atmosphere	are	

also	 visible	 thanks	 to	 the	 diffused	 dye.	 This	 phenomenon	 is	 shown	 for	 both	 the	 26	 mm	

(figure	5.29)	and	96	mm	(figure	5.30)	models.	The	contours	of	the	models	are	also	drawn	for	

these	first	two	images,	while	for	the	rest	of	the	images	the	shape	of	the	coloured	fluid	can	

be	used	as	a	reference.		

Near	the	 lip	of	the	model	the	vortex	cores	have	a	diameter	of	approximately	11.8	mm	for	

the	26	mm	diameter	model	and	19.7	mm	for	the	96	mm	diameter	model.	The	volume	of	the	

vortex	core	for	the	26	mm	model	is	1.3×10!! m! while	the	volume	for	the	96	mm	model	is	

1.1×10!! m!.	Referencing	the	energy	equation	for	the	vortex	atmosphere	(equation	5.1),	it	

becomes	obvious	that	there	is	energy	loss	due	to	vortex	formation	and	shedding.	In	future	

images,	 it	 will	 also	 be	 clear	 that	 the	 energy	 of	 the	 vortices	 evolves	 differently	 over	 time	

between	the	two	different	diameter	models,	as	their	motions	decay.	The	initial	translational	
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velocity	of	the	vortex	ring	is	the	same	as	that	of	the	surface	of	the	column	of	water	within	

the	chambers	of	the	models.	

	
figure	5.29	-	ring	vortex	formation	for	the	26	mm	model	

	
figure	5.30	-	ring	vortex	formation	for	the	96	mm	model	

In	the	next	images,	5.31	and	5.32,	the	fluid	exiting	the	chamber	of	the	model	can	be	seen	in	

its	entirety.	
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figure	5.31	-	fluid	column	and	vortex	ring	for	the	26	mm	model	

	
figure	5.32	-	fluid	column	and	vortex	ring	for	the	96	mm	model	

These	last	two	images	show	that,	at	the	start	of	the	downward	motion,	the	diameter	of	the	

fluid	exiting	the	water	column	is	the	same	with	the	inner	diameter	of	the	chamber.	This	is	

visible	in	figure	5.31.	However,	as	the	downward	motion	decelerates,	the	fluid	mass	exiting	

the	models	turns	from	having	a	cylinder	shape	into	a	funnel	shape	with	the	ring	vortex	filling	

the	circumferential	gap	at	the	narrow	end	of	the	funnel.	This	can	be	seen	in	figure	5.32.	

Another	 interesting	aspect,	 that	can	be	 immediately	spotted,	 is	 the	different	behaviour	of	

the	toroidal	vortices.	For	the	26	mm	diameter,	in	figures	5.31	and	5.33,	the	ring	vortex	has	a	

consistent	 spiral	 shape	of	 its	poloidal	 flow.	However,	 for	 the	96	mm	diameter	model,	 the	

ring	vortex	experiences	instability	within	itself.		

This	difference	can	be	observed	by	comparing	images	5.29,	5.33	for	the	26	mm	model	with	

5.32,	5.34,	5.35	for	the	96	mm	model.	The	nature	of	this	flow	is	clearly	non-laminar.	For	the	
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96	mm	model,	vortices	are	created	at	the	lip	of	the	model	and	then	they	get	swept	into	the	

spiralling	flow	of	the	torus	core.	Thus,	the	ring	vortex	has	vortices	within	itself.	This	does	not	

happen	for	the	26	mm	model.	Thus,	a	clear	difference	in	fluid-dynamical	regimes	is	visible.		
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figure	5.33	-	shape	of	toroidal	vortex	for	the	26	mm	model	

	
figure	5.34	-	shape	of	toroidal	vortex	for	the	96	mm	model	

	
figure	5.35	-	shape	of	toroidal	vortex	for	the	96	mm	model	
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As	 the	oscillating	water	 column	exhibits	 oscillatory	 flow,	 the	mouth	of	 the	machine	 turns	

from	 evacuating	 fluid	 into	 intaking	 fluid.	 Thus,	 the	 downward	 motion	 of	 the	 fluid	 mass	

within	 the	chamber	decelerates,	 stops	and	 turns	 into	an	upward	motion.	However,	 this	 is	

not	done	simultaneously	 through	the	whole	width	of	the	fluid	found	near	the	entrance	of	

the	model.	What	was	observed	is	that	there	is	a	short	time	frame	where	the	boundary	layer	

on	 the	 inside	of	 the	 tube	reverses	direction	and	experiences	an	upward	motion	while	 the	

core	of	 the	water	column	 is	still	 traveling	downwards.	This	 is	due	to	the	adverse	pressure	

gradient	combined	with	the	lower	velocities	found	in	the	boundary	layer	(a	boundary	layer	

velocity	gradient).	This	phenomenon	can	be	seen	in	image	5.36	for	the	26	mm	model,	where	

AA	 and	BB	 represent	consecutive	 time	steps	and	 the	arrows	show	the	 flow	direction.	The	

same	can	be	seen	for	the	96	mm	model	in	image	5.37.		
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figure	5.36	-	boundary	layer	reversal	for	the	26	mm	model	

	
figure	5.37	-	boundary	layer	reversal	for	the	96	mm	model	

As	the	core	of	the	water	column	also	starts	to	move	upward,	a	ring	vortex	starts	forming	on	

the	 inside	of	 the	mouth	of	 the	model.	 This	 can	be	 seen	 in	 images	5.38	 and	5.39	 for	both	

diameters,	respectively.	
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figure	5.38	-	ring	vortex	near	inside	lip	of	the	26	mm	model	

	
figure	5.39	-	ring	vortex	near	inside	lip	of	the	96	mm	model	

As	the	fluid	continues	to	enter	the	chamber	of	the	models,	this	ring	vortex	moves	inwards	as	

a	new	one	forms	at	the	mouth	of	the	device	in	its	place,	both	rotating	in	the	same	direction.	

Thus,	there	is	now	a	pair	of	ring	vortices,	as	seen	in	figures	5.40	and	in	5.41.		
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figure	5.40	-	pair	of	ring	vortices	on	the	inside	of	the	26	mm	model	

	
figure	5.41	-	pair	of	ring	vortices	on	the	inside	of	the	96	mm	model	

As	 the	 fluid	 flow	 continues	 upward	 into	 the	 chamber,	 the	 vortices	 formed	 near	 the	wall	
suddenly	 lose	 their	 structure	 and	 break.	 Strong	 turbulence	 accompanies	 them	 collapsing	
and	the	dye	diffuses,	as	there	is	powerful	mixing	between	fluid	 layers.	This	can	be	seen	in	
the	next	two	still	images	(5.42	and	5.43).	
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figure	5.42	-	diffusion	and	turbulence	inside	the	26	mm	model	

	
figure	5.43	-	diffusion	and	turbulence	inside	the	96	mm	model	

After	 the	 upward	motion	 is	 complete,	 the	 flow	 changes	 direction	 to	 a	 downward	motion	
and,	 thus,	a	new	cycle	begins.	Therefore,	 the	 fluid	containing	 the	diffused	dye	mentioned	
earlier	is	evacuated	out	of	the	chamber	of	the	device	and	the	phenomenon	described	earlier	
for	 the	 cycle	 is	 repeated	 almost	 identically.	 However,	 as	 the	 amplitude	 of	 oscillation	
decreases	exponentially	(the	decay	curve	from	section	4.2.4	can	be	checked	for	reference),	
there	 are	 some	 differences	 between	 cycles.	 These	 differences	 will	 now	 be	 shown	 and	
discussed.	

First	of	all,	the	phenomenon	of	inside	ring	vortex	formation,	collapse	and	turbulent	mixing	
becomes	less	and	less	powerful	as	the	amplitude	of	motion	becomes	lower.	Thus,	the	flow	
patterns	 shown	 in	 images	 5.40	 and	 5.41	 keep	 their	 integrity	 and	 the	 vortex	 rings	 are	
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evacuated	 out	 of	 the	 device	 intact,	 instead	 of	 collapsing	 and	 the	 dye	 diffusing	 prior	 to	
evacuation.	This	is	shown	in	figure	5.44	and	5.45.	

	
figure	5.44	-	intact	vortex	being	evacuated	from	the	26	mm	model	with	exterior	ring	vortex	forming	

	
figure	5.45	-	intact	vortex	being	evacuated	from	the	96	mm	model	with	an	exterior	ring	vortex	visible	

In	images	5.44	and	5.45,	the	exterior	ring	vortices	previously	shown	in	figures	5.33,	5.34	can	
be	seen	forming	and	fully	formed,	respectively.		

If	comparing	different	cycles,	some	interesting	observations	can	be	made	about	the	relation	
between	the	exterior	ring	vortex	and	the	interior	ring	vortex.	

Related	 to	 the	 diameter	 size	 difference,	 it	 can	 be	 seen	 that	 for	 the	 26	 mm	 model,	 the	
interior	 ring	vortex	 remains	 intact,	as	 it	exits	 the	device,	only	 from	the	5th	 cycle	onwards.	
However,	 for	 the	 96	 mm	 model,	 the	 interior	 ring	 is	 expelled	 intact	 from	 the	 3rd	 cycle	
onwards.	This	suggests	that	the	interior	ring	gets	crushed	more	easily	for	a	smaller	diameter	
system	than	for	a	larger	diameter	one,	as	a	function	of	amplitude	and	velocity	of	motion.		
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Another	aspect	to	take	into	account	is	that	the	exterior	and	interior	rings	move	as	a	pair	if	
the	interior	ring	exists.	In	addition,	if	the	interior	ring	exists,	it	is	larger	in	diameter	than	the	
exterior	 one,	 with	 the	 mention	 that	 the	 exterior	 ring	 becomes	 smaller	 and	 smaller	 in	
diameter	as	the	amplitude	of	the	oscillatory	motion	decreases.	

The	interaction	between	the	exterior	and	interior	ring	vortices	can	be	seen	in	 images	5.46	
and	5.47.		

	
figure	5.46	-	interior	and	exterior	ring	vortex	coupled	as	a	pair	for	the	26	mm	model	

	
figure	5.47	-	interior	and	exterior	ring	vortex	coupled	as	a	pair	for	the	96	mm	model	

When	observing	the	vortices	forming	around	the	device,	care	must	be	taken	not	to	confuse	
the	ring	vortex	that	 is	expelled	from	the	device	with	the	newly	formed	ring	vortex	outside	
the	device.	In	figure	5.48,	there	are	two	vortices	formed	inside	the	device,	notated	as	1	and	
2.	In	figure	5.49	it	can	be	seen	where	vortices	1	and	2	have	migrated,	while	a	new	exterior	
vortex	has	formed.	Thus,	vortex	1	forms	a	vortex	ring	pair	with	the	newly	formed	exterior	
toroidal	 vortex,	 while	 vortex	 2	 finds	 itself	 outside	 the	 rim	 of	 the	 intake.	 It	 is	 also	 worth	
mentioning	that	the	ring	vortices	1	and	2	rotate	in	the	same	direction	while	vortex	1	and	the	
newly	formed	exterior	vortex	rotate	in	opposite	directions.		
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figure	5.48	-	interior	vortices	for	the	96	mm	model	

	
figure	5.49	-	interior	vortices	and	newly	formed	exterior	vortex	for	the	96	mm	model	

Another	correlation	 that	can	be	made	and	which	 is	valid	 for	all	diameters,	 is	 that	a	 larger	
amplitude	and	a	higher	velocity	of	motion	exhibited	a	more	turbulent	flow	and	a	difference	
in	 vortex	 formation,	 collapse	 and	 shedding,	 compared	 to	 a	 small	 amplitude	with	 a	 lower	
velocity.	 Thus,	 in	 the	 examples	 given,	 the	 case	 when	 the	 inside	 vortex	 collapsed	 was	
presented,	along	with	the	case	where	they	remained	intact.	This	is	important,	as	it	explains	
the	 discrepancy	 between	 linear	wave	 theory	 (that	 assumes	motions	 of	 small	 amplitudes)	
and	a	regime	with	larger	amplitudes.	

Lastly,	the	following	image	(5.50),	containing	two	successive	frames,	AA	and	BB,	shows	the	
shape	of	the	exterior	ring	vortex	and	the	fluid	it	entraps	in	its	translatory	motion.	This	shape	
can	be	 likened	 to	 a	 solid	 body	 in	 the	 form	of	 an	 upside-down	mushroom.	 This	 is	 not	 the	
same	 mass	 of	 fluid	 as	 the	 one	 forming	 the	 funnel	 shape	 mentioned	 at	 the	 start	 of	 this	
section,	as	the	funnel	described	before	appears	at	the	end	of	the	downward	motion,	while	
image	5.50	shows	the	machine	during	the	upward	(intake)	phase	of	the	cycle.	
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figure	5.50	-	oscillating	water	column	working	as	a	pump	

This	 last	 image	also	shows	that,	while	the	phenomenon	described	earlier	 takes	place	near	
the	lip	of	the	device,	the	exterior	ring	vortex	formed	at	the	start	of	the	cycle	continues	its	
path	 to	 the	 bottom	 of	 the	 tank,	 until	 it	 loses	 energy.	 This	 illustrates	 how	 the	 oscillating	
water	 column	operates	 as	 a	 pump,	 extracting	 fluid	 from	around	 its	 intake	 and	 ejecting	 it	
vertically	towards	the	bottom.		

5.4]	Conclusions	

By	 injecting	 dye	 into	 the	 fluid,	 the	 flow	 patterns	 could	 be	 observed	 around	 a	 pair	 of	
different-diameter	heaving-buoy	models	and	a	pair	of	different-diameter	oscillating	water	
column	models.	This	 is	the	first	visualisation	study	that	 looks	at	different	diameter	models	
for	these	devices	comparatively.			

The	local	advection	technique	allowed	for	the	following	findings	to	be	made.	
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First,	 confirmation	 was	 obtained	 that	 energy	 from	 the	 wave-power	 machines	 is	 being	
directed	into	damping	caused	by	vortex	creation	and	shedding,	even	at	the	Re	achieved	for	
these	experiments.		This	is	important,	since	linear	wave	theory	does	not	account	for	these	
phenomena.	 The	 existence	of	 this	 form	of	 energy	 dissipation	 can	 explain	 the	 discrepancy	
seen	between	the	numerical	results	(section	4.2.4),	which	accounted	only	for	the	radiation	
damping,	 and	 the	 experimental	 results	 that	 include	 all	 sources	 of	 damping.	 The	 energy	
dissipated	 in	this	manner	 is	not	available	for	extraction	by	the	device	 in	question	and	also	
cannot	be	 transmitted	as	 radiated	waves	 to	neighbouring	devices	either.	 If	 a	 constructive	
interaction	in	an	array	is	sought,	this	is	a	negative	behaviour.	

Second,	 in	 the	 case	 of	 the	 heaving-buoys,	 the	 visualisation	 experiments	 showed	 that	
vortices	are	forming	at	the	edges	of	the	cylinders,	as	expected.	If	correlating	with	the	results	
from	 the	 experiments,	 it	 can	 be	 confirmed	 that	 these	 ring	 vortices	 contribute	 to	 the	
opposition	 in	 behaviour	 between	 the	 case	 of	 fully	 submerged	 buoys	 and	 buoys	 that	 are	
operating	 piercing	 the	 surface,	 as	 it	 was	 shown	 in	 the	 results.	 This	 is	 because	 the	 fully	
submerged	 buoys	 are	 creating	 these	 vortices	 in	 similar	 ways	 for	 both	 motions	 of	 the	
oscillatory	 cycle	 (downward	 and	 upward),	 while	 a	 surface	 piercing	 heaving	 model	
experiences	a	different	damping	regime,	since	only	one	end	is	 in	contact	with	the	fluid	for	
both	vertical	motions	of	the	cycle.	

Third,	 there	 are	 clear	 differences	 in	 the	 mechanisms	 of	 vortex	 formation	 and	 shedding,	
which	are	specific	to	each	diameter	and	amplitude	of	motion,	as	it	was	discussed	earlier,	for	
both	kinds	of	wave-energy	converters.		

For	 the	heaving-buoys,	 it	was	 seen	 that	 the	vortices	 created	were	of	 constant	 core	cross-
section,	 even	as	 the	diameter	of	 the	models	was	 changed.	 Therefore,	 for	 the	 two-system	
array	of	heaving-buoys,	having	the	spacing	between	them	as	a	function	of	diameter	lead	to	
a	situation	where	the	27	mm	model	was	creating	vortices	that	 influenced	the	flow	around	
the	other	27	mm	model	found	in	its	vicinity.	This	did	not	happen	for	the	60	mm	model,	as	
the	 two	 system	 were,	 implicitly,	 further	 away	 from	 each	 other,	 as	 the	 spacing	 was	 one	
diameter.		

For	 the	 oscillating	water	 column,	 the	 difference	 in	 diameter	 showed	 a	 difference	 in	 flow	
outside	and	 inside	 the	machine,	 as	well	 as	 around	 the	 lip	of	 the	device,	when	 it	 came	 to	
vortex	formation	and	shedding,	as	it	was	discussed	in	the	previous	subsection.	

Fourthly,	it	was	shown	that	the	flows	were	completely	different	when	the	oscillating	water	
column	machine	had	a	large	amplitude	of	motion	compared	to	the	case	when	its	amplitudes	
were	 small.	 This	 is	 useful	 to	 look	 at	 since	 linear	 wave	 theory	 solely	 assumes	 small	
amplitudes	of	motion.	

The	findings	enumerated	above	are	useful	 in	 industry	when	considering	different	facets	of	
designing,	testing,	manufacturing	and	scaling	of	wave-energy	converters.		 	
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6]	General	conclusions	and	suggested	future	work	

6.1]	General	conclusions	

After	analysing	the	literature,	a	research	gap	was	identified	when	it	came	to	the	scaling	of	

the	 internal	 damping	 of	wave-energy	 converters.	 Thus,	 the	 experiments	 described	 in	 this	

thesis	contribute	to	filling	this	gap	and	open	the	way	to	further	research	on	this	topic.		

The	 research	 questions	 posed	 at	 the	 start	 of	 this	 work	 were	 as	 follows.	 How	 does	 the	

internal	damping	of	heaving-buoys	and	oscillating	water	columns	vary	with	diameter	change	

(uni-dimensional	scaling)?	What	is	the	effect	of	this	type	of	scaling	on	their	damping?	Thus,	

to	 answer	 these	 questions,	 different	 diameter	 models	 of	 heaving	 buoys	 and	 oscillating	

water	columns	were	tested	in	varying	conditions.	

In	summary,	the	material	presented	has	focused	on	the	following	aspects:	the	behaviour	of	

both	submerged	and	surface	piercing	heaving	point	absorbers;	the	interaction	within	a	two-

system	 array	 of	 oscillating	 buoys	 in	 different	 regimes	 of	 operation;	 and	 the	 response	 of	

oscillating	 water	 columns	 of	 different	 submergence	 lengths	 and	 initial	 displacements.	 All	

this	 was	 done	 in	 the	 context	 of	 observing	 the	 variation	 of	 the	 natural	 damping	 of	 these	

converters	 with	 their	 dimensions,	 examined	 through	 diameter	 change.	 This	 work	 also	

contained	 a	 numerical	 comparison	 between	 the	 damping	 experienced	 experimentally	 by	

oscillating	water	columns	and	the	predominant	type	of	damping	considered	in	linear	wave	

theory.	Lastly,	dye-injection	 flow	visualisation	experiments	are	 included,	 for	both	heaving-

buoy	and	oscillating	water	column	models.		

For	each	experimental	 category,	 its	detailed	conclusions	and	 findings	 can	be	 found	at	 the	

end	 of	 its	 respective	 section	 (3.1.2.5,	 3.2.2.5,	 4.2.5,	 5.4).	 Thus,	 in	 this	 final	 summary	 of	

conclusions,	the	 individual	findings	and	conclusions	are	NOT	 reiterated	 in	detail	and	just	a	

general	picture	of	the	research	field	is	painted	in	the	context	of	the	findings	from	this	study	

and	their	implications.	Thus,	the	conclusions	from	this	section	are	not	individualised	to	the	

specific	situation	to	which	they	apply.	

The	first	important	implication	of	this	work	is	that	changing	the	size	of	models	by	the	same	

proportion	 can	 yield	 different	 results	 when	 it	 comes	 to	 the	 damping	 trends,	 even	 if	 the	
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model	sizes	are	similar	and	Re	(oscillatory	and/or	instantaneous)	are	similar	as	well.	 In	the	

case	of	different	operating	 regimes	 (fully	 submerged	 systems	and	 surface	piercing)	 it	was	

shown	how	the	same	variation	of	the	same	sizes	gives	different	damping	trends.	Thus,	the	

proper	 choice	 of	 model	 sizes	 is	 important.	 This	 is	 useful	 when	 it	 is	 decided	 which	

mathematical	 model	 from	 the	 literature	 is	 going	 to	 be	 used	 to	 design	 a	 wave-energy	

converter	(according	to	how	it	models	the	damping)	or	what	physical	sizes	need	to	be	tested	

in	a	laboratory.		The	same	utility	is	also	present	when	aiming	to	change	the	size	of	existing	

models	or	prototypes,	taking	into	account	different	Re	of	operation.		

The	second	 implication	 is	 that	 the	nonlinear	sources	of	damping	such	as	vortex	 formation	

and	shedding	and	boundary	layer	friction	play	an	important	role	in	the	internal	damping	of	

wave-power	machines.	Not	only	did	they	contribute	to	damping	trends	that	are	opposite	to	

those	 expected	by	pure	 linear	wave	 theory	which	 considers	 only	 radiation	damping	 (as	 it	

was	 seen	 in	 the	 comparison	 with	 numerical	 results	 (section	 4.2.4),	 but	 they	 can	 cause	

unexpected	 array	 interactions	 as	 well,	 as	 it	 was	 shown	 in	 the	 case	 of	 the	 two-system	

heaving	buoy	array	 (section	3.2)	 and	 the	 flow	visualisation	 section	 (5).	 Thus,	 these	 results	

serve	 as	 a	 notice	 highlighting	 the	 difference	 between	 considering	 only	 radiation	 damping	

and	taking	into	account	all	sources	of	damping,	including	nonlinear	ones.		

The	third	implication	is	around	the	assumption	of	linear	wave	theory	according	to	which	the	

amplitude	 of	 motion	 must	 be	 small.	 It	 was	 shown	 for	 the	 oscillating	 water	 column	 how	

different	 and	 highly	 nonlinear	 amplitudes	 of	 motion	 lead	 to	 different	 damping	 regimes.	

Thus,	the	limitation	of	 linear	wave	theory	was	shown	in	a	concrete	experimental	example.	

However,	for	the	heaving	buoy,	different	initial	displacements,	of	a	few	tens	of	millimetres,	

did	not	generate	statistically	different	results.		

The	 fourth	 implication	 is	 that	 there	are	situations	when	testing	arrays	 for	which	the	same	

results	 can	 be	 obtained	 by	 testing	 a	 single	 system.	 This	 can	 make	 array-testing	 cost	

effective.	 However,	 for	 other	 situations	 and	 operating	 regimes,	 the	 array	 interaction	

becomes	 stronger	 or	 weaker	 corresponding	 to	 different	 size	 variations	 and	 operating	

regimes.		

The	fifth	implication	comes	from	the	flow	patterns	observed	in	the	flow	visualisation	study.	

They	 showed	 how	 different	 sized	 machines	 interact	 differently	 with	 the	 environment	
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around	 them,	 creating	 vortices	 that	 vary	 in	nature	with	machine	 scale,	 in	 the	 case	of	 the	

oscillating	water	column,	and	how	they	create	similar-sized	vortices	(core	size),	irrespective	

of	scale,	in	the	case	of	the	heaving	buoy.	This	is	worth	considering	when	looking	not	only	at	

the	damping	of	wave-energy	converters,	but	at	their	interaction	with	their	surroundings	as	

well.	

The	last	implication	is	related	to	the	shape	of	the	converters.	Since	the	experiments	showed	

how	nonlinear	effects	such	as	vortex	creation	and	shedding	influence	the	behaviour	of	these	

machines,	this	work	suggests	that	streamlining	their	shape	could	be	a	method	of	mitigating	

these	effects,	depending	on	specific	operating	regimes	and	desired	operational	outcomes.		

As	 mentioned,	 this	 is	 a	 scaled-down	 revision	 of	 the	 conclusions	 of	 the	 thesis.	 More	

comprehensive	 descriptions	 can	 be	 found	 in	 the	 respective	 “conclusions”	 section	 of	 each	

testing	scenario	(3.1.2.5,	3.2.2.5,	4.2.5,	5.4).	

6.2]	Suggested	future	work		

The	findings	extracted	from	this	work	open	the	way	for	future	studies	related	to	individual	

wave-power	machines	or	arrays	of	wave-power	machines	and	the	correlation	between	their	

dimensions	and	internal	damping.		

Thus,	there	are	other	interesting	aspects	that	could	be	investigated	and	these	will	be	briefly	

mentioned.		

First,	 an	 obvious	 addition	 to	 this	 work	would	 be	 studying	 the	 effects	 of	 size	 change	 and	

spacing	 variation	 on	 the	 internal	 damping	 of	 oscillating	 water	 columns	 integrated	 within	

small-scale	arrays.		

This	could	further	investigate	the	conditions	in	which	operating	a	scale	model	of	an	array	in	

laboratory	 testing	might	not	yield	 results	which	are	statistically	different	 from	operating	a	

single	device	in	isolation,	as	it	was	seen	in	the	results	presented	for	heaving-buoy	models.	

Second,	 other	 aspects	 of	 damping	 as	 a	 function	 of	 dimensional	 variation	 could	 be	

investigated.	 For	 example:	 changing	 the	whole	 aspect	 ratio	 of	 the	models	 and	measuring	

the	effect	of	this	on	the	internal	dissipation;	observing	the	difference	in	dissipation	between	
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streamlined	 models	 and	 the	 ones	 used	 in	 this	 study,	 as	 the	 change	 in	 shape	 varies	 the	

contributions	of	different	damping	sources.	

Third,	 it	would	 be	 of	 interest	 to	 use	 numerical	models	 that	 include	 vortex	 formation	 and	

shedding	plus	boundary	layer	friction	and	compare	their	predictions	with	the	experimental	

results	from	this	work.		

Fourth,	repeating	similar	experiments	for	prototype-size	models	would	allow	for	an	analogy	

between	the	trends	found	in	the	scaling	of	the	damping	for	laboratory-size	experiments	and	

trends	to	be	found	when	looking	at	large-scale	prototypes.		

Lastly,	experiments	could	be	used	to	measure	the	energy	dissipated	by	 laboratory	models	

through	vortex	formation	and	shedding,	such	as	in	Fleming	et	al.’s	paper	on	the	oscillating	

water	column	[19].	Such	experiments	would	combine	flow	visualisation	and	other	methods	

of	measurements	to	 look	 into	the	flow	fields	created	by	wave-energy	converter	models	of	

different	 sizes,	 thus	 allowing	 for	 the	 calculation	 of	 the	 energy	 lost	 through	 this	 form	 of	

damping.	

The	results	already	presented	plus	the	work	suggested	in	these	previous	paragraphs	would	

all	 come	 together	 to	 improve	 the	 understanding	 of	 the	 internal	 damping	 experienced	 by	

wave-power	machines.	 This	would	 be	 extremely	 beneficial	 economically	 speaking,	 as	 this	

would	aid	improving	the	efficiency	and	the	ability	to	predict	the	required	design	and	power	

output	of	these	machines.		
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