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Abstract:	
The	objective	of	this	study	was	to	investigate	the	abilities	of	the	open-source	

potential	flow	solver	HOS-NWT	with	regard	to	extreme	wave	events	and	deep-water	
wave	 breaking.	 In	 addition	 to	 this,	 significant	 effort	 was	 focused	 on	 coupling	 the	
HOS-NWT	 software	 and	 the	 computational	 fluid	 dynamics	 software	 (CFD)	
OpenFOAM,	in	an	attempt	to	visualize	expected	breaking	events.	Model	tests	of	sea-
surfaces	 with	 very	 steep	 irregular	 waves	 were	 performed	 in	 a	 wave	 tank	 at	 the	
MARINTEK	 Ocean	 Laboratory	 in	 Trondheim,	 Norway.	 The	 HOS-NWT	 model	 was	
utilized	to	recreate	a	fully	non-linear	simulation	of	one	of	these	model	tests,	which	
was	calibrated	at	the	location	of	the	12th	Wave	Gauge	in	a	series	of	23	gauges.	This	
calibration	point,	and	the	area	immediately	surrounding	it,	was	the	location	where	
the	analyses	in	this	study	were	performed.		

The	data	from	the	aforementioned	model	test	was	used	to	validate	the	HOS-
NWT	model	 for	 extreme	waves.	The	 results	 showed	 that,	 on	 average,	 there	was	 a	
14.42%	 error	 between	 the	wave	 heights	 that	were	measured	 experimentally	 and	
those	that	were	simulated	in	HOS-NWT.	After	investigating	as	to	why	such	a	level	of	
error	 was	 sustained,	 it	 was	 found	 that	 for	 increasing	 levels	 of	 individual	 wave	
steepness,	the	accuracy	of	the	HOS-NWT	model	decayed.		
	 One	of	the	main	objectives	of	this	study	was	to	link	the	HOS-NWT	model	with	
an	appropriate	breaking	onset	criterion	to	identify	instances	of	deep-water	breaking	
waves.	 In	 total,	 8	 breaking	 wave	 events	 were	 known	 to	 have	 been	 present	 at	
different	 times	 during	 experimentation,	 as	 a	 result	 of	 high-speed	 video	 clips	
provided	 by	 MARINTEK.	 Four	 separate	 criteria	 were	 investigated	 to	 determine	
which	was	most	effective	in	identifying	the	8	events	captured	on	video.	Ultimately,	
the	 Limiting	 Slope	 Breaking	 Criterion	 [Longuet-Higgins	 &	 Smith	 1983],	 which	 is	
related	to	a	limiting	angle	of	wave	inclination,	was	selected.	This	criterion	was	able	
to	identify	the	events	observed	on	video	at	the	proper	locations	and	times.	

The	 coupling	 of	 HOS-NWT	 and	 OpenFOAM	 proved	 to	 be	 successful;	 the	
outputs	 of	 HOS-NWT	 were	 perfectly	 replicated	 within	 different	 OpenFOAM	
simulations.	However,	 the	visualization	of	 the	breaking	processes	of	 the	 identified	
breaking	 waves	 was	 unsuccessful.	 It	 was	 determined	 that	 the	 absence	 of	 the	
breaking	processes	was	related	to	different	assumptions	of	the	HOS-NWT	software,	
the	employed	k-𝜔	SST	Turbulence	Model,	among	other	factors.	

Future	 work	 utilizing	 an	 updated	 version	 of	 the	 HOS-NWT	 model	 would	
likely	 improve	 the	 accuracy	 of	 the	 HOS-NWT	 model	 and	 consequently,	 the	
OpenFOAM	simulations.	 Improvements	 to	 the	HOS-NWT	model,	which	have	yet	 to	
be	publicly	released,	include	appropriate	energy	dissipation	models,	which	increase	
the	robustness	of	HOS-NWT	in	terms	of	being	able	to	model	breaking	wave	events	
[Seiffert	et	al.	2017].		
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2.	Introduction:	
	 	

A	clear	understanding	and	appreciation	for	waves,	and	the	 loads	associated	

with	 them,	 is	 of	 the	 utmost	 importance	 in	 the	 context	 of	 ocean	 engineering	 and	

offshore	 technology.	 	With	 the	 continuing	 trend	 of	 climate	 change,	 as	well	 as	 the	

tendency	of	more	energy	resources	(oil,	gas,	wind,	etc.)	being	harnessed	in	deeper	

waters,	 the	 likelihood	 of	 offshore	 structures	 and/or	 vessels	 encountering	 large	

waves	 is	 increasing.	 Extreme	 wave	 events,	 such	 as	 the	 occurrence	 of	 “Rogue”,	

“Giant”,	or	“Freak”	waves	[Kharif	&	Pelinovsky	2003]	are	dangerous	events	that,	 if	

unaccounted	 for,	 could	 lead	 to	catastrophic	 failures	of	an	offshore	 installation,	 the	

capsize	 of	 a	 vessel,	 or	 possible	 loss	 of	 life	 from	 events	 such	 as	 these	 [Kjeldsen	&	

Myrhaug	1980].	Rogue	waves	themselves	are	considered	to	be	waves	that	possess	

wave	heights	two	times	larger	than	that	of	the	significant	wave	height	characterizing	

the	 sea-state	 that	 they	 appear	 in	 [Kharif	 &	 Pelinovsky	 2003].	 Specifically,	 rogue	

waves	have	been	measured	to	reach	wave	heights	of	nearly	26	m	in	significant	wave	

conditions	of	only	12	m,	as	was	the	case	for	the	“New	Year’s	Wave”	at	the	Draupner	

jacket	 platform	 in	 the	 North	 Sea	 on	 the	 1st	 of	 January	 1995	 [Haver	 &	 Anderson	

2000]	 [Haver	 2004]	 [Kharif	 &	 Pelinovsky	 2003].	 	 The	 nonlinear	 growth	 and	

behaviors	existing	within	wave	events	such	as	these	cannot	accurately	be	described	

by	commonplace	linear	numerical	methods.		

Due	 to	 the	 shortfalls	 associated	 with	 different	 linear	 numerical	 methods,	

several	efforts	have	been	made	to	develop	different	 fully	non-linear	potential	 flow	

solvers,	 which	 are	 dedicated	 to	 the	 accurate	 description	 of	 wave	 environments	

where	realizations	of	extreme/rogue	wave	events	can	occur	[Ducrozet	et	al.	2007].	

Three	of	 the	more	popular	 fully	non-linear	potential	 flow	solving	schemes	are	 the	

Boundary	Element	Method	(BEM),	 the	high-order	Finite	Difference	Method	(FDM),	

and	the	High	Order	Spectral	(HOS)	method.	

The	BEM	solves	fully	non-linear	potential	 flow	equations,	at	 the	boundaries	

of	a	defined	domain,	and	can	be	applied	to	both	2D	and	3D	scenarios	for	regular	and	

irregular	 wave	 fields	 [Grilli	 et	 al.	 2001].	 The	 advantage	 of	 solving	 the	 non-linear	

equations	at	the	boundaries	is	that	reflective	and/or	absorbing	boundary	conditions	
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[Grilli	 et	 al.	 2001]	 can	 be	 applied	 within	 the	 model,	 which	 in	 turn	 reduces	 the	

number	 of	 unknowns	 within	 the	 governing	 equations	 [Ducrozet	 et	 al.	 2017].	

Currently,	 the	 limitations	 associated	 with	 this	 method	 are	 due	 to	 the	 high	

computational	 effort	 needed	when	applying	 the	BEM	 to	 large-scale	 and	 long-term	

computations	[Fochesato	et	al.	2007].		

The	FDM	has	been	applied	to	fluid	domains	in	the	form	of	the	OceanWave3D	

model,	as	outlined	in	Paulsen	et	al.	[2014].	This	model	is	primarily	geared	towards	

wave-wave,	wave-bottom,	and	wave-structure	interactions	and	has	been	capable	of	

generating	efficient	and	accurate	solutions	in	both	2D	and	3D	scenarios	[Bingham	&	

Zhang	 2007][Engsig-Karup	 et	 al.	 2009][Ducrozet	 et	 al.	 2012].	 Research	 from	

Ducrozet	 et	 al.	 [2012]	 has	 made	 a	 comparison	 of	 the	 capabilities	 of	 the	

OceanWave3D	FDM	and	the	HOS	method.	The	conclusions	of	the	study	showed	that	

for	waves	with	 a	 higher	 order	 of	 non-linearity,	 the	HOS	method	was	 found	 to	 be	

more	 efficient	 and	 accurate,	 whereas,	 the	 OceanWave3D	 FDM	 would	 be	 more	

efficient	for	lower	order	finite	difference	schemes	when	a	lower	degree	of	accuracy	

is	necessary.	Research	also	showed	that	the	length	of	the	simulation	factors	into	the	

overall	 efficiency	of	 the	OceanWave3D	FDM	versus	 the	HOS	method.	 It	was	 found	

that	the	longer	the	simulation,	the	less	efficient	the	FDM	becomes	in	comparison.	

The	HOS	method	is	a	pseudo-spectral	method	that	solves	the	governing	non-

linear	potential	flow	equations	solely	on	the	free	surface	of	the	waves.	It	does	this	by	

partially	solving	the	equations	in	physical	space	and	partially	within	spectral	space	

through	 the	 utilization	 of	 Fourier	 Transforms.	 Some	 of	 the	 advantages	 associated	

with	this	method	are	its	capabilities	for	efficiently	determining	accurate	solutions	of	

wave	 environments	 at	 the	 free	 surface,	 [Dommermuth	 &	 Yue	 1987]	 [West	 et	 al.	

1987]	and	its	applicability	to	regular	and	irregular	waves	in	2D	and	3D	wave	fields	

over	 long	 periods	 of	 time	 and	 areas	 on	 the	 scale	 of	 multiple	 square	 kilometers	

[Ducrozet	et	al.	2016].	However,	it	is	limited	in	its	current	state	to	having	constant	

water	depth	throughout	the	model,	whereas	the	BEM	and	FDM	have	the	capability	

to	handle	complex	bottom	topographies	[Grilli	et	al.	2001]	[Ducrozet	et	al.	2012].		
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Many	utilizations	of	 the	HOS	method,	 in	 the	 form	of	different	models,	have	

been	 extensively	 studied,	 including	 research	 related	 to	 nonlinear	 wave-wave	

interactions	 that	 include	 atmospheric	 forcings	 [Dommermuth	 &	 Yue	 1988],	

interactions	 between	 long	 and	 short	 waves	 [Zhang	 et	 al.	 1993],	 the	 use	 of	 the	

method	with	the	inclusion	of	submerged	floating	bodies	[Liu	et	al.	1992]	[Zhu	2000],	

and	finite	depth	and	depth	varying	studies	[Liu	&	Yue	1998],	among	others		

Two	open-source	models	 that	utilize	 the	HOS	method	have	been	developed	

to	solve	for	the	propagation	of	nonlinear	wave	fields	in	the	open	ocean	(HOS-ocean)	

[Ducrozet	 et	 al.	 2016]	 and/or	 in	 numerically	 generated	 wave	 tanks	 (HOS-NWT)	

[Ducrozet	 et	 al.	 2012].	 HOS-ocean	&	HOS-NWT	were	 developed	 at	 Ecole	 Centrale	

Nantes,	LHEEA	Lab	(ECN/CNRS).	

It	 is	 important	 to	note	 that	 the	FDM,	BEM	and	HOS	methods	are	 fully	non-

linear	 potential	 flow	 models;	 because	 of	 the	 potential	 flow	 assumptions	 that	 are	

inherently	made	whilst	utilizing	any	of	these	methods,	viscous	effects	are	neglected,	

the	 fluid	 in	 the	 model	 is	 presumed	 to	 be	 incompressible,	 and	 irrotationality	 is	

assumed.	Nested	within	these	assumptions	is	the	inability	for	the	FDM,	BEM	or	the	

HOS	method	 to	account	 for	breaking	waves	 [Seiffert	et	al.	2017].	Efforts	are	being	

made	to	identify	a	“breaking	onset	criteria”	[Seiffert	et	al.	2017]	[Barthelemy	et	al.	

2018][Grilli	 et	 al.	 2001][Grilli	 et	 al.	 1989][Saket	 et	 al.	 2015]	 and	 applying	 it	 to	

predict	 when	 and	 where	 breaking	 wave	 events	 may	 occur	 within	 a	 large	 spatial	

domain	over	a	long	period	of	time.	

	 In	 this	study,	 the	open-source	HOS-NWT	model	will	be	used	to	numerically	

recreate	 a	 3D	model	 test,	 performed	 at	MARINTEK,	 an	 ocean	 laboratory	 research	

center	located	in	Trondheim,	Norway.	The	data	from	this	test	will	firstly	be	utilized	

to	 validate	 the	 HOS	model	 under	 extreme	waves	 in	 deep	water	 on	 a	 flat	 seabed.	

Secondly,	 efforts	will	 be	 undertaken	 to	 find	whether	 the	HOS-NWT	model,	 linked	

with	an	appropriate	breaking	onset	criterion,	can	identify	breaking	wave	conditions	

in	deep	water.	Lastly,	work	will	be	done	to	couple	the	HOS-NWT	software	to	the	CFD	

software	 OpenFOAM	 in	 an	 attempt	 to	 simulate	 breaking	 wave	 events,	 identified	

using	an	appropriate	breaking	onset	criterion.	
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3.	Background	&	Theory:	
3.1	HOS	Method:	 		

The	HOS	method	itself	was	first	developed	in	the	late	1980s	by	two	different	

sources,	West	et	al.	[1987]	and	Dommermuth	&	Yue	[1987],	around	the	same	time.	

In	 the	HOS	method,	 the	differential	equations	describing	surface	waves	are	solved	

using	 a	 pseudo–spectral	 approach	 for	different	 orders	 of	 nonlinearity.	 In	 pseudo–

spectral	methods,	problems	are	partially	solved	in	both	physical	and	spectral	space;	

projection	between	 each	domain	 is	 performed	using	 Fourier	Transforms.	A	major	

advantage	of	 the	method	 is	 its	 low	CPU	cost,	 enhanced	 through	 the	application	of	

Fast	 Fourier	 Transforms	 (FFTs).	 FFTs	 enable	 the	 use	 of	 a	 large	 number	 of	 wave	

harmonics,	realistically	describing	an	ocean	wave	 field.	Multiple	validations	of	 this	

method	 have	 been	 conducted	 to	 assess	 the	 accuracy	 and	 the	 stability	 of	 the	 HOS	

method	 [Ducrozet	 et	 al.	 2012]	 [Bonnefoy	 et	 al.	 2010].	 The	 results	 of	 these	

validations	 show	 that	 authentic	 simulations	 of	 3D	 focused	 extreme	 events	 are	

possible,	and	that	because	of	the	models’	capability	of	dealing	with	complex	3D	sea	

states,	 such	 as	 these,	 show	 that	 the	HOS	method	has	 the	 ability	 to	 reproduce	 any	

experiment	 in	 a	 rectangular	 fluid	 domain,	 with	 the	 exception	 of	 breaking	 waves	

[Ducrozet	et	al.	2012][Ducrozet	et	al.	2016].	

As	 mentioned	 in	 the	 Introduction,	 HOS-ocean	 and	 HOS-NWT	 are	 efficient	

High-Order	Spectral	codes	developed	to	solve	for	the	propagation	of	nonlinear	wave	

fields	for	both	2D	and	3D	cases.	Both	codes	are	open-source	HOS	models	developed	

at	 Ecole	 Centrale	 Nantes,	 LHEEA	 Lab	 (ECN/CNRS),	 but	 the	 focus	 of	 this	 study	

primarily	revolves	around	the	use	of	the	HOS-NWT	code.	Each	code	was	developed	

and	redistributed	under	the	terms	of	 the	GNU	General	Public	License	as	published	

by	the	Free	Software	Foundation.	

	

3.1.1	Boundary	Conditions:	

The	 use	 of	 a	 rectangular	 fluid	 domain	when	 using	 the	HOS	method	makes	

way	 for	 the	 use	 of	 a	 Cartesian	 coordinate	 system.	 The	 origin	 of	 this	 coordinate	

system,	 within	 the	 HOS-NWT	 model,	 is	 oriented	 at	 one	 of	 the	 corners	 of	 the	
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considered	fluid	domain.	Dimensions	of	the	domain,	in	both	the	x	and	y	directions,	

can	be	defined	based	on	whether	a	2D	or	3D	case	is	of	interest	(in	a	2D	case	the	y-

direction	would	be	omitted).	A	z	direction,	positively	oriented	upward,	can	be	used	

to	measure	the	free	surface	of	waves	propagating	in	the	domain,	where	the	location	

of	z=0	is	at	the	mean	free	surface.		

As	 previously	 mentioned,	 within	 potential	 flow	 solvers,	 assumptions	 are	

made	 which	 make	 the	 flow	 within	 the	 model	 incompressible,	 inviscid,	 and	

irrotational.	 Under	 these	 assumptions,	 the	 continuity	 equation	 reduces	 to	 the	

Laplace	equation,	represented	in	Equation	1,	where	𝜙	is	the	velocity	potential,	and	∇	
is	the	horizontal	gradient	operator.	

	

∇!𝜙 + !!!
!!!

= 0																															[1]	

	
	 Upon	 the	 definition	 of	 the	 Laplace	 Equation,	 it	 is	 necessary	 for	 boundary	

conditions	to	be	set	for	the	domain	of	interest.	In	wave	mechanics,	it	is	necessary	to	

define	 two	 boundary	 conditions	 at	 the	 free	 surface,	 known	 as	 the	 kinematic	 and	

dynamic	 free	 surface	 boundary	 conditions,	 shown	 in	 Equations	 2	 and	 3,	

respectively.	 In	 addition	 to	 these,	 another	 boundary	 condition	must	 be	 defined	 at	

the	seafloor	recognized	as	the	bottom	boundary	condition,	illustrated	in	Equation	4,	

where	h	is	the	depth	of	the	seafloor.	For	simplicity	sake,	the	expansion	of	each	of	the	

boundary	conditions	and	their	respective	parameters	are	done	for	a	2	dimensional	

case	in	the	x	and	z	directions.	Within	the	HOS-NWT	code,	the	free	surface	boundary	

conditions	 were	 developed	 following	 the	 methodology	 of	 Zakharov	 [1968].	 To	

adhere	 to	 this	 methodology,	 the	 use	 of	 appropriate	 surface	 quantities	 for	 free	

surface	 elevation,	𝜂 ,	 and	 free	 surface	 velocity	 potential,	𝜙(𝑥, z = 𝜂 (𝑥, 𝑡), 𝑡) ,	 are	

present	within	the	code	[Ducrozet	et	al.	2016].	Both	the	kinematic	and	dynamic	free	

surface	 boundary	 conditions	 contain	 the	 parameter	 W	 from	 the	 Zakharov	

methodology,	which	 represents	 the	 vertical	 velocity	 at	 the	 free	 surface:	W 𝑥, 𝑡 =
!"
!"
(𝑥, 𝑧, 𝑡),	where	z=𝜂 𝑥, 𝑡 ⇒	commonly	referred	to	as	the	Dirichlet	problem.	
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!"
!"
= 1+ ∇η ! 𝑊 − ∇𝜙 ∇η																																																			[2]	

	
!!
!"
= −𝑔𝜂 − !

!
∇𝜙 ! + !

!
(1+ ∇η !)𝑊!																														[3]	

	

Within	 the	HOS-NWT	 code,	W	 is	 evaluated	 based	 upon	 the	HOS	 scheme	 of	

West	et	al.	[1987]	[Ducrozet	et	al.	2016].	

	
!"
!"

𝑥, 𝑧, 𝑡 = 0;	𝑧 = −ℎ																																																											[4]	

	

	 Upon	 the	 evaluation	 of	 the	 vertical	 velocity,	 W,	 a	 4th	 order	 Runge-Kutta	

scheme	 allows	 for	 the	 time	 integration	 and	 computation	 of	𝜂	and	𝜙	by	 advancing	

Equations	2	and	3	further	in	time	with	adaptive	step	sizes	[Cash	&	Karp	1990].	The	

step	sizes	are	chosen	to	adhere	to	a	particular	tolerance	set	by	the	specified	Runge-

Kutta	 scheme,	 for	 accurate	 computation	 of	 the	model.	 The	 tolerance	 value	 choice	

depends	 primarily	 on	 the	 order	 of	 nonlinearity	 in	 the	 wave	 field	 as	 well	 as	 the	

overall	duration	of	the	simulation.	

	 Another	set	of	boundary	conditions	are	applied	within	the	HOS-NWT	model,	

that	create	completely	reflective	lateral	boundaries,	as	to	mirror	the	properties	of	a	

physical	wave	tank	[Ducrozet	et	al.	2016].	

	 In	 order	 to	 tap	 into	 the	 advantages	 associated	 with	 the	 HOS	 method’s	

minimal	computational	effort,	Equations	2	and	3	must	be	defined	within	the	spectral	

domain	along	with	 the	velocity	potential	𝜙.	Once	 in	 the	 spectral	domain,	FFTs	are	

selected	 to	 enable	 the	 use	 of	 a	 large	 number	 of	 wave	 harmonics,	 in	 order	 to	

realistically	 describe	 the	 ocean	 wave	 field.	 The	 spectral	 form	 of	 the	 velocity	

potential,	 free	 surface	 velocity	 potential,	 and	 surface	 elevation	 are	 depicted	 in	

Equations	5,	6,	and	7,	respectively,	where	𝐴!,	𝐵!
! ,	and	𝐵!

! 	are	the	modal	coefficients	

for	 each	 respective	 case	 and	 where	𝑘! = 𝑚𝛥𝑘! = 𝑚 !!
!!
	is	 representative	 of	 the	

wavenumbers.	
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𝜙 𝑥, 𝑧, 𝑡 = 𝐴!(𝑡)
!"#$ !! !!!
!"#$ !!!

exp [𝑖𝑘!𝑥]! 																														[5]	

	

𝜙 𝑥, 𝑡 = 𝐵!
! 𝑡 exp [𝑖𝑘!𝑥]! 																																 	 									[6]	

	

𝜂 𝑥, 𝑡 = 𝐵!
! 𝑡 exp 𝑖𝑘!𝑥! 																																 	 									[7]	

	

	 The	Taylor	expansion	and	numerical	truncation	of	Equations	5,	6,	and	7	are	

evaluated	up	to	a	set	number	of	modes,	equivalent	to	a	user	specified	HOS	order	of	

nonlinearity,	M.		

	 The	continuance	of	the	HOS	procedure,	after	the	development	of	𝜂	and	𝜙	on	

the	 surface,	 leads	 to	 the	 evaluation	of	 the	 vertical	 velocity	𝑊 𝑥, 𝑡 .	 The	procedure	

for	 determining	𝑊 𝑥, 𝑡 	is	 initiated,	 through	 a	 series	 expansion	 of	 the	 velocity	

potential	up	to	HOS	order	M,	represented	in	Equation	8.	

	

𝜙 𝑥, 𝑧, 𝑡 = 𝜙 ! (𝑥, 𝑧, 𝑡)!
!!! 																						 	 	 							[8]	

	

Expanding	the	Taylor	series	around	z=0	simplifies	the	Dirichlet	problem	by	

defining	the	velocity	potential	at	the	mean	free	surface,	z=0,	M	number	of	times	and	

not	at	every	pertinent	surface	elevation,	𝑧 = 𝜂;	where,	 for	 the	 first	order	of	M,	 the	

velocity	 potential	 at	 z=0	 is	 equivalent	 to	 the	 free	 surface	 velocity	 potential.	 The	

collection	of	terms	for	each	order	of	wave	steepness	leads	to	a	triangular	system	of	

equations	 defined	 by	 Equations	 9	 &	 10.	 This	 Taylor	 expansion	 of	 the	 simplified	

calculation	of	the	Dirichlet	problem	sets	HOS	order	M	equal	to	1	for	Equation	9	and	

for	orders	greater	than	1	in	Equation	10.	

	

𝜙 ! 𝑥, 𝑧 = 0, 𝑡 = 𝜙(𝑥, 𝑡)																										 	 	 	 	[9]	

	

𝜙 ! 𝑥, 𝑧 = 0, 𝑡 = − !!

!!
!!!!!!

!!!
(𝑥, 𝑧 = 0, 𝑡)!!!

!!! 																														[10]	
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A	 similar	 series	 expansion	 for	 the	 vertical	 velocity	𝑊 𝑥, 𝑡 	leads	 to	 another	

triangular	system,	which	is	solved	iteratively	within	the	model.	For	the	purposes	of	

this	 study,	 the	 value	 for	 M	 was	 set	 equal	 to	 8,	 as	 to	 allow	 for	 fully	 non-linear	

simulations	from	the	HOS-NWT	model.	

		Equations	 11	 and	 12	 are	 representative	 of	 the	 free	 surface	 velocity	 of	

interest	 found	 through	 the	 summation	of	 the	 values	of	𝑊(!)	over	 the	 set	 order	of	

nonlinearity.	

	

𝑊 𝑥, 𝑡 = 𝑊 ! (𝑥, 𝑧, 𝑡)!
!!! 																													 	 						[11]	

	

𝑊 ! 𝑥, 𝑡 = !!

!!
!!!!! !!!

!!!!!
(𝑥, 𝑧 = 0, 𝑡)!!!

!!! 																															[12]	

	

	 With	 all	 of	 the	 building	 blocks	 in	 place	 (𝜂,	𝜙,	𝑊,	 and	 M),	 in	 theory,	 the	

evaluation	of	an	efficient	and	accurate	solution	for	a	wave	surface	profile	could	be	

conducted	over	a	long	time	period	for	a	large	spatial	domain.		

	 However,	 for	 the	 HOS-NWT	 code	 [Ducrozet	 et	 al.	 2012],	 an	 additional	

potential	parameter	must	be	defined	in	order	for	the	model	to	generate	waves	from	

a	wavemaker	[Agnon	&	Bingham	1999].	This	calls	for	the	separation	of	the	overall	

potential	 function	 into	 the	 free	 surface	 velocity	 potential,	𝜙,	 and	 an	 additional	

potential,	𝜙!"" ,	accounting	for	wave	generation	from	a	wavemaker	shown	below	in	

Equation	13.	

	

𝜙 = 𝜙 + 𝜙!"" 																												 	 	 													[13]	

	

Due	 to	 the	 expansion	 illustrated	 in	 Equation	 13,	 the	 boundary	 conditions	

shown	in	Equations	2	and	3	must	be	rewritten	to	include	the	additional	term	within	

the	potential	function,	shown	in	Equations	14	and	15.	

	
!"
!"
= 1+ ∇η ! 𝑊 − ∇ 𝜙 + 𝜙!"" ∇η+ !!!""

!!
																				[14]	



Validation	of	the	High	Order	Spectral	(HOS)	Method	for	Extreme	and	Breaking	Waves	and	Coupling	of	the	HOS-
Numerical	Wave	Tank	Model	with	OpenFOAM	

	

	 9	

	

𝜕𝜙
𝜕𝑡 = −𝜂 −

1
2 ∇𝜙 ! +

1
2 1+ ∇η ! 𝑊! −	

             ∇𝜙∇𝜙!"" −
!
!
∇𝜙!""

! − !!!""
!"

− 𝜈 !"
!"
										[15]								

	

	 The	final	two	boundary	conditions	developed	within	the	HOS-NWT	code	are	

for	both	 the	 interaction	of	 the	 fluid	and	 the	wavemaker	and	 the	 interaction	of	 the	

fluid	with	an	absorption	zone	on	the	opposite	end	of	the	domain	to	the	wavemaker.	

Firstly,	the	wavemaker	boundary	condition	can	be	expressed	as	a	no-flow	condition,	

meaning	that	no	 fluid	can	penetrate	the	 face	of	 the	wavemaker.	The	motion	of	 the	

wavemaker	can	be	defined	as	a	function	of	its	vertical	geometry	and	the	expression	

of	the	location	of	the	paddle	with	respect	to	space	and	time.	A	representation	of	this	

is	shown	in	Equation	16,	where	wavemaker	motion,	X,	is	expressed	in	terms	of	the	

vertical	geometry	𝑓!	and	the	orientation	of	the	paddle	𝑋.	

	

𝑋 𝑦, 𝑧, 𝑡 = 𝑓!(𝑧)𝑋(𝑦, 𝑡)																																																		[16]	

	

With	 this	 in	 mind,	 a	 no-flow	 condition	 is	 developed	 as	 the	 partial	 time	

derivative	 of	 the	 wavemaker	 motion,	 expressed	 in	 Equation	 17,	 where	∇!	is	 the	

vertical	gradient	in	the	y	and	z	directions.	

	
!"
!"
= !"

!"
− (∇!𝑋)(∇!𝜙)																																						[17]	

	

	 Additionally,	an	absorption	zone	was	 implemented	 into	 the	HOS-NWT	code	

to	 account	 for	 wave	 reflections	 at	 the	 edge	 of	 the	 spatial	 domain	 as	 to	 ensure	 a	

correctly	modeled	wave	 field	 inside	 the	 test	 zone.	 The	 strength	 of	 the	 absorption	

coefficient	 as	 well	 as	 the	 location	 where	 the	 absorption	 zone	 begins	 can	 be	 set	

within	the	inputs	of	the	HOS-NWT	code.	
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3.2	Experimental	Data:	

	 An	 extensive	 number	 of	 3D	model	 tests,	 performed	 in	 a	 wave	 tank	 at	 the	

MARINTEK	 Ocean	 Laboratory,	 were	 carried	 out	 to	 investigate	 deep-water	 wave	

breaking	under	 long	crested	waves.	Due	to	the	presence	of	 long	crested	waves,	an	

assumption	 of	 two-dimensionality	 was	 possible	 throughout	 the	 entirety	 of	 this	

study.	 The	MARINTEK	Ocean	 Laboratory	 is	 located	 in	 Trondheim,	 Norway	 and	 is	

operated	by	SINTEF.	This	study	used	data	from	one	of	the	steeper	sea-states	seen	in	

these	tests	to	validate	the	HOS-NWT	model	under	extreme	wave	conditions,	and	to	

apply	 an	 appropriate	 breaking	 criterion	 to	 assess	 whether	 instances	 of	 breaking	

could	 be	 identified.	 Data	 was	 provided	 by	 the	 MARINTEK	 facility	 in	 the	 form	 of	

paddle	 motions	 for	 a	 single	 and	 double-hinged	 wave	 maker,	 as	 well	 as	 surface	

elevation	measurements,	made	during	experimentation,	 for	steep	sea-states	where	

deep	 water	 breaking	 was	 expected	 to	 occur.	 The	 HOS-NWT	 code	 is	 currently	

incapable	 of	 configuring	 a	 double-hinged	 wave	 maker;	 therefore	 the	 data,	 with	

respect	 to	 the	 single-hinged	paddle,	was	 used	 for	 this	 study.	 In	 the	 future,	 efforts	

could	be	made	to	further	develop	the	HOS-NWT	model	to	allow	for	the	configuration	

of	 a	double-hinged	wave	maker,	 however,	 this	 is	 outside	 the	 scope	of	 the	present	

study.	

The	provided	surface	elevation	data	has	been	used	as	reference	data	for	the	

HOS-NWT	model;	 the	 measurements	 were	 made	 using	 23	 different	 wave	 gauges	

with	a	spacing	of	15cm	over	a	total	length	of	3.3m.	These	measurements	were	used	

to	show	the	accuracy	of	the	output	of	the	HOS-NWT	model	with	respect	to	what	was	

measured,	and	in	some	instances	were	also	used	to	investigate	the	growth	of	events	

that	were	expected	to	be	breaking	waves.	A	separate	wave	gauge	set	apart	from	the	

23	 gauges,	 known	 as	 the	 WAVE3	 gauge,	 was	 of	 particular	 importance	 for	 the	

initialization	of	the	simulation,	explained	further	in	Section	4.1.2.	

For	 this	 study,	 a	 single	 location	 of	 interest,	 located	 in	 the	 center	 of	 the	

MARINTEK	 wave	 tank,	 was	 used	 to	 identify	 extreme	 and	 breaking	 events.	 All	

physical	 model	 tests	 begin	 by	 calibrating	 the	 waves	 at	 the	 location	 where	 a	

particular	structure	will	be	tested.	The	position	of	the	12th	Wave	Gauge	within	the	
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series	 of	 23	 gauges,	 for	 this	 study,	 corresponded	 to	 the	 position	 where	 the	

calibration	was	being	performed.	Figure	1	shows	the	testing	apparatus	that	was	in	

place	whilst	measurements	were	being	made	in	the	MARINTEK	Lab;	Figure	2	shows	

an	example	of	measurements	made	by	each	of	the	23	different	wave	gauges	over	a	

small	time	window.	
	

	
Figure	1:	Wave	Gauge	Apparatus	used	for	testing	in	the	MARINTEK	Ocean	

Laboratory	
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Figure	2:	Measurements	made	over	an	arbitrary	window	in	time	using	the	set	up	in	

Figure	1		

	

3.3	Breaking	Onset	Criteria:	

	 An	 important	 aspect	 of	 this	 study	was	 the	 identification	 of	 breaking	wave	

events	 at	 Wave	 Gauge	 12,	 over	 the	 course	 of	 the	 HOS-NWT	 simulation.	 As	

mentioned	 previously,	 the	 HOS-NWT	 model	 is	 a	 fully	 non-linear	 potential	 flow	

solver	 that	 adheres	 to	 the	 potential	 flow	 assumptions	 of	 incompressible,	 inviscid,	

and	 irrotational	 flow.	 These	 assumptions	 inherently	 disallow	 the	 formation	 of	

breaking	 waves	 within	 the	 model.	 Because	 of	 this	 fact,	 in	 the	 presence	 of	 large	

breaking	 waves,	 the	 HOS-NWT	 model	 produces	 unnatural	 high	 frequency	

oscillations	on	the	free	surface,	which	can	lead	to	numerical	instabilities	[Seiffert	&	

Ducrozet	 2016].	 This	 unrealistic	 behavior	 of	 a	 wave,	 which	 in	 nature	 would	

overturn,	 is	 due	 to	 the	 fact	 that	 the	 HOS	 model	 solves	 for	 a	 single-valued	 free	

surface,	 and	 these	 high	 frequencies	 develop	 instead	 of	 showing	 a	 broken	 free	

surface	within	the	model	[Seiffert	et	al.	2017].	
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A	 significant	 amount	 of	 research	 has	 been	 invested	 into	 developing	 a	

breaking	 onset	 criterion,	 within	 the	 HOS-NWT	 code,	 which	 allows	 for	 the	

identification	 of	 the	 point	 at	 which	 the	 surface	 of	 a	 water	 wave	 would	 begin	 to	

deform	and	become	unstable	[Seiffert	et	al.	2017].	

	 The	traditional	classification	of	a	wave-breaking	onset	criterion	can	be	split	

into	three	different	classes:	geometric,	kinematic,	and	dynamic	[Seiffert	et	al.	2017].	

Research	by	Perlin	et	al.	 [2013]	has	been	done	 to	 identify	and	show	the	strengths	

and	 limitations	of	 each	of	 the	 classes’	 abilities	 to	 form	an	accurate	breaking	onset	

criterion.	

	

3.3.1	Geometric	Breaking	Criteria:	

	 There	 are	 a	 number	 of	 different	 selections	 for	 breaking	 criteria	within	 the	

geometric	 class	 of	 wave-breaking	 onset;	 initially,	 a	 limiting	 steepness	 parameter	

was	 investigated.	 Findings	 from	 Babanin	 et	 al.	 [2011]	 suggest	 that	 the	 limiting	

steepness	 of	 an	 individual	 wave	 should	 be	 equivalent	 to	 the	 Stokes	 limiting	

steepness,	whereas	other	experimental	studies,	such	as	Tian	et	al.	[2008],	concluded	

that	 the	 limiting	 steepness	 is	 lower	 than	 that	of	 the	Stokes	 limiting	 steepness	and	

can	 vary	 depending	 upon	 the	 type	 of	 breaking	 wave	 that	 is	 present	 (i.e.	 spilling,	

plunging,	 etc.).	 	 Research	 conducted	 on	 the	 numerical	 implementation	 of	 this	

method	 [Barthelemy	 et	 al.	 2018]	 and	 complementary	 experimental	 research	 by	

Saket	et	al.	 [2015]	suggests	 that	 the	variation	 in	 the	value	of	 the	steepness	during	

different	breaking	 conditions	make	 this	 criterion	unsuitable	 for	 a	 robust	breaking	

onset	criterion	[Seiffert	et	al.	2017].	The	research	by	Seiffert	et	al.	 [2017]	explains	

that	due	to	the	irregular	nature	of	wave	crests	in	an	irregular	wave	simulation,	there	

is	a	high	 level	of	complexity	related	 to	 the	 implementation	of	 this	criterion	within	

numerical	 simulations.	 The	 complexities	 can	 be	 associated	 with	 the	 matter	 of	

repeating	this	criterion	over	a	 large	computational	domain	in	an	accurate	manner.	

This	led	to	a	conclusion	by	Seiffert	et	al.	[2017],	that	this	criterion	was	less	viable	to	

introduce	 into	 different	 numerical	 models	 in	 comparison	 with	 other	 breaking	

criteria.	
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	 However,	implementing	such	a	criteria	as	a	post-processing	measure	is	more	

feasible.	 Instead	 of	 introducing	 the	 complexities	 associated	 with	 introducing	 the	

breaking	criterion	into	the	numerical	simulation	of	HOS-NWT,	the	criterion	can	be	

applied	 to	 the	 output	 of	 the	 model.	 Three	 separate	 geometric	 breaking	 criteria,	

including	 the	 criterion	 researched	 by	Babanin	 et	 al.	 [2011],	were	 implemented	 in	

this	way,	 each	 focusing	on	a	different	 geometric	parameter	of	 individual	 irregular	

waves.	

		 The	 aforementioned	 steepness	 criterion	 research	 by	 Babanin	 et	 al.	 [2011]	

stated	that	breaking	waves	were	dependent	upon	the	Stokes	Limiting	Steepness	of	

individual	 irregular	 waves.	 In	 a	 mathematical	 sense,	 the	 criterion	 states	 that	 the	

steepness	of	a	single	wave	cannot	not	exceed	a	 limiting	threshold,	𝜖 = 𝑎𝑘 < 0.443,	

where	 each	 wave’s	 amplitude,	 a,	 and	 wave	 number,	 k,	 are	 used	 to	 define	 the	

steepness	[Stokes	1880]	[Michell	1893].		

	 In	 addition	 to	 the	 Stokes	 Limiting	 Steepness	 Geometric	 Breaking	 Criterion,	

the	 second	 criterion,	 known	 as	 the	 Geometric	 Ratio	 Criterion,	 was	 related	 to	 a	

geometric	ratio	between	gravity,	and	both	the	individual	irregular	wave’s	period,	T,	

and	wave	height,	H,	expressed	in	Equation	18	[Ochi	&	Tsai	1983].	The	research	from	

Ochi	&	Tsai	[1983]	found	that	if	the	ratio	went	unsatisfied,	breaking	was	expected	to	

occur.			

	
!.!"!!!

!
≥ 1																																																										[18]										

	

The	 final	 geometric	 breaking	 condition	 researched	 as	 a	 possible	 post-

processing	measure	to	identify	breaking	waves	was	based	upon	a	 limiting	slope	of	

individual	irregular	waves	[Longuet-Higgins	&	Fox	1977]	[Longuet-Higgins	&	Smith	

1983].	 The	 concept	 behind	 this	 criterion	 is	 that	 there	 is	 a	 limiting	 slope	 of	 wave	

inclination,	𝑆!"# = 0.586,	 that	 a	 progressive	 wave	 can	 maintain	 before	 breaking	

develops.	The	slope	of	wave	inclination	was	determined	through	the	use	of	Equation	

19	[Longuet-Higgins	&	Smith	1983],	where	R	is	equivalent	to	the	first	derivative	of	

the	surface	elevation,	and	c	is	equivalent	to	the	phase	speed	of	individual	irregular	
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waves.	The	individual	wave	number,	k,	and	the	formulation	of	wave	phase	speed,	c,	

are	expanded	in	Equations	20	and	21	respectively.	

	

𝑆 = !
!
																																																							[19]	

𝑘 = !
!
∗ !!
!!
																																															[20]	

𝑐 = !"
!!
∗ 1+ 𝑘! ∗ !

!

!
																				[21]	

	

	 A	 conflicting	 point	 of	 view,	 set	 forth	 in	 Babanin	 [2011],	 states	 that	 this	

limiting	slope	criterion	is	better	suited	as	a	tool	to	measure	different	properties	and	

statistics	of	breaking	waves	 in	progress	rather	than	as	a	predictive	breaking	onset	

criterion.	This	point	of	disagreement	between	the	Babanin	[2011]	and	the	Longuet-

Higgins	&	 Smith	 [1983]	 studies	 is	 analyzed	 further	 in	 Section	5.3.4	 of	 this	 report,	

where	a	comparison	of	all	of	the	studied	breaking	criteria	is	made.	

	

3.3.2	Kinematic	Breaking	Criteria:	

	 The	second	class	of	wave-breaking	onset	criteria	are	related	to	the	kinematic	

properties	 of	 waves.	 In	 a	 traditional	 kinematic	 sense,	 it	 is	 believed	 that	 breaking	

onset	begins	at	the	point	where	the	horizontal	water	particle	velocity	at	the	crest	of	

a	 wave	 exceeds	 the	 instantaneous	 crest	 velocity	 of	 the	 wave	 itself.	 Equation	 22	

shows	 the	 ratio	of	 the	particle	velocity	and	phase	 speed	as	well	 as	 the	 theoretical	

condition	when	breaking	is	believed	to	occur.	

	
!
!
≥ 1				 	 	 	 	 	 [22]	

	

In	 a	 theoretical	 sense,	 this	 condition	 could	 be	 applied	 to	 a	 numerical	

simulation,	 however	 studies	 conducted	 by	 Stansell	 &	 MacFarlane	 [2002]	 have	

shown	 that	 the	 threshold	 of	 the	 criteria	 expressed	 in	 Equation	 22,	 can	 actually	

underestimate	 the	 amount	 of	 breaking.	 Stansell	 &	 MacFarlane	 [2002]	 performed	

experiments	to	investigate	wave-breaking	criteria	dependent	upon	phase	speed;	the	
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results	showed	that	for	different	types	of	breaking	waves	(i.e.	plunging,	spilling,	etc.)	

the	kinematic	breaking	ratio	could	be	less	than	one	when	breaking	occurs.	

	

3.3.3	Dynamic	Breaking	Criteria:	

	 The	dynamic	class	of	breaking	criteria	has	been	shown	to	be	viable	 for	use	

within	 numerical	 simulations	 [Seiffert	 et	 al.	 2017].	 The	 most	 applicable	 dynamic	

criteria	for	breaking	waves	in	the	HOS-NWT	model,	was	developed	by	Barthelemy	et	

al.	[2018].	The	foundation	of	this	breaking	criterion	is	based	on	a	belief	that	waves	

cannot	 remain	 stable	when	 experiencing	 an	 excess	 of	 local	wave	 energy	 flux.	 The	

criteria,	given	in	Equation	23,	was	outlined	in	the	study	by	Barthelemy	et	al.	[2018];	

their	research	found	that	breaking	occurred	for	a	narrow	range	of	0.85 < 𝐵! < 0.86.	

The	equation	itself	consists	of	three	different	parameters,	where	𝐹!	is	energy	flux	in	

the	direction	of	wave	propagation,	E	is	the	local	energy	density,	and	𝐶!	is	the	crest	

velocity	in	the	direction	of	wave	propagation.	In	Equation	23,	it	is	assumed	that	the	

direction	of	wave	propagation	is	in	the	x-direction.	

	

𝐵! =
!!

!
!!
	 	 	 	 	 	 [23]	

	

The	research	done	by	Barthelemy	et	al.	[2018]	was	executed	in	a	numerical	

setting,	whereas,	the	research	by	Saket	et	al.	[2015]	focused	on	the	same	criterion	in	

an	experimental	sense.	The	 findings	of	Saket	et	al.	 [2015]	agreed	well	with	that	of	

the	 numerical	 setting	 where	 a	 breaking	 onset	 threshold	 of	𝐵! = 0.84± 0.016	was	

found.	 The	 conclusions	 of	 Saket	 et	 al.	 [2015]	 also	 found	 that	 the	 determined	

threshold	 was	 robust	 for	 different	 wave	 groups	 and	 steepnesses	 [Seiffert	 et	 al.	

2017].	 Additionally,	 other	work	 using	BEM	models	 [Grilli	 et	 al.	 2001]	 utilized	 the	

same	 threshold	as	Barthelemy	et	 al.	 [2018]	of	0.85 < 𝐵! < 0.86,	 showing	 that	 this	

criterion	has	a	good	range	of	application	between	different	numerical	models.		

	The	modified	HOS-NWT	model	 that	accounts	 for	breaking	waves	using	 the	

methodology	of	Barthelemy	et	al.	[2018]	has	yet	to	be	publicly	released.	Because	of	

this	fact,	steps	were	taken	in	an	effort	to	implement	the	breaking	criterion	manually	
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into	 the	HOS-NWT	model.	However,	 it	was	determined	that	enlisting	this	criterion	

as	 a	 post-processing	 measure	 allowed	 for	 a	 lower	 level	 of	 complexity	 when	

attempting	 to	 formulate	 different	 parameters	 such	 as	 wave	 number	 and	 phase	

speed.	The	benefit	of	implementing	the	criterion	in	this	way	is	that	individual	waves	

could	be	studied,	 rather	 than	attempting	 to	 formulate	each	of	 these	parameters	at	

every	location	within	the	computational	domain.	

	 For	 a	model	 run	within	 a	 two	 dimensional	 domain,	 a	 simplification	 of	 the	

breaking	 criterion	 can	 be	 made	 to	 the	 dynamic	 condition	 in	 Equation	 23;	 this	

equation	 can	 be	 manipulated	 into	 a	 kinematic	 breaking	 criterion,	 represented	 in	

Equation	 24.	 This	 modification	 shows	 the	 relation	 between	 the	 dynamic	 and	

kinematic	 classes,	 and	 how	 this	 breaking	 criterion	 can	 be	 considered	 a	 kinematic	

breaking	onset	criterion	as	was	mentioned	in	the	previous	section	of	this	paper.	

	

𝐵! =
!!

!
!!

= !!
!!
> 0.86	 	 	 	 	 [24]	

	

	 In	 theory,	 the	 parameter	𝐵! 	can	 be	 calculated	 at	 every	 point	 within	 the	

domain	of	the	HOS-NWT	model,	and	at	every	time	step	to	identify	any	instances	of	

random	breaking	waves	[Seiffert	&	Ducrozet	2016].	The	difficultly	associated	with	

determining	 when	 the	 breaking	 threshold	 is	 experienced,	 within	 a	 numerical	

simulation,	 comes	with	 the	 calculation	 of	 the	 instantaneous	 crest	 velocity	𝐶! .	 The	

equation	for	this	is	shown	in	Equation	25	and	the	necessary	parameter	of	the	local	

wave	 number,	𝑘 (𝑥, 𝑡),	 is	 shown	 in	 Equation	 26,	 following	 the	methodology	 of	 the	

research	conducted	by	Kurina	&	Van	Groesen	[2014].	

	

𝐶! 𝑥, 𝑡 = ! !"#$ ! !,! !
! !,!

	 	 	 	 	 [25]	

	

	 The	expansion	of	 the	parameter	 for	the	 local	wave	number,	 in	Equation	26,	

can	 be	 calculated	 at	 every	 location	 within	 a	 2D	 sample	 during	 every	 time	 step,	

where	 the	 function	 denoted	 by	𝐻 𝜂 	is	 the	 partial	 Hilbert	 Transform	 of	 surface	
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elevation,	𝜂 ,	 with	 respect	 to	 x.	 The	 evaluation	 of	 the	 wave	 number,	𝑘 (𝑥, 𝑡),	 is	

undertaken	due	 to	 the	difficulty	of	 identifying	 the	phase	speed	𝐶! ,	 for	an	 irregular	

wave	that	is	not	in	its	permanent	form	[Kurina	&	Van	Groesen	2014].	

	

𝑘 𝑥, 𝑡 = !
!!!!! !

𝜂 !
!"
𝐻 𝜂 − 𝐻 𝜂 !

!"
𝜂 	 	 	 	[26]	

	

	 In	an	effort	to	uncouple	the	calculation	of	the	phase	speed	of	each	wave	from	

the	formulation	of	the	wave	number	at	every	point,	the	locations	of	the	crests	of	the	

irregular	waves	 in	 time	were	 identified	at	 the	 locations	of	 the	wave	probes	 in	 the	

data	 as	 to	 avoid	 the	 issue	 of	 determining	 the	 phase	 speeds	 of	waves	 not	 in	 their	

permanent	form.		

Lastly,	the	formulation	of	the	water	particle	velocity	was	found	through	the	

use	of	Equation	27.		

	

𝑈! =
!"
!"
(𝑧 = 𝜂)						 	 	 	 	 	 					[27]	

	

3.4	OpenFOAM	

	 Open	 Field	 Operation	 And	 Manipulation	 (OpenFOAM)	 is	 a	 computational	

fluid	 dynamics	 (CFD)	 software	 that	 was	 created	 by	 Henry	Weller	in	 1989.	 It	 was	

originally	 developed	 under	 the	 name	 “FOAM”	 and	 was	 released	 as	 an	 open-

source	software	package	as	“OpenFOAM”	by	Henry	Weller,	Chris	Greenshields,	and	

Mattijs	Janssens	in	2004.	Since	then,	OpenFOAM	has	continually	been	updated,	with	

new	versions	being	released	each	year	[OpenFOAM	Foundation	2019].		The	current	

version	of	OpenFOAM	released	in	2018	was	version	6.	However,	for	the	purposes	of	

this	study,	OpenFOAM	version	2.4	was	employed	due	to	its	ability	to	be	linked	with	

the	waves2Foam	library	outlined	in	Section	3.4.3.	

	 The	 structure	 of	 OpenFOAM	 can	 be	 explained	 as	 a	 library	 containing	 a	

number	of	codes	written	in	the	C++	programming	language.	Due	to	its	open-source	

nature,	 users	 have	 the	 capability	 to	 adjust	 and	 customize	 the	 codes	 within	 the	

library	to	suit	their	individual	needs	[Chai	&	Liew	&	Lee	2018].	There	is	a	very	wide	
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range	of	 applicability	 for	OpenFOAM;	 it	 has	 the	 capability	 of	 formulating	 accurate	

results	 for	 simple	 fluid	 scenarios	 such	 as	 incompressible	 and	 compressible	 fluid	

flows,	 while	 at	 the	 same	 time,	 accurate	 simulations	 of	 other	 highly	 complex	

scenarios,	 such	 as	 breaking	 waves	 and	 fluid-structure	 interactions,	 are	 also	

achievable	[Robertson	et	al.	2015].	

	 The	 Navier	 Stokes	 equations	 are	 used	 as	 the	 basis	 for	 the	 OpenFOAM	

software.	 In	general,	 fluid	flow	can	be	characterized	by	eight	different	parameters.	

These	parameters	 consist	of:	 the	variables	 that	 represent	 the	velocity	of	 a	 fluid	 in	

the	x,	y,	and	z	directions	(u,	v,	and	w),	pressure	(p),	 temperature	(T),	 the	dynamic	

viscosity	of	a	fluid	(𝜇),	heat	conductivity	(𝜅),	and	a	fluid’s	density	(𝜌)	[Khalid	2016].	

For	the	purposes	of	this	study,	temperature	and	heat	conductivity	were	considered	

insignificant,	thus	minimizing	the	number	of	equations	within	OpenFOAM	that	were	

critical	 for	 the	 proper	 formulation	 of	 fluid	 flow.	 These	 critical	 equations	 are	

recognized	 as	 the	 Continuity	 Equation,	 represented	 as	 Equation	 28,	 and	 the	

conservation	of	momentum	equations	for	a	fluid	domain	in	the	x,	y,	and	z	directions	

(Navier-Stokes	Equations),	 illustrated	 in	Equations	29-31,	 respectively	 [Higuera	et	

al.	2013].	
!"
!"
+ !(!")

!"
+ !(!")

!"
+ !(!")

!"
= 0																		[28]	

𝜌 !"
!"
+ 𝜌𝑢 !"

!"
+ 𝜌𝑣 !"

!"
+ 𝜌𝑤 !"

!"
= − !"

!"
+ 𝜇 !!!

!"!
+ !!!

!!!
+ !!!

!!!
+ 𝜌𝐹!								[29]	

𝜌 !"
!"
+ 𝜌𝑢 !"

!"
+ 𝜌𝑣 !"

!"
+ 𝜌𝑤 !"

!"
= − !"

!"
+ 𝜇 !!!

!!!
+ !!!

!!!
+ !!!

!!!
+ 𝜌𝐹!								[30]	

𝜌 !"
!"
+ 𝜌𝑢 !"

!"
+ 𝜌𝑣 !"

!"
+ 𝜌𝑤 !"

!"
= − !"

!"
+ 𝜇 !!!

!!!
+ !!!

!!!
+ !!!

!!!
+ 𝜌𝐹!								[31]	

	

In	order	for	the	OpenFOAM	software	to	accurately	formulate	fluid	flow,	each	

of	the	unknown	parameters	within	the	above	equations	must	be	calculated	at	every	

location	within	a	defined	fluid	domain.	The	advantage	of	using	CFD	software	is	that	

the	methods	employed	by	OpenFOAM	allow	for	all	of	the	necessary	equations	to	be	

solved	simultaneously	[Khalid	2016].	

Through	 the	execution	of	 the	Navier-Stokes	Equations,	 it	 is	possible	 to	 find	
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solutions	 for	 fluid	 behavior	 when	 dealing	 with	 flows	 that	 are	 considered	 to	 be	

laminar.	However,	the	capabilities	of	OpenFOAM	also	include	the	software’s	ability	

to	 employ	 a	number	of	 different	 turbulence	models	 to	 allow	 for	 the	 simulation	of	

turbulent	flow.		

	

3.4.1	Turbulence	Models	

Multiple	 turbulence	 model	 collections	 are	 available	 within	 the	 OpenFOAM	

software;	 the	 different	 collections	 range	 from	 Reynolds	 Averaged	 Navier	 Stokes	

models	(RANS)	to	detached	or	large	eddy	simulations	(DES)	or	(LES)	[Robertson	et	

al.	 2015].	 Within	 each	 turbulence	 model	 collection,	 there	 are	 a	 number	 of	 other	

more	specific	models	that	can	be	selected	by	the	user,	based	on	their	needs.	There	is	

a	lot	of	uncertainty	surrounding	which	turbulence	model	is	the	most	applicable	for	

use	 in	breaking	wave	 simulations.	However,	 the	most	widely	 studied	 collection	of	

turbulence	models,	 for	 this	 purpose,	 are	 the	RANS	 turbulence	models.	Within	 the	

RANS	turbulence	model	collection,	a	vast	number	of	models	have	been	studied	for	

use	in	breaking	wave	simulations,	for	example,	k	−	ε	[Xie,	2013],	k	−	ω	[Chella	et	al.,	

2016],	k	−	ω	SST	 [Liu	et	al.,	2018],	modified	k	−	ω	and	k	−	ω	SST	 [Devolder	et	al.,	

2018],	and	Reynolds	stress	model	[Brown	et	al.,	2016].	A	general	consensus	has	yet	

to	have	been	made	as	to	what	the	best	model	for	use	in	breaking	wave	simulations	

is;	 however,	 for	 the	 purposes	 of	 this	 study,	 the	 k-𝜔	SST	 Turbulence	 Model	 was	

employed	due	 to	 its	 compatibility	with	 the	 version	2.4	 of	OpenFOAM	used	 in	 this	

study.	

	

3.4.1.1	RANS	Turbulence	Models	

The	 models	 within	 the	 RANS	 turbulence	 model	 collection	 modify	 the	

governing	 Navier-Stokes	 Equations,	 Equations	 29-31,	 to	 allow	 for	 the	 combined	

flow	of	both	air	and	water,	shown	in	Equation	32.	This	combined	flow	is	paramount	

when	 attempting	 to	 run	 simulations	 involving	 breaking	 waves	 [Jacobsen	 et	 al.	

2012].	 It	 is	 important	 to	 note	 that	 in	 Equation	 32,	 u	 is	 representative	 of	 the	

velocities	 in	 the	 x,	 y,	 and	 z	 directions	 i.e.	u=(u,	 v,	w),	𝜌	is	 density	which	 can	 vary	
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between	 computational	 cells	 due	 to	 varying	 air/water	 content,	 p*	 is	 pressure	 in	

addition	to	hydrostatic	pressure,	g	 is	gravitational	acceleration,	x	 is	representative	

of	all	 three	Cartesian	coordinates	 i.e.	x=(x,	y,	 z),	𝜇	is	 the	dynamic	viscosity,	𝜏	is	 the	

Reynolds	Stress	Tensor,	which	is	expanded	in	Equation	33,	𝜎! 	is	the	surface	tension	

coefficient,	𝜅!	is	the	surface	curvature,	and	𝛾	is	a	surface	tracking	parameter	that	is	

representative	of	the	volume	of	fluid	method	[Jacobsen	et	al.	2012],	which	is	further	

explained	in	Section	3.3.2.		

	
!"𝒖
!"
+ 𝛻𝜌𝒖𝒖! = −𝛻𝑝∗ − 𝑔𝒙𝛻𝜌 + 𝛻 𝜇𝛻𝒖+ 𝜌𝜏 + 𝜎!𝜅!𝛻𝛾										[32]	

𝜏 = !
!
𝜇!𝑆 −

!
!
𝑘𝐼														 	 	 	 [33]	

	

	 The	Reynolds	stress	tensor,	illustrated	in	Equation	33,	is	a	function	of	density	

𝜌,	the	dynamic	eddy	viscosity	𝜇! ,	the	strain	rate	tensor	S,	expanded	in	Equation	34,	

the	 turbulent	 kinetic	 energy	 per	 unit	 mass	 k,	 and	 the	 turbulence	 intensity	 I	

[Jacobsen	et	al.	2012].	

	

𝑆 = (!
!
𝛻𝐮+ ∇𝐮 ! )               [34] 

	

	 The	 modified	 Reynolds	 Averaged	 Navier-Stokes	 Equations	 can	 be	 coupled	

with	the	Continuity	Equation	to	allow	for	the	description	of	time-averaged	turbulent	

flows.	 In	 order	 to	 properly	model	 different	 turbulent	 flows,	more	 specific	models	

within	the	RANS	turbulence	model	collection	must	be	selected.		

	

	3.4.1.1.1	k-𝝎	SST	Turbulence	Model	

	 One	 of	 the	 most	 commonly	 used	 turbulence	 models	 within	 the	 RANS	

turbulence	 model	 collection	 is	 the	 k-𝜔	Shear	 Stress	 Transport	 (SST)	 Turbulence	

Model.	The	original	k-𝜔	SST	model	 is	based	upon	 research	by	Menter	 [1994],	 and	

refinements	 have	 been	 made	 to	 the	 model	 over	 the	 last	 several	 years.	 These	

refinements	have	improved	the	accuracy	of	the	model	and	made	it	viable	for	use	in	a	
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wide	range	of	turbulent	flows	[Wilcox	1998]	[Menter	2003]	[Wilcox	2008].	In	terms	

of	this	model,	k	represents	the	turbulent	kinetic	energy	in	a	flow,	and	𝜔	represents	

the	characteristic	frequency	for	the	turbulence	[Jacobsen	et	al.	2012].	The	equations	

governing	 the	 k-𝜔 	SST	 turbulence	 model	 take	 the	 form	 of	 advection-diffusion	

equations,	and	are	shown	as	Equations	35	and	36.	

	
!"
!"
+ 𝛻 𝒖𝑘 = 𝒫! − 𝛽∗𝑘𝜔 + 𝛻 𝜇 + 𝜎!𝜇! 𝛻𝑘 											 																						[35]	

!"
!"
+ 𝛻 𝒖𝜔 = 𝛿𝑆! − 𝛽𝜔! + 𝛻 𝜇 + 𝜎!𝜇! 𝛻𝜔 + 2(1− 𝐹!)

!!!
!
𝛻𝑘 𝛻𝜔 ! 											[36]	

	

	 Within	Equation	36,	the	parameter	represented	by	F1,	is	known	as	a	blending	

factor	that	determines	the	strength	of	the	final	term	in	the	equation.	The	value	for	F1	

varies	 between	 0	 and	 1	 and	 the	 equation	 for	 how	 F1	 is	 formulated	 is	 outlined	 in	

Equation	 37.	 It	 is	 important	 to	 note	 that	 when	 F1	 is	 equal	 to	 1,	 the	 last	 term	 in	

Equation	36	disappears,	 and	a	 full	 formulation	of	 the	k	and	𝜔	coefficients	 is	being	

conducted	following	a	k-𝜔	turbulence	model;	however,	when	F1	is	equal	to	a	value	

less	 than	1,	but	greater	 than	0,	 the	k	and	𝜔	coefficients	are	 influenced	by	 the	 final	

term	 in	 Equation	 36	 which	 causes	 the	 formulations	 of	 k	 and	𝜔	to	 be	 a	 “blend”	

between	 a	 k-𝜔	turbulence	 model	 and	 a	 k-𝜖	turbulence	 model.	 Lastly,	 when	 F1	 is	

equal	 to	 a	 0,	 the	 full	 formulation	 of	 the	 k	 and	𝜔	coefficients	 is	 being	 conducted,	

following	 a	 k-𝜖	turbulence	model	 [Menter	 et	 al.	 2003].	Within	Equation	37,	 the	 y-

variable	 determines	 the	distance	 to	 the	nearest	wall,	which	 greatly	 influences	 the	

proportions	 of	 the	 blending	 between	 the	 k-𝜔 	and	 k-𝜖 	turbulence	 models.	 An	

additional	equation	used	 for	 the	determination	of	 the	parameter	𝐶𝐷!" ,	which	was	

necessary	to	formulate	values	for	the	blending	factor	F1,	is	represented	in	Equation	

38.	

𝐹! = tanh 𝑚𝑖𝑛 𝑚𝑎𝑥 !
!∗!"

 , !""!
!!!

, !!!!!!
!"!"!!

 
!
																		[37]	

𝐶𝐷!" = max(2𝜌𝜎!!𝛻𝑘 𝛻𝜔)𝑇, 10!!" 																							 	 [38]	

	

The	expansion	of	the	dynamic	eddy	viscosity,	𝜇! ,	 is	represented	in	Equation	
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39.	 It	 is	 important	 to	 recognize	 in	 Equation	 39	 that	 the	 parameter	 S	 is	

representative	 of	 the	 measure	 of	 the	 strain	 rate	 tensor	 (Equation	 34),	 and	 that	

another	blending	factor	F2	is	present,	which	is	expanded	further	in	Equation	40.	

	

𝜇! =
!!!

!"# (!!!,𝑺!!)
	 	 	 							[39]	

𝐹! = tanh 𝑚𝑎𝑥 ! !
!∗!"

 , !""!
!!!

!
																	[40]	

	

All	 the	 constants	needed	within	 the	k-𝜔	SST	 turbulence	model	 are	blended	

based	 on	 research	 conducted	 by	 Wilcox	 [1988]	 and	 Mohammadi	 and	 Pironneau	

[1993].	 Their	 research	 relates	 the	 value	 for	 the	 coefficients	 within	 the	 k-𝜔	SST	

model	 to	a	 function	represented	 in	Equation	41.	The	coefficients	𝜙!	and	𝜙!,	within	

Equation	41,	are	placeholder	terms	in	which	multiple	different	coefficients	can	take	

their	place.	The	values	for	the	coefficients	that	were	used	in	this	study	are	shown	in	

Table	1.	

𝜙 = 𝜙!𝐹! + 𝜙!(1− 𝐹!)											 	 	 		[41]	

	

Table	 1:	 List	 of	 coefficients	 necessary	 for	 the	 completion	 of	 the	 k-𝜔	SST	 model’s	

governing	equations	

Coefficient	 Non-Dimensional	Value	

𝑎!	 0.31	

𝛿!	 0.5532	

𝛿!	 0.4403	

𝛽∗	 0.09	

𝛽!	 0.075	

𝛽!	 0.0828	

𝜎!!	 0.85	

𝜎!!	 1	

𝜎!!	 0.5	

𝜎!!	 0.856	
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	 Lastly,	the	expansion	of	the	production	term	𝒫! 	is	illustrated	in	Equation	42.	

	

𝒫! = min (𝜇! 𝛻 × 𝒖 𝛻 × 𝒖 ! , 10𝛽∗𝑘𝜔)		 	 	 	 	 [42]	

	

	 The	use	of	the	production	term	avoids	an	issue	recognized	in	an	earlier	form	

of	the	k-𝜔	SST	turbulence	model,	where	turbulent	energy	was	unnaturally	extracted	

from	 flows	 being	modeled	 in	 the	 surf	 zone	 [Mayer	&	Madsen	 2000].	Without	 the	

inclusion	 of	 this	 parameter,	 OpenFOAM	 would	 find	 an	 increased	 amount	 of	

turbulence	in	its	simulations	when	using	the	k-𝜔	SST	turbulence	model.	

	

3.4.2	Volume	of	Fluid	Method	

	 Another	 important	 concept	 exercised	 by	 the	 OpenFOAM	 software	 is	 the	

utilization	of	the	volume	of	fluid	(VOF)	method.	This	method	is	used,	in	addition	to	

the	turbulence	models,	as	a	way	for	OpenFOAM	to	model	the	free	surface	as	a	fluid-

fluid	interface	[Hirt	&	Nichols	1981].	

As	previously	mentioned	 in	Section	3.4.1.1,	a	 surface	 tracking	parameter,	𝛾,	

was	 included	within	 the	 RANS	 Equations	 (Equation	 32).	 The	 concept	 behind	 this	

surface	 tracking	 parameter	 is	 the	 essence	 of	 the	 VOF	 method.	 Based	 upon	 the	

content	 of	 individual	 computational	 cells,	 the	 value	 for	 the	 surface	 tracking	

parameter,	𝛾,	will	change;	i.e.	computational	cells	filled	entirely	with	air	make	𝛾 = 0,	

cells	filled	entirely	with	water	make	𝛾 = 1,	and	cells	with	a	mixture	of	both	air	and	

water	 cause	𝛾 	to	 be	 equivalent	 to	 values	 between	 0	 and	 1	 based	 upon	 the	

proportions	of	air	and	water,	by	volume	percentage,	in	the	cell	[Jacobsen	et	al.	2012]	

[Rusche	2003]	[Hirt	&	Nichols	1981].	

The	 variation	 of	 this	 surface	 tracking	 parameter	must	 be	 accounted	 for	 by	

including	 another	 governing	 equation	 for	 RANS	 turbulence	 models,	 shown	 in	

Equation	43.	It	is	important	to	know	that	the	final	term	on	the	left	hand	side	of	the	

equation	is	known	as	an	interface	compression	term,	which	reduces	smearing	of	the	

air-water	 interface	 [Berberović	 et	 al.	 2009]	 [Brunisma	 2016].	 This	 term	 is	 only	

effective	 in	cells	that	contain	a	mixture	of	both	air	and	water,	 i.e.	0 < 𝛾 < 1,	and	is	
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also	dependent	upon	the	relative	velocity,	𝒖𝒓,	of	the	fluid	in	each	cell.	

	
!"
!"
+ 𝛻γ𝒖+ 𝛻γ𝐮𝒓 1− 𝛾 = 0		 	 	 	 [43]	

	

	 By	 using	 both	 Equation	 43	 and	 Equation	 32	 as	 the	 basis	 for	 the	 RANS	

turbulence	 models,	 and	 subsequently	 the	 k-𝜔	SST	 turbulence	 model,	 an	 accurate	

simulation	can	be	run	for	multi-phase	fluid	interfaces,	most	notably	at	the	air-water	

interface	on	 the	 free	 surface.	The	use	of	 the	VOF	method	has	proven	 its	 ability	 to	

accommodate	simulations	that	are:	highly	distorted,	have	multivalued	free-surfaces,	

or	simulations	with	topological	changes	such	as	wave	breaking	and	recombination	

[Vyzikas	et	al.	2013][Greaves	2004].	Without	 the	VOF	method,	a	dynamic	mesh	of	

computational	cells,	which	would	follow	the	free-surface	during	wave	propagation,	

would	 be	 necessary	 for	 an	 accurate	 simulation,	 which	 is	 a	 much	 more	 complex	

computation	[Khalid	2016].	

	 It	is	also	important	to	mention	some	limitations	that	the	VOF	method	has;	in	

particular,	when	generating	wave	fields	with	high	surface	tension,	the	efficiency	of	

the	VOF	method	drops,	and	 for	waves	with	steepnesses	greater	 than	𝑠 = !
!
> 0.05,	

the	results	become	less	accurate	[Afshar	2010]	[Khalid	2016].	

	

3.4.3	Waves2Foam	

	 Waves2Foam	 is	 an	 additional	 library/toolbox	 that	 can	 be	 compiled	 within	

the	 OpenFOAM	 software	 package.	 The	 primary	 use	 of	 this	 toolbox	 is	 to	 generate	

waves	in	OpenFOAM,	while	utilizing	the	VOF	method	coupled	with	RANS	turbulence	

models	to	accurately	model	both	propagating	and	breaking	waves	[Jacobsen	2017]	

[Jacobsen	et	al.	2012].		

	 When	 utilizing	 the	 waves2Foam	 toolbox,	 it	 is	 common	 to	 use	 relaxation	

zones	for	both	the	wave	inlet	and	wave	outlet	regions	of	the	computational	domain.	

These	zones	allow	for	a	smooth	generation	of	waves	from	their	initial	state	into	fully	

non-linear	CFD	 solutions	 at	 the	wave	 inlet,	while	 at	 the	 same	 time	 avoiding	wave	

reflections	from	the	boundaries	of	the	computational	domain	[Jacobsen	et	al.	2012].	
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The	 relaxation	 technique	 that	 is	 employed	 by	 the	 waves2Foam	 toolbox	 is	 an	

extension	of	research	done	by	Mayer	et	al.	[1998];	the	technique	is	exercised	within	

waves2Foam	through	a	relaxation	function	denoted	in	Equation	44	[Jacobsen	et	al.	

2012].	

	

𝜑 = 𝛼!𝜑!"#$%&'( + 1− 𝛼! 𝜑!"#$%!				 	 	 												[44]		

	

	 The	 variable	𝜑	within	 the	 relaxation	 function	 can	 be	 defined	 by	 either	 the	

velocity	field	u,	or	the	VOF	surface	tracking	field	𝛾.	On	the	other	hand,	the	variation	

in	 the	 spatial	 weighting	 factor,	𝛼! 𝜒! ,	 is	 identical	 to	 the	 exponential	 weight	

distribution	 found	 in	 research	 by	 Fuhrman	 et	 al.	 [2006],	 which	 is	 expressed	 in	

Equation	45.	

	

𝛼! 𝜒! = 1− !"# !!
!.! !!

!"# ! !!
      for      χ!ϵ[0; 1]		 	 	 [45]	

	

	 The	use	of	the	relaxation	function	can	be	explained	as	the	transition	from	a	

targeted	 value	 for	 the	 CFD	 computation,	 of	 either	 the	 velocity	 or	 surface	 tracking	

fields,	 to	a	 fully	computed	output	 from	OpenFOAM	or	vice	versa;	 this	 transition	 is	

based	 on	 how	𝛼! 	and	𝜒! 	vary	 in	 both	 the	 wave	 inlet	 and	 wave	 outlet	 regions	

[Fuhrman	et	al.	2006].	

A	 visualization	 of	 what	 a	 common	 computational	 domain	 looks	 like	 when	

using	the	exponential	spatial	weighting	factor	in	the	waves2Foam	toolbox	is	shown	

in	Figure	3.	This	figure	depicts	both	the	wave	inlet	and	wave	outlet	relaxation	zones,	

how	 𝛼! 	and	 𝜒! 	vary	 within	 them,	 and	 the	 region	 where	 fully	 non-linear	

computations	are	executed.	It	is	important	to	note	that	relaxation	zones	of	different	

shapes	are	capable	of	being	modeled	using	the	waves2Foam	toolbox,	including	both	

cylindrical	 and	 semi-cylindrical	 orientations.	 However	 the	 rectangular	 shape	

illustrated	in	Figure	3	was	used	for	this	study.	
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Figure	3:	Sketch	of	the	variation	of	𝛼! 𝜒! 	for	both	inlet	and	outlet	relaxation	zones,	

as	well	as	a	general	overview	of	how	a	common	computational	domain	is	

constructed	using	the	waves2Foam	toolbox	[Jacobsen	et	al.	2012]	

	

	 In	 general,	 the	 lengths	 given	 to	 relaxations	 zones	 determine	 how	 efficient	

they	are,	 i.e.	the	longer	the	relaxation	zones,	the	more	effective	they	are.	However,	

by	increasing	the	length	of	a	relaxation	zone,	the	computational	cost	of	a	simulation	

will	 also	 increase	 [Vyzikas	 et	 al.	 2017].	 This	 fact	 introduces	 a	 caveat,	 where	 an	

appropriate	length	for	relaxation	zones	must	be	determined	while	at	the	same	time	

trying	to	minimize	computational	costs.	The	relaxation	scheme	implemented	for	the	

purposes	 of	 this	 study	 is	 outlined	 in	 Section	 4.3.2,	 detailing	 the	 length	 of	 each	

relaxation	zone,	as	well	as	the	discretization	scheme	employed	within	it.	

	

3.5	Grid2Grid	

	 In	 order	 to	 truly	 couple	 the	 HOS-NWT	 software	 with	 OpenFOAM,	 another	

software	 known	 as	 Grid2Grid	 had	 to	 be	 utilized.	 Grid2Grid	 is	 a	 post-processing	

software	 that	 re-structures	 the	 outputs	 of	 HOS-NWT	 in	 a	 programming	 language,	

which	is	readable	by	OpenFOAM	and	other	software	[Choi	et	al.	2017].		

The	 capabilities	 of	 the	 Grid2Grid	 software	 have	 been	 shown	 and	 validated	

within	the	manual	for	Grid2Grid	[Choi	et	al.	2017].	One	study	in	particular	focused	

on	waves	 representing	 the	 1000-year	 return	 period	 in	 the	 Gulf	 of	Mexico.	 In	 this	

study,	waves	were	generated	in	physical	wave	tank	experiments	[Choi	et	al.	2017],	

and	 the	 HOS	 method	 was	 then	 used	 to	 model	 the	 same	 sea-state	 from	 the	
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experiments.	The	results	showed	good	agreement	between	the	outputs	of	both	HOS	

and	 OpenFOAM	 simulations	 with	 the	 physical	 experiments,	 indicating	 that	 the	

nonlinear	phenomena	expected	within	waves	with	1000-year	return	periods	were	

properly	 simulated	 by	 the	 HOS	 method	 and	 transferred	 to	 OpenFOAM	 using	

Grid2Grid	[Choi	et	al.	2017].		

The	validations	conducted	by	this	research,	along	with	others	that	have	been	

cited	previously,	 indicate	that	 for	the	purposes	of	the	current	study,	the	use	of	the	

Grid2Grid	 software	would	 provide	 a	 dependable	way	 of	 preparing	 the	 outputs	 of	

HOS-NWT	for	use	within	the	OpenFOAM	software.	
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4.	Methodology:	
4.1	HOS-NWT	

4.1.1	Benchmarking:	

	 After	 compiling	 the	 source	 code	 for	 the	 HOS-NWT	model,	 several	 tutorials	

could	be	found	as	“Benchmark”	scenarios	in	order	for	the	user	to	become	acclimated	

with	the	HOS-NWT	model.	Five	different	Benchmarking	procedures	were	available	

within	 the	 source	 code	 of	 the	 model,	 which	 included	 both	 regular	 and	 irregular	

wave	conditions	in	both	2	and	3	dimensions,	as	well	as	a	Sloshing	case.	Each	of	these	

Benchmark	scenarios	were	run	to	validate	the	capabilities	of	HOS-NWT	and	prepare	

for	the	implementation	of	the	model	to	the	data	from	the	MARINTEK	facility.	

The	wave	data	that	was	acquired	from	MARINTEK	consisted	of	a	time	series	

of	surface	elevations.	As	mentioned	previously,	the	surface	elevation	data	involved	

long	 crested	waves;	 because	 of	 this,	 an	 assumption	 could	 be	made	 that	 the	 HOS-

NWT	 model	 only	 needed	 to	 be	 run	 for	 a	 two	 dimensional	 case.	 Due	 to	 this	

simplification,	special	attention	was	given	to	the	Benchmarking	scenarios	where	2D	

conditions	 were	 implemented.	 Figures	 4	 and	 5	 represent	 the	 Benchmarking	

scenarios	for	2D	Regular	and	2D	Irregular	wave	conditions,	respectively.	Each	figure	

shows	great	agreement	between	the	reference	data	and	the	results	from	HOS-NWT.	

	



Validation	of	the	High	Order	Spectral	(HOS)	Method	for	Extreme	and	Breaking	Waves	and	Coupling	of	the	HOS-
Numerical	Wave	Tank	Model	with	OpenFOAM	

	

	 30	

	
Figure	4:	2D	Regular	Wave	Benchmark	Result	showing	very	close	agreement	

between	the	experimental	data	and	the	HOS-NWT	output	
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Figure	5:	2D	Irregular	Wave	Benchmark	Result	showing	very	close	agreement	

between	the	experimental	data	and	the	HOS-NWT	output	

	

	 After	running	each	of	the	Benchmark	conditions,	a	clear	understanding	of	the	

process	of	how	to	 initialize	 the	 inputs	 for	running	 the	HOS-NWT	numerical	model	

was	gained.	With	this	knowledge,	 it	was	then	possible	to	implement	the	numerical	

model	using	the	data	from	the	MARINTEK	facility.	

	

4.1.2	HOS-NWT	Setup	

	 A	 general	 understanding	of	 the	necessary	 steps	 that	needed	 to	be	 taken	 to	

initialize	 HOS-NWT	 simulations	 was	 gained	 through	 the	 completion	 of	 the	

Benchmark	 tutorials.	 Prior	 to	 running	 HOS-NWT,	 a	 file	 containing	 all	 of	 the	

necessary	 information	regarding	 the	 inputs	 to	 the	model	had	 to	be	 tailored	 to	 the	

parameters	that	explained	the	conditions	present	at	MARINTEK.	A	snapshot	of	the	

contents	of	the	input	file	is	represented	in	Figure	6.	
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Figure	6:	Representation	of	the	input	file	utilized	fro	running	the	HOS-NWT	model	

throughout	the	course	of	this	study	
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First	and	foremost,	right	at	the	beginning	of	the	input	file,	the	dimensions	of	

the	wave	tank	had	to	be	defined	to	allow	for	the	propagation	of	waves	over	a	region	

where	 the	 numerical	 simulation	 from	 HOS-NWT	 could	 be	 compared	 with	 the	

experimental	 data	 from	MARINTEK.	 The	dimensions	 of	 the	 tank	 included	 a	water	

depth	 of	 6	meters,	 a	 length	 of	 30	meters,	 and	 a	 breadth	 of	 80	meters,	which	was	

overlooked	by	 the	software	due	 to	 the	 two	dimensional	nature	of	 the	model	 runs.	

After	defining	the	domain,	a	number	of	different	cases	could	be	selected	based	upon	

what	kind	of	waves	were	being	modeled	using	the	software.	These	cases	included	a	

Sloshing	 Case,	 Monochromatic	 Case,	 File	 Case,	 and	 Irregular	 Wave	 Case;	 for	 the	

purposes	 of	 this	 study,	 a	 File	 Case	 was	 selected	 where	 data	 defining	 the	 waves	

measured	during	experimentation	was	compiled	within	a	file	with	the	name	shown	

in	Figure	6.		

The	 contents	 of	 the	 file,	 necessary	 for	 the	 initialization	 of	 the	 HOS-NWT	

model,	 represented	 the	 frequency	 descriptions	 of	 linear	 wave	 components	 being	

generated	 by	 the	 motion	 of	 the	 wave	 paddle	 [Ducrozet	 et	 al.	 2012].	 These	

descriptions	 could	 be	 found	 by	 multiplying	 the	 wave	 paddle	 motion	 by	 an	

appropriate	transfer	function	to	determine	the	time	series	of	free	surface	elevation	

at	 the	 paddle;	 then	 implementing	 an	 FFT	 to	 collect	 the	 frequency,	 amplitude,	 and	

phase	 of	 each	 wave	 component.	 However,	 in	 this	 study,	 the	 paddle	 location	 was	

shifted	 to	 the	WAVE3	wave	gauge	 located	5	meters	upstream	from	the	 location	of	

interest,	and	20	meters	downstream	from	the	physical	paddle.	This	was	due	to	the	

fact	there	was	an	inability	to	obtain	the	transfer	function	for	the	paddle.	The	surface	

elevations	 at	 the	WAVE3	 gauge	 could	 be	 transformed	 into	 the	 frequency	 domain	

without	 the	 implementation	of	 a	 transfer	 function,	 and	 then	used	as	 inputs	 to	 the	

HOS-NWT	 model.	 The	 frequency	 description	 of	 the	 waves	 at	 the	 WAVE3	 gauge,	

obtained	 from	 the	 implementation	of	 an	FFT,	 is	 shown	 in	Figure	7	along	with	 the	

JONSWAP	spectrum	that	characterized	the	experimental	sea-state,	where	Hs	=	0.245	

m	 and	 TP	=	 1.82	 s.	 The	 extraction	 of	 the	 amplitude	 and	 phase	 of	 each	 frequency	

component	from	the	FFT	analysis	was	used	to	create	the	file,	for	the	proper	case,	to	

run	the	HOS-NWT	code.		
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Figure	7:	Comparison	between	the	frequency	content	of	the	waves	at	the	

	WAVE3	gauge	and	the	JONSWAP	Spectrum	defining	the	sea-state	

	

After	 selecting	 the	proper	case	 required	 for	wave	generation,	definitions	of	

the	 properties	 of	 the	 wavemaker	 were	 inserted	 into	 the	 input	 file.	 Properties	

included	 the	 non-linearity	 order	 of	 the	 wavemaker,	 the	 type	 of	 wavemaker,	 the	

rotation	 axis	 distance,	 and	 whether	 or	 not	 a	 time	 ramp	 was	 to	 be	 used	 in	 the	

numerical	 simulation.	These	parameters	were	 complemented	by	an	additional	 file	

describing	the	configuration	of	the	wave	maker,	where	crucial	parameters	were	set,	

with	some	redundancies,	such	as:	the	type	of	wave	maker	(for	this	study,	a	single-

hinged	paddle	was	used),	the	clock	rate	of	the	wavemaker	motion,	the	water	depth	

of	the	numerical	wave	tank,	and	the	distance	of	the	rotation	axis	of	the	wavemaker	

from	 the	 free	 surface.	 The	 rotation	 axis	 distance	 is	 representative	 of	 the	 distance	

from	the	still	water	elevation	in	which	the	hinge	for	a	single-hinged	wave	maker	is	

located.	 A	 schematic	 showing	 the	 physical	 description	 of	 the	wave	maker	 used	 in	

this	study	is	shown	in	Figure	8.	
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Figure	8:	2D	Schematic	showing	the	orientation	of	the	single-hinged	wave	maker	

used	for	wave	generation,	where	the	water	depth	is	6	m	and	the	rotation	axis	

distance	from	the	still	water	surface	is	4.98	m	

	

The	 last	 few	 sections	 within	 the	 input	 file	 related	 primarily	 towards	 the	

configuration	of	 the	outputs	 that	 could	be	generated	by	 the	HOS-NWT	model.	The	

section	 labeled	 Elevation/Velocity-Pressure	 Probes,	 in	 Figure	 6,	 coupled	 with	 an	

additional	 file,	 titled	 prob.inp,	 allowed	 the	 HOS-NWT	 model	 to	 export	 simulated	

surface	elevations,	 as	well	 as	 velocity	 and	pressure	data	 from	probes	projected	at	

specific	 locations	 in	 the	 computational	 domain.	 For	 the	 purposes	 of	 this	 study,	

probes	were	generated	at	the	locations	of	the	23	wave	gauges	so	that	analyses	could	

be	conducted	on	the	results	 from	the	HOS-NWT	model	with	appropriate	reference	

data	from	the	model	tests.	

The	Time-integration	section	of	 the	 input	 file	 follows	the	section	where	the	

probe	 locations	 are	 determined.	 This	 part	 of	 the	 file	 is	where	 the	 duration	 of	 the	

entire	simulation	is	defined,	the	time	tolerance	is	determined	based	on	the	Runge-

Kutta	Scheme,	as	outlined	in	Section	3.1.1,	and	the	frequency	at	which	the	outputs	of	

the	 HOS-NWT	 model	 will	 be	 reported.	 The	 reporting	 of	 output	 parameters	 was	

chosen	to	occur	at	a	frequency	of	10	Hz;	therefore,	data	recorded	by	the	numerical	
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wave	probes	was	reported	every	0.1	seconds,	as	well	as	data	from	additional	output	

measures	that	could	be	selected	in	the	final	section	of	the	input	file.	

Based	 on	 section	 titled	 Outputs,	 depicted	 in	 Figure	 6,	 it	 can	 be	 seen	 that	

outputs	 with	 dimensional	 properties	 were	 chosen,	 and	 only	 the	 SWENSE	 Output	

was	 selected	 for	 the	 purposes	 of	 this	 study.	 The	 SWENSE	 (Spectral	Wave	 Explicit	

Navier-Stokes	 Equations)	 approach	 is	 a	 method	 used	 for	 studying	 wave-body	

interactions	using	viscous	 flow	 theory	 [Luquet	 et	 al.	 2007].	The	outputs	 from	 this	

approach	were	necessary	in	this	study	in	order	to	couple	the	HOS-NWT	model	with	

OpenFOAM.	 Without	 the	 SWENSE	 data,	 not	 enough	 information	 about	 the	 sea-

surface	 processes	 modeled	 by	 HOS-NWT	 would	 be	 available	 to	 properly	 model	

simulations	within	OpenFOAM.	

After	defining	all	of	the	necessary	parameters	in	the	input	file	in	Figure	6,	and	

acquiring	 the	 additional	 files	 related	 to	 the	 frequency	 descriptions	 of	 linear	wave	

components,	the	configuration	of	the	wavemaker,	and	the	location	of	each	probe	in	

the	wave	gauge	array,	the	HOS-NWT	model	was	prepared	to	be	run.	

	

4.2	Wave	Breaking	Criteria	

The	application	of	the	four	breaking	criteria,	outlined	in	earlier	in	this	report	

(Sub-Sections	3.3.1,	3.3.2,	and	3.3.3),	were	applied	to	 the	outputs	of	 the	HOS-NWT	

model	for	each	of	the	23	wave	gauges	in	the	array.	While	the	objective	of	this	study	

was	to	identify	extreme	and	breaking	wave	events	at	the	12th	wave	gauge,	time	was	

invested	to	see	 if	 the	process	of	breaking	was	taking	place	at	the	12th	wave	gauge,	

even	if	breaking	onset	had	occurred	before	reaching	it.	

In	addition	to	the	experimental	data,	8	high-speed	video	clips	were	provided	

to	visualize	instances	of	breaking	waves	over	the	array	of	wave	gauges.	This	proved	

to	 be	 a	 very	 valuable	 tool	 in	 assessing	 whether	 breaking	 events	 were	 correctly	

measured	by	each	of	the	different	criteria	at	the	times	shown	in	each	video.		

Each	 of	 the	 four	 breaking	 criteria	were	 analyzed	 individually	 for	 accuracy,	

and	then	compared	with	one	another	in	an	effort	to	come	to	a	conclusion	on	which	

was	most	suitable	to	select	breaking	events	to	be	modeled	using	OpenFOAM.	
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4.3	OpenFOAM:	

	 After	reaching	a	conclusion	on	the	most	suitable	breaking	criterion,	different	

breaking	 events	 identified	 by	 that	 criterion	were	 selected,	 in	 space	 and	 time,	 and	

were	modeled	using	OpenFOAM.	In	order	to	accomplish	this,	numerous	steps	were	

taken	to	couple	the	HOS-NWT	model	with	OpenFOAM.	This	effort	was	undertaken	to	

give	 the	 option	 of	 simulating	 particular	 events	 in	 a	 CFD	 domain	 where	 breaking	

could	 be	 modeled	 and	 analyzed,	 without	 the	 constraint	 of	 the	 potential	 flow	

assumptions	within	the	HOS-NWT	model.	

	 Initially,	 the	 outputs	 of	 the	 HOS-NWT	 model	 had	 to	 be	 prepared	 for	 use	

within	OpenFOAM.	This	was	undertaken	by	applying	the	Grid2Grid	software	to	the	

SWENSE	 output	 file.	 However,	 prior	 to	 utilizing	 the	 software,	modifications	were	

made	to	 the	dictionaries	within	Grid2Gird’s	code	 to	allow	for	 the	creation	of	grids	

with	 suitable	discretization	 schemes,	 in	 addition	 to	 selecting	proper	 locations	and	

times	 from	 the	 HOS-NWT	 outputs	 where	 breaking	 events	 were	 identified.	 As	

previously	mentioned	 in	 Section	 3.5,	 Grid2Grid	 is	 a	 post-processing	 software	 that	

re-structures	the	outputs	of	HOS-NWT	in	a	programming	language	that	is	readable	

by	OpenFOAM	[Choi	et	al.	2017].	The	Grid2Grid	software	generates	HOS	wave	fields	

of	 wave	 elevation	 time	 series,	 prepped	 for	 3D	 visualization;	 the	 outputs	 of	 the	

Grid2Grid	software	come	in	the	form	of	Visualization	Toolkit	(VTK)	file	formats,	that	

are	compatible	with	ParaView,	the	visualization	software	OpenFOAM	utilizes.	After	

acquiring	the	VTK	files,	 they	must	be	 inserted,	along	with	the	SWENSE	output	 file,	

into	 a	 case	 folder	 in	 the	 Waves2Foam	 toolbox	 where	 the	 linkage	 between	

OpenFOAM	and	HOS-NWT	can	be	executed.			

The	contents	of	 the	case	 folder,	 for	the	model	runs	conducted	 in	this	study,	

had	 several	 files	 and	 directories	 that	 adhered	 to	 procedures	 that	 would	 ensure	

OpenFOAM	ran	properly.	Instead	of	arduously	explaining	the	purpose	and	structure	

of	 each	 file/directory,	 the	 following	 sections	 (4.3.1-4.3.3)	 are	 geared	 toward	 the	

description	of	 the	main	components	of	 the	model’s	structure,	 that	exist	due	 to	 the	

presence	of	each	file/directory	in	the	case.	
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4.3.1	Computational	Mesh	

	 The	format	of	the	computational	mesh,	used	for	the	OpenFOAM	simulations	

in	this	study,	was	determined	based	on	some	of	the	parameters	that	were	set	within	

the	 Grid2Grid	 software.	 The	 parameters	 that	 influenced	 the	 computational	 mesh	

schematic	 were	 the	 dimensions	 of	 the	 computational	 domain,	 as	 well	 as	 the	

discretization	schemes	selected	for	the	x	and	z	directions.	Due	to	the	 fact	 that	 this	

study	 focused	on	 long	 crested	2D	waves,	 the	 computational	 cells	within	 the	mesh	

were	not	discretized	in	the	y-direction.		

	 In	 order	 to	 reduce	 the	 computational	 time	 necessary	 for	 the	 simulation	 of	

different	 breaking	wave	 events,	 the	 computational	 domain	was	 selected	 so	 that	 it	

would	 focus	primarily	on	 the	array	of	23	wave	gauges	 that	covered	a	range	of	3.3	

meters	in	the	x-direction.	In	addition	to	having	the	computational	mesh	cover	that	

range,	it	was	determined	that	additional	space	was	to	be	included	on	either	side	of	

the	array	 to	allow	for	 the	proper	growth	and	decay	of	wave	heights	both	entering	

and	 exiting	 the	 domain	 through	 specified	 relaxation	 zones	 (See	 Section	 4.3.2);	

overall,	a	distance	of	15	meters	in	the	x-direction	was	chosen.	

	 In	terms	of	the	configuration	of	the	computational	mesh	in	the	z-direction,	it	

was	important	to	include	room	for	both	the	air	and	water	phases	needed	within	the	

OpenFOAM	simulation.	Referring	back	 to	 Section	4.1.2,	 a	water	depth	of	6	meters	

had	to	be	included	within	the	computational	mesh.	In	addition	to	this,	due	to	the	fact	

that	the	wave	climates	involved	in	this	study	possessed	significant	wave	heights	of	

0.245	m,	 an	additional	meter	was	 included	within	 the	 computational	mesh,	 above	

the	mean	water	level.	With	this	additional	space,	the	profile	of	every	wave	from	the	

HOS-NWT	simulation	would	be	able	to	propagate	within	an	OpenFOAM	simulation,	

with	ample	 room	 for	air-sea	 interactions	 to	 take	place.	 In	 total,	 the	computational	

mesh	covered	7	meters	in	the	z-direction.	

	 Ten	centimeters	(0.1	m)	of	space	within	the	computational	mesh	was	allotted	

in	the	y-direction,	even	though	2D	simulations	were	the	focus	of	this	study.	This	is	

due	to	the	fact	that	OpenFOAM	is	designed	for	3-dimensional	space,	and	defines	all	

meshes	as	such.	However,	2-dimensional	problems	can	be	simulated	in	OpenFOAM	
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by	generating	meshes	in	3	dimensions	and	applying	special	boundary	conditions	in	

different	 locations	 within	 the	 mesh	 [Greenshields	 2018],	 explained	 further	 in	

Section	4.3.3.		

	 Overall,	 the	 dimensions	 of	 the	 entirety	 of	 the	 computational	 mesh	 were,	

15m×0.1m×7m,	 in	 the	 x,	 y,	 and	 z	 directions,	 respectively.	 Different	 discretization	

schemes	were	employed	 in	each	direction,	 for	 the	 full	extent	of	 the	computational	

domain,	 thus	 reducing	 every	 cell	 into	 identical	 3-dimensional	 cubes.	 In	 the	 x-

direction,	 it	 was	 determined	 that	 a	 total	 of	 500	 computational	 cells	 would	 be	

sufficiently	fine	enough	to	visualize	the	breaking	process	clearly.	For	the	7	meters	in	

the	 z-direction,	 the	 computational	 mesh	was	 discretized	 into	 350	 cells.	 Lastly,	 as	

mentioned	previously,	the	computational	cells	within	the	mesh	were	not	discretized	

in	the	y-direction,	meaning	a	single	cell	was	selected	to	complete	the	mesh	in	the	y-

direction.	By	using	these	discretization	schemes,	each	cell	within	the	computational	

mesh	 had	 the	 dimensions	 of	 2cm×10cm×2cm,	 in	 the	 x,	 y,	 and	 z	 directions,	

respectively;	 Figure	 9	 depicts	 a	 single	 computational	 cell	 from	 the	mesh,	with	 its	

dimensions	 labeled,	 and	 Figure	 10	 shows	 the	 fully	 discretized	 computational	

domain	created	within	OpenFOAM.	

	

	

	

	

	

	

Figure	9:	Single	computational	cell	with	each	of	its	dimensions	labeled	for	the	x,	y,	

and	z	directions	

	

z=2	cm	

x=2	cm	

y=10	cm	
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Figure	10:	Full	computational	mesh,	having	dimensions	of	15m×0.1m×7m,	in	the	x,	

y,	and	z	directions,	constructed	using	the	computational	cells	illustrated	in	Figure	9	

	

It	 would	 have	 been	 beneficial	 to	 implement	 different	 regions	 within	 the	

computational	mesh	where	different	discretization	schemes	could	be	employed.	 In	

this	 case	 each	 region	 would	 possess	 computational	 cells	 with	 varying	 size,	

depending	on	the	proximity	of	that	region	to	where	breaking	events	were	expected	

to	 occur.	 In	 other	 words,	 regions	 where	 breaking	 was	 expected	 could	 have	 had	

much	finer	computational	cells	as	to	allow	for	a	clearer	visualization	of	the	breaking	

process.	 However,	 in	 order	 to	 implement	 this	 type	 of	 discretization	 process,	

significant	modifications	 to	 the	source	code	of	 the	Grid2Grid	software	would	have	

been	 required.	 Future	work	 could	 be	 associated	with	making	 these	modifications,	

which	in	theory,	would	allow	for	clearer	visualizations	of	the	breaking	process	and	

more	efficient	model	runs.	

	

4.3.2	Relaxation	Zones	

	 The	 computational	 mesh,	 outlined	 in	 the	 previous	 section,	 contained	 two	

separate	 relaxation	 zones	 as	 described	 in	 Section	 3.4.3.	 The	wave	 inlet	 relaxation	

zone	allowed	for	the	smooth	generation	of	waves	at	the	wave	inlet	that	would	grow	
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to	match	 the	 content	 of	 the	 output	 of	 the	 HOS-NWT	model	 after	 exiting	 the	 inlet	

relaxation	 zone.	 At	 the	 same	 time,	 the	 wave	 outlet	 relaxation	 zone	 induced	 a	

procedure	where	the	free	surface	process	would	“relax”,	or	ease	its	way	to	reach	a	

state	 where	 waves	 would	 cease	 to	 propagate,	 thus	 eliminating	 reflections	 from	

impacting	the	main	computational	domain.	

	 As	previously	discussed,	the	size	of	a	relaxation	zone	is	directly	proportional	

to	its	effectiveness.	The	relaxation	zones	for	the	wave	inlet	and	outlet	were	chosen	

to	be	sufficiently	large	enough	to	execute	their	duties	effectively,	while	at	the	same	

time	 being	 sufficiently	 small	 enough	 to	 avoid	 excessive	 levels	 of	 computational	

effort.	In	research	conducted	by	Liu	et	al.	[2019],	a	recommendation	was	given	that	

relaxation	zones	should	typically	be	as	long	as	one	to	two	wavelengths	of	the	waves	

that	are	being	modeled.	The	peak	period	of	 the	waves	being	studied	 in	 this	 thesis	

was	 equal	 to	 1.82	 seconds,	 corresponding	 to	 a	 wavelength	 of	 approximately	 5	

meters	using	linear	wave	theory	approximations	for	deep-water	waves,	i.e.	𝐿 = !!!

!!
.	

Unfortunately,	due	to	the	position	of	the	WAVE3	Gauge,	mentioned	in	Section	4.1.2,	

only	3.35	meters	upstream	of	 the	wave	gauge	array	were	viable	 to	be	used	as	 the	

wave	 inlet	 relaxation	 zone;	 whereas,	 a	 full	 5	 meters	 were	 allotted	 for	 the	 wave	

outlet	relaxation	zone	downstream	of	the	wave	gauge	array.	

	

4.3.3	Boundary	Conditions	

	 Since	 the	 computational	 mesh,	 used	 for	 the	 OpenFOAM	 simulations,	 was	

constructed	 in	 the	 shape	 of	 a	 rectangular	 prism,	 each	 of	 the	 six	 faces	 on	 the	

rectangle	required	boundary	conditions	to	be	set.		

The	 face	at	 the	base	of	 the	computational	mesh,	normal	 to	 the	–z	direction,	

was	chosen	to	have	a	wall	type	boundary	that	would	mimic	the	bottom	of	a	physical	

wave	tank.	The	faces	normal	to	the	y	and	–y	directions	were	given	a	special	type	of	

boundary	 condition	 called	 an	 empty	 boundary	 condition;	 this	 empty	 condition	

instructs	the	OpenFOAM	software	that	the	planes	that	are	normal	to	the	faces	(y	and	

–y)	 do	 not	 require	 a	 solution	 [Greenshields	 2018],	 effectively	 simplifying	 the	

computational	 domain	 into	 two	 dimensions.	 The	 remaining	 three	 faces	 normal	 to	
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the	x,	 -x,	and	z	directions	were	all	given	the	same	patch	boundary	type.	The	patch	

designation	was	given	to	each	of	the	remaining	boundary	faces	of	the	computational	

domain	due	 to	 the	 fact	 that	 each	 face	 is	 representative	of	 either	an	 inlet	or	outlet	

region,	which	 is	 standard	procedure	when	using	OpenFOAM.	 It	 is	 self	 explanatory	

that	the	wave	inlet	and	outlet	faces,	normal	to	the	x	and	–x	directions,	respectively,	

are	patch	 regions;	 on	 the	 other	 hand,	 the	 region	normal	 to	 the	 z-direction	 can	be	

thought	 of	 as	 a	 boundary	 face	 representing	 the	 open	 atmosphere,	where	 the	 free	

flow	 of	 air	 through	 that	 boundary	 face,	 either	 into	 or	 out	 of	 the	 computational	

domain,	is	necessary	for	accurate	simulations.	
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5.	Results	&	Discussion:	
5.1	HOS-NWT	Output:	

	 	First	 and	 foremost,	 the	 HOS-NWT	model	was	 used	 to	 replicate	 one	 of	 the	

experiments	 conducted	 at	 the	 MARINTEK	 facility,	 which	 lasted	 for	 1300	 s.	 It	 is	

important	 to	 remember	 that	 the	 experimental	 data	 from	 this	 experiment	

corresponded	to	a	sea-state	with	relatively	high	steepness,	leading	to	high	levels	of	

nonlinearity	in	the	waves	that	needed	to	be	generated	by	the	model.	Because	of	this	

fact,	the	HOS	nonlinearity	order	M,	mentioned	in	the	Section	3.1.1,	was	set	to	a	value	

of	 8	 so	 that	 a	 fully	 non-linear	 computation	 of	 the	 sea	 surface	 properties	 could	 be	

simulated	using	the	HOS-NWT	model.	

	 In	Figure	11,	a	plot	shows	the	initial	state	of	the	model,	0-50	seconds,	along	

with	 the	 reference	 data	 at	 the	 projected	 location	 of	 the	wave	maker,	 the	WAVE3	

gauge.	 There	 is	 good	 agreement	 between	 the	 numerical	 simulation	 and	 the	

experimental	data,	with	only	slight	differences	in	some	of	the	crests	and	troughs	of	

different	wave	events.		
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Figure	11:	Surface	elevations	from	the	HOS-NWT	model	and	the	experimental	

measurements	at	the	WAVE3	gauge/projected	wave	maker	location	for	the	initial	50	

seconds	of	the	simulation	

	

	 Five	meters	further	away,	at	the	location	of	Wave	Gauge	12,	good	agreement	

between	 the	HOS-NWT	output	 and	 the	MARINTEK	experimental	 data	 can	be	 seen	

over	 the	 same	 time	 frame.	 A	 representation	 of	 this	 window	 in	 time	 is	 shown	 in	

Figure	12.	
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Figure	12:	Surface	elevations	from	the	HOS-NWT	model	and	the	experimental	

measurements	by	Wave	Gauge	12	at	MARINTEK	for	the	initial	50	seconds	of	the	

simulation	

	

	 The	agreement	between	the	numerical	simulation	and	the	experimental	data,	

at	 the	 initial	 stage	of	 the	model,	boded	well	 for	 the	simulation	of	a	numerical	 sea-

state	matching	that	of	the	MARINTEK	experiment	over	a	long	period	of	time.		

	 A	 window	 in	 time	 representing	 the	 waves	 being	 generated	 by	 the	 model	

much	later	in	the	simulation,	between	910	and	970	seconds,	was	used	to	show	the	

state	of	 the	model	after	a	 significant	amount	of	 time	had	passed.	Figure	13	shows	

that	 the	 generation	 of	 waves	 at	 the	 WAVE3	 gauge	 maintained	 a	 similar	 level	 of	

agreement	as	was	shown	earlier	in	Figure	11.	This	agreement	also	translated	well	to	

Wave	Gauge	12,	which	is	illustrated	in	Figure	14.		
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Figure	13:	Surface	elevations	from	the	HOS-NWT	model	and	the	experimental	

measurements	at	the	WAVE3	gauge/projected	wave	maker	location	for	the	time	

frame	of	910-970s	seconds	
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Figure	14:	Surface	elevations	from	the	HOS-NWT	model	and	the	experimental	

measurements	at	Wave	Gauge	12	for	the	time	frame	of	910-970	seconds	

	

	 A	check	was	conducted	to	see	the	level	of	agreement	between	the	simulated	

and	measured	significant	wave	heights,	at	both	the	WAVE3	Gauge	and	Wave	Gauge	

12.	The	 significant	wave	height	of	 each	 surface	process	was	 found	 in	 a	 three-step	

process.	Firstly,	 the	variance	of	each	sea	surface	process	was	 found,	after	 that	 the	

standard	deviation	of	each	time	series	was	calculated,	and	then,	after	multiplying	by	

4,	 each	 significant	 wave	 height	 was	 formulated.	 The	 resulting	 values	 for	 each	

significant	wave	height	are	outlined	in	Table	2.	The	values	show	that	there	is	a	slight	

underestimation	 of	 the	 significant	 wave	 height	 on	 behalf	 of	 the	 surface	 process	

generated	 by	 the	 HOS-NWT	 model	 at	 Wave	 Gauge	 12,	 leading	 to	 an	 error	 of	

approximately	 2.2%.	 On	 the	 other	 hand,	 at	 the	 location	 of	 the	WAVE3	 gauge,	 the	

HOS-NWT	 model	 was	 in	 exact	 agreement	 with	 the	 significant	 wave	 height	 from	

experimentation	for	that	location.	
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Table	 2:	 Calculated	 Significant	 Wave	 Heights	 based	 on	 measurements	 by	 the	

MARINTEK	wave	gauges	and	results	from	the	HOS-NWT	simulation	

WAVE3	Gauge	 Wave	Gauge	12	

Experiments	 HOS-NWT	 Experiments	 HOS-NWT	

0.2395	m	 0.2395	m	 0.2380	m	 0.2326	m	

	

The	 small	 level	 of	 error	 for	 the	 simulated	 significant	wave	 height	 at	Wave	

Gauge	 12	 can	 be	 associated	 with	 the	 level	 of	 steepness	 of	 the	 waves	 in	 the	

simulation,	 among	 other	 factors.	 Although	 the	 computation	 executed	 by	 the	HOS-

NWT	model	was	fully	non-linear,	other	studies	utilizing	the	same	model	have	found	

errors	in	sea-states	with	high	levels	of	steepness.	The	work	done	by	Bonnefoy	et	al.	

[2010]	 showed	 that	while	 the	HOS-NWT	model	 has	 the	 capability	 of	 computing	 a	

fully	non-linear	sea	surface	with	steepness	levels	of	𝜖! = 3%,	where	𝜖! =
!!
!!
∗ 100%,	

similar	 variations	 between	 the	 computed	 free	 surface	 and	 experimental	

measurements	 were	 experienced.	 Following	 the	 methodology	 of	 Bonnefoy	 et	 al.	

[2010],	 the	 percentage	 of	 steepness	 associated	 with	 the	 experimental	 data	 from	

MARINTEK,	𝜖! =13.46%,	 is	 quite	 large	 in	 comparison	 to	 their	 work.	 At	 the	 12th	

Wave	Gauge,	an	error	of	2.2%	between	the	HOS-NWT	output	and	the	experimental	

data	 from	 MARINTEK	 can	 be,	 to	 some	 extent,	 attributed	 to	 this	 high	 level	 of	

steepness	 among	 other	 factors,	 such	 as	 the	 limitations	 of	 the	 model	 due	 to	 its	

potential	flow	assumptions.		

To	visualize	the	impact	that	the	wave	steepness	had	on	the	simulation	error	

of	significant	wave	heights	at	Wave	Gauge	12,	another	model	test	from	MARINTEK	

was	simulated,	 this	 time,	with	a	 lower	 level	of	 steepness.	At	 the	12th	Wave	Gauge,	

the	measured	significant	wave	height	0.2853	m,	corresponding	to	a	steepness	level	

of	𝜖! = 11.64%,	considering	the	fact	that	the	peak	period,	Tp,	was	2.45	s.	The	HOS-

NWT	model	 was	 able	 to	 generate	 a	 simulation	 with	 a	 significant	 wave	 height	 of	

0.2808	m	 at	Wave	Gauge	12,	 leading	 to	 an	 error	 of	 1.6%.	Although	 the	 steepness	

associated	with	the	second	model	test	was	lower	than	that	of	the	initial	model	test,	a	

steepness	 level	 of	𝜖! = 11.64%	is	 quite	 high	 in	 comparison	 to	 the	𝜖! = 3%	seen	 in	
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research	 from	Bonnefoy	 et	 al.	 [2010].	 If	more	 experimental	 data	 from	MARINTEK	

was	available	for	several	model	tests	with	lower	levels	of	wave	steepness,	a	proper	

sensitivity	 study	 could	have	been	undertaken	 to	 see	how	 the	accuracy	of	 the	HOS	

simulations	is	affected	by	wave	steepness.		

	The	result	of	a	lower	level	of	error	with	a	lower	level	of	steepness	suggests	

that	high	levels	of	steepness	could	make	it	more	difficult	for	the	HOS-NWT	model	to	

mirror	 exactly	 what	 was	 measured	 during	 experimentation.	 However,	 it	 is	

important	 to	note	that	 the	HOS-NWT	model	still	managed	to	simulate	results	with	

relatively	small	levels	of	error,	under	these	conditions.		

	

5.2	Extreme	Wave	Validation:	

	 After	 recognizing	 that	 the	 sea-state	 simulated	 using	 the	 HOS-NWT	 model	

showed	good	agreement	with	what	was	seen	experimentally,	 the	simulated	waves	

were	analyzed	 further.	 	Firstly,	 an	assessment	was	conducted	 to	 see	how	well	 the	

largest	waves	that	were	measured	experimentally,	at	Wave	Gauge	12,	aligned	with	

what	 was	 numerically	 modeled.	 There	 was	 only	 one	 wave	 that	 met	 the	

requirements	of	being	a	Rogue	wave,	equaling	at	least	2	times	that	of	the	significant	

wave	height	measured	over	the	course	of	1300	seconds	of	experimental	data.	Due	to	

this	small	sample	size,	waves	that	were	measured	to	be	equal	to	or	larger	than	1.5	

times	 the	measured	 significant	wave	height	 at	Wave	Gauge	12	were	used	 for	 this	

analysis.	 There	were	 a	 total	 of	 10	waves	 that	met	 this	 requirement,	 including	 the	

true	 rogue	wave	 event;	 the	 information	 regarding	 the	points	 in	 time	 in	which	 the	

crest	of	each	wave	occurred,	as	well	as	their	respective	wave	heights	are	shown	in	

Table	3,	alongside	the	wave	heights	that	were	numerically	generated	using	the	HOS-

NWT	 model.	 The	 level	 of	 steepness	 each	 individual	 wave	 possessed,	 which	 was	

found	 by	 taking	 the	 product	 of	 the	 amplitude	 of	 the	 individual	 waves	 and	 their	

respective	 wave	 numbers,	 was	 also	 included	 in	 Table	 3	 along	 with	 the	 error	

between	 the	experimental	data	 from	 the	MARINTEK	 facility	 and	 the	output	of	 the	

HOS-NWT	simulation.	 It	 is	 important	to	note	that	the	extreme	events	at	260.1	and	

857.9	 seconds	 both	 aligned	 with	 a	 breaking	 wave	 events	 that	 were	 observed	 on	
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high-speed	 video;	 breaking	 waves	 go	 beyond	 the	 capabilities	 of	 the	 HOS-NWT	

model,	therefore	some	level	of	error	was	expected	for	each	of	these	events.	

	

Table	3:	Time	stamps	of	extreme	wave	events	having	wave	heights	at	least	1.5	times	

that	of	the	significant	wave	height	of	the	experimental	data	at	the	12th	Wave	Gauge;	

the	highlighted	event	represents	the	only	true	rogue	event	within	the	data	

Time	(s)	
Experimental	

Wave	Height	(m)	

HOS-NWT	

Modeled	Wave	

Height	(m)	

Experimental	

Steepness	(ak)	

Percent	

Error	(%)	

207.7	 0.3653	 0.3257	 0.2197	 10.84	

260.1	 0.4759	 0.3768	 0.2570	 20.82	

318.9	 0.4214	 0.3104	 0.4366	 26.34	

582.3	 0.3853	 0.3567	 0.2598	 7.42	

686.9	 0.3954	 0.3255	 0.3235	 17.68	

857.9	 0.3715	 0.3386	 0.3177	 8.85	

1078.4	 0.3914	 0.3176	 0.2856	 18.85	

1156.8	 0.3687	 0.3660	 0.2867	 0.74	

1182.2	 0.3831	 0.3985	 0.2061	 3.88	

1299.0	 0.4009	 0.3111	 0.2348	 28.85	

	 	

The	 resulting	 differences	 between	 the	 experimental	 and	 numerically	

modeled	extreme	wave	events,	 in	Table	3,	had	an	average	error	of	 about	14.42%.	

More	often	than	not,	there	was	an	underestimation	of	the	wave	heights	by	the	HOS-

NWT	simulation	with	one	exception	 for	 the	extreme	event	at	1182.2	seconds.	The	

suspected	 cause	 of	 the	 experienced	 level	 of	 error	 was	 the	 steepness	 of	 each	

individual	wave,	which	was	included	in	Table	3.	A	plot	was	generated,	illustrated	in	

Figure	 15,	 showing	 the	 relation	 between	 the	 steepness	 of	 each	 of	 the	 individual	

extreme	wave	events	and	the	amount	of	error	between	the	experimental	data	and	

the	numerical	 simulation.	A	 slight	 trend	can	be	 seen	 that	 for	 lower	 levels	of	wave	

steepness,	the	relative	error	between	the	HOS-NWT	output	and	the	measured	data	
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was	 less	 than	 the	 extreme	 wave	 events	 with	 an	 increased	 amount	 of	 steepness.	

Figure	15	shows	that	the	amount	of	error	grew	up	to	levels	of	about	30%	for	events	

with	high	steepness,	and	a	linear	trend	line	drawn	through	the	data	shows	a	slight	

upward	 slope	 indicating	 that,	 in	 general,	 events	 with	 higher	 steepnesses	 yielded	

more	 error.	While	 there	 isn’t	 an	 exact	 correlation	between	 the	 value	of	 steepness	

and	the	measured	level	of	error,	if	more	waves	had	exceeded	the	threshold	of	being	

1.5	times	that	of	the	significant	wave	height	of	the	surface	process,	more	data	points	

would	have	allowed	for	a	better	visualization	of	a	trend.		

	

	
Figure	15:	Plot	depicting	the	relation	of	the	individual	wave	steepness	(ak)	of	

extreme	wave	events	and	the	error	calculated	between	the	experimental	data	and	

the	HOS-NWT	simulation	results	for	model	run	with	steepness	𝜖! = 13.46%	
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	 Similar	 to	 the	 analysis	 that	 was	 executed	 for	 the	 overall	 significant	 wave	

height	 of	 the	 simulated	 sea-surface	 process,	 another	model	 test	 from	MARINTEK	

with	 a	 lower	 level	 of	 steepness	was	 employed	 to	 see	 if	 extreme	 events	would	 be	

mapped	more	accurately	in	a	sea-state	with	a	lower	overall	 level	of	steepness.	The	

same	methodology	of	 using	 events	having	 a	wave	1.5	 times	 that	 of	 the	 significant	

wave	height	at	 the	12th	Wave	Gauge	was	utilized	and	yielded	a	 total	of	10	events,	

with	no	true	rogue	events	equaling	at	least	2	times	that	of	Hs	at	the	12th	Wave	Gauge.	

Table	4,	in	the	exact	same	way	as	Table	3,	represents	all	of	the	extreme	wave	events	

that	 met	 the	 aforementioned	 criteria	 for	 the	 model	 run	 with	 a	 lower	 level	 of	

steepness	 equal	 to	𝜖! =
!!
!!
∗ 100% = 11.64%.	 Additionally,	 Figure	 16	 shows	 the	

relation	 of	 the	 individual	wave	 steepness	 for	 each	 event	 and	 the	 amount	 of	 error	

between	the	experimental	and	simulated	results.	It	is	important	to	note	that	for	the	

model	 run	 with	 lower	 overall	 steepness,	 none	 of	 the	 extreme	 wave	 events	

corresponded	to	breaking	wave	events.	

As	was	the	case	for	the	model	run	with	a	steepness	of	𝜖! = 13.46%,	a	slight	

trend	 is	 mapped	 with	 a	 linearly	 fitted	 line	 showing	 that	 waves	 with	 higher	

individual	 steepness	 levels	 tended	 to	 generate	 larger	 errors.	 Overall,	 the	 average	

amount	of	error	for	the	extreme	wave	events	for	this	model	run	was	12.7%,	down	

from	 14.42%	 in	 the	 model	 run	 with	 a	 higher	 level	 of	 steepness.	 Although	 the	

difference	 in	the	resulting	 levels	of	error	 is	minimal	(1.72%),	 the	result	showing	a	

lower	 level	 of	 error	 with	 a	 lower	 level	 of	 steepness	 for	 individual	 extreme	wave	

events	 is	 similar	 to	 the	 trend	 seen	 for	 the	 results	 for	 modeled	 significant	 wave	

heights	as	discussed	in	Section	5.1.		
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Table	4:	Time	stamps	of	 large	wave	events	having	wave	heights	at	 least	1.5	 times	

that	of	the	significant	wave	height	of	the	experimental	data	at	the	12th	Wave	Gauge	

for	the	model	run	with	lower	steepness	

Time	(s)	
Experimental	

Wave	Height	(m)	

HOS-NWT	

Modeled	Wave	

Height	(m)	

Experimental	

Steepness	(ak)	

Percent	

Error	(%)	

330.0	 0.5458	 0.4626	 0.3498	 17.99	

380.6	 0.4724	 0.3761	 0.3104	 25.61	

449.4	 0.4455	 0.3857	 0.2809	 15.50	

560.2	 0.5451	 0.5092	 0.2054	 7.06	

820.4	 0.4427	 0.4510	 0.1968	 1.84	

919.4	 0.4426	 0.4330	 0.2158	 2.21	

954.3	 0.4726	 0.4614	 0.1800	 2.44	

966.4	 0.4695	 0.6976	 0.2278	 0.74	

1166.7	 0.5641	 0.4843	 0.1854	 16.48	

1298.7	 0.5380	 0.3902	 0.2040	 37.88	
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Figure	16:	Plot	depicting	the	relation	of	the	individual	wave	steepness	(ak)	of	

extreme	wave	events	and	the	error	calculated	between	the	experimental	data	and	

the	HOS-NWT	simulation	results	for	model	run	with	steepness	𝜖! = 11.64%	

	

5.3	Breaking	Wave	Identification:	

	 After	assessing	the	capabilities	of	the	HOS-NWT	model	in	terms	of	modeling	

extreme	wave	events,	the	focus	of	this	study	pivoted	to	the	identification	of	breaking	

wave	events	using	four	different	breaking	criteria.	

A	total	of	8	video	clips,	provided	by	MARINTEK,	showed	the	breaking	wave	

events	 that	 occurred	over	 the	 course	 of	 1300	 seconds	of	 experimentation,	 for	 the	

model	 run	with	 a	 high	 level	 of	 steepness	𝜖! = 13.46%.	 It	 is	 important	 to	mention	

that	the	experiment	with	a	lower	overall	steepness	level,	𝜖! = 11.64%,	did	not	have	

any	 notable	 breaking	 events.	 Table	 5	 exhibits	 the	 times	 at	 which	 the	 videos	

witnessed	the	breaking	wave	events.	Thorough	analyses	were	conducted	using	each	

of	 the	studied	breaking	criteria,	and	 it	was	determined	 that	 the	breaking	criterion	
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that	most	accurately	predicted	the	events	from	the	videos	was	to	be	used	to	select	

breaking	 events	 for	 modeling	 using	 OpenFOAM.	 A	 series	 of	 figures	 showing	

snapshots	from	each	of	the	breaking	events	shown	in	the	video	clips	are	present	in	

Appendix	A	of	this	study.	

	

Table	5:	Time	Stamps	for	breaking	wave	events	that	were	captured	on	video	for	the	

model	run	with	a	higher	level	of	steepness	𝜖! = 13.46%	

Case	Number	 Time	(s)	

Event1	 204.7	

Event2	 259.8	

Event3	 313.0	

Event4	 490.4	

Event5	 551.1	

Event6	 734.4	

Event7	 857.9	

Event8	 999.9	

	

	 In	 the	 following	 sub-sections,	 each	 of	 the	 four	 breaking	 criteria	 utilized	 in	

this	study	are	applied	to	the	data	from	the	HOS-NWT	model	run	with	a	high	level	of	

steepness,	𝜖! = 13.46% .	 Comparisons	 are	 made	 between	 each	 of	 the	 different	

criteria,	 focusing	 primarily	 on	 the	 12th	 Wave	 Gauge	 and	 additional	 wave	 gauges	

adjacent	to	its	location.	It	is	important	to	note	that	both	false	positive	fulfillments	of	

each	 criterion	 as	well	 as	 true	 identifications	 of	 the	 events	 outlined	 in	Table	 5	 are	

present	in	each	analysis.	

	

5.3.1	Stokes	Limiting	Steepness	Criterion:	

	 When	 utilizing	 the	 Stokes	 Limiting	 Steepness	 Breaking	 Criterion	 [Stokes	

1880]	 [Michell	 1893],	 outlined	 in	 Section	 3.3.1,	 individual	 waves	 were	 identified	

from	 the	 output	 of	 the	 HOS-NWT	 model	 of	 having	 steepnesses	 larger	 than												



Validation	of	the	High	Order	Spectral	(HOS)	Method	for	Extreme	and	Breaking	Waves	and	Coupling	of	the	HOS-
Numerical	Wave	Tank	Model	with	OpenFOAM	

	

	 56	

𝑎𝑘 = 0.443.	 Special	 attention	 was	 given	 to	 wave	 gauges	 9-13,	 measuring	 a	 total	

distance	 of	 0.6	 meters,	 covering	 0.45	 meters	 ahead	 of	 Wave	 Gauge	 12,	 and	 0.15	

meters	after	it.	Table	6	shows	the	breaking	events	witnessed	in	the	video	clips,	with	

indications	showing	if	those	breaking	events	fulfilled	the	Stokes	Limiting	Steepness	

Criterion.	In	addition,	 false	positive	realizations	of	the	criterion	were	inserted,	and	

marked,	 showing	 the	 time	 stamps	where	 the	 Stokes	 Limiting	 Steepness	 Criterion	

was	fulfilled,	but	breaking	was	not	observed	in	the	videos.	 It	 is	 important	to	make	

notice	of	the	fact	that	Wave	Gauge	9,	situated	0.45	meters	away	from	the	12th	Wave	

Gauge,	 registered	 no	 breaking	 events	 over	 the	 course	 of	 the	 entire	 simulation;	

therefore,	no	indicators	(red	or	green	highlights)	are	visible.		

	

Table	 6:	 Time	 stamps	 of	 wave	 breaking	 events	 from	 video	 clips	 with	 green	

highlights	showing	when	the	Stokes	Limiting	Steepness	Breaking	Criterion	aligned	

with	the	events	in	Table	5	and	red	highlights	showing	false	positive	realizations		

	
Wave	

Gauge	9	

Wave	

Gauge	10	

Wave	

Gauge	11	

Wave	

Gauge	12	

Wave	

Gauge	13	

Ti
m
e	
St
am

p	
(s
)	

204.7	 204.7	 204.7	 204.7	 204.7	

259.8	 259.8	 259.8	 259.8	 259.8	

313.0	 313.0	 313.0	 313.0	 313.0	

490.4	 490.4	 326.3	 406.5	 316.5	

551.1	 551.1	 490.4	 490.4	 424.8	

734.4	 597.6	 551.1	 551.1	 490.4	

857.9	 657.8	 734.4	 695.6	 551.1	

999.9	 734.4	 857.9	 734.4	 734.4	

	

857.9	 999.9	 750.4	 770	

999.9	 1014	 857.9	 857.9	

1202	 1146	 891.3	 874.7	

	

1203	 999.9	 879.6	

	
1137	 999.9	

1203	 	
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	 Unfortunately,	 none	 of	 the	 breaking	 events	 that	 were	 measured	 by	 this	

criterion	over	the	range	covering	the	9th	to	the	13th	Wave	Gauge	matched	with	any	

of	 the	events	observed	 in	 the	videos,	hence	 the	absence	of	any	green	highlights	 in	

Table	 6.	 However,	 the	 Stokes	 Limiting	 Steepness	 Criterion	 did	manage	 to	make	 a	

measurement	for	Event4	from	the	videos.	The	criterion	measured	this	event	to	have	

initiated	 at	 Wave	 Gauge	 18,	 and	 based	 on	 the	 video,	 there	 does	 appear	 to	 be	 a	

breaking	 event	 occurring	 there.	 However,	 the	 video	 clip	 shows	 that	 the	 event	

originated	near	 the	8th	Wave	Gauge,	 and	 continued	 to	break	past	Wave	Gauge	12,	

but	went	 unrecognized	 by	 the	 Limiting	 Steepness	Breaking	 Criterion	 in	 that	 area.	

Figure	17	shows	snapshots	of	the	video	for	Event4,	giving	a	visual	representation	of	

the	 progression	 of	 when	 the	 event	 started	 at	 Wave	 Gauge	 8	 and	 how	 breaking	

continued	 past	 Wave	 Gauge	 12.	 Due	 to	 the	 very	 poor	 agreement	 between	 the	

breaking	events	that	were	identified	by	the	Stokes	Limiting	Steepness	Criterion	and	

what	 was	 observed	 in	 the	 videos,	 it	 was	 determined	 that	 this	 breaking	 criterion	

would	not	be	suitable	for	use	in	identifying	breaking	events	that	could	be	used	for	

coupling	the	HOS-NWT	model	with	OpenFOAM.	
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Figure	17:	Breaking	event	(Event4)	where	onset	occurred	during	experimentation	

at	Wave	Gauge	8	and	breaking	continued	past	Wave	Gauge	12;	the	Stokes	Limiting	

Steepness	Criteria	recognized	it	at	Wave	Gauge	18	

	

5.3.2	Geometric	Ratio	Criterion:	

	 The	results	that	were	found	for	the	Geometric	Ratio	Breaking	Criterion	[Ochi	

&	Tsai	1983],	outlined	in	Section	3.3.1	in	Equation	18,	yielded	very	similar	results	as	

the	 Stokes	 Limiting	 Steepness	 Criterion.	 All	 of	 the	 instances	 where	 events	 were	

measured	by	the	steepness	criterion,	from	Wave	Gauge	9	to	13,	were	also	measured	

by	the	geometric	ratio	criterion.	However,	additional	events	were	identified	by	the	

geometric	 ratio	 criterion	 at	 times	 where	 the	 steepness	 criterion	 went	 unfulfilled.	
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The	 information	depicted	 in	Table	7,	 in	 the	exact	 same	way	as	Table	6,	 shows	 the	

breaking	 events	 witnessed	 in	 the	 video	 clips,	 with	 indicators	 showing	 if	 those	

breaking	 events	 fulfilled	 the	 Geometric	 Ratio	 Breaking	 Criterion,	 and	 when	 false	

positive	 realizations	 of	 the	 criterion	 were	 made	 at	 times	 not	 represented	 in	 the	

videos.	

	

Table	 7:	 Time	 stamps	 of	 breaking	 events	 from	 video	 clips	 with	 green	 highlights	

showing	 instances	where	 the	Geometric	Ratio	Breaking	Criterion	aligned	with	 the	

events	 in	 Table	 5	 and	 red	 highlights	 showing	 false	 positive	 realizations	 of	 the	

criterion	

	
Wave	

Gauge	9	

Wave	

Gauge	10	

Wave	

Gauge	11	

Wave	

Gauge	12	

Wave	

Gauge	

13	

Ti
m
e	
St
am

p	
(s
)	

204.7	 204.7	 204.7	 204.7	 204.7	

259.8	 259.8	 259.8	 259.8	 259.8	

282.8	 313.0	 313.0	 294.6	 313.0	

313.0	 490.4	 318.8	 313.0	 316.5	

490.4	 551.1	 326.3	 318.9	 424.8	

551.1	 597.6	 406	 406	 490.4	

734.4	 657.8	 490.4	 490.4	 551.1	

857.9	 734.4	 551.1	 551.1	 734.4	

999.9	 857.9	 734.4	 695.6	 770	

1202	 999.9	 845.6	 734.4	 857.9	

	

1202	 857.9	 750.4	 874.4	

	

999.9	 857.9	 879.6	

1014	 891.3	 999.9	

1146	 999.9	 1090	

1203	 1137	 1203	

	 1203	 	
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	 In	an	effort	to	show	the	comparison	between	the	Stokes	Limiting	Steepness	

Breaking	 Criterion,	 and	 the	 Geometric	 Ratio	 Breaking	 Criterion,	 Figure	 18	 was	

generated	 to	 show	 the	 fulfillments	 of	 each	 of	 the	 criteria	 over	 the	 length	 of	 the	

simulation,	 specifically	 at	 the	 12th	 Wave	 Gauge.	 It	 is	 clearly	 shown	 that	 the	

Geometric	 Ratio	 Criterion	 measured	 each	 realization	 of	 the	 Stokes	 Limiting	

Steepness	Criterion,	and	that	an	additional	two	realizations	of	the	Geometric	Ratio	

were	measured	 that	 did	 not	 coordinate	with	 events	 found	 by	 the	 Stokes	 Limiting	

Steepness	 Criterion.	 Note	 that	 the	 simulation	 shown	 in	 Figure	 18	 starts	 at	 180	 s	

rather	than	from	zero;	this	is	due	to	a	recommendation	from	the	MARINTEK	facility	

where	they	consider	the	first	180s	to	be	a	ramp	up	time	to	allow	for	the	wave	maker	

to	 correctly	 propagate	 waves	 according	 to	 the	 input	 signal.	 Therefore,	 it	 was	

unnecessary	to	measure	for	breaking	waves	within	that	time	frame	from	the	HOS-

NWT	simulation.		
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Figure	18:	Breaking	events	measured	by	both	the	Stokes	Limiting	Steepness	

Criterion	and	the	Geometric	Ratio	Breaking	Criterion,	as	well	as	the	breaking	events	

observed	on	video	starting	from	180	s	into	the	simulation	and	ending	at	1300	s	

	

	 The	relationship	shown	between	 the	steepness	and	geometric	 ratio	criteria	

indicate	that	both	of	these	criteria	were	implemented	properly	and	came	to	similar	

conclusions	for	when	and	where	they	expected	wave	breaking	to	occur.	However,	as	

can	 be	 seen	 in	 Figure	 18	 and	 also	 recognized	 in	 Table	 7,	 the	 Geometric	 Ratio	

Breaking	Criteria	failed	to	detect	the	breaking	events	captured	on	high-speed	video	

at	and	adjacent	to	the	12th	Wave	Gauge.		
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5.3.3	Dynamic/Kinematic	Criterion:	

	 Another	criterion	that	was	applied	to	the	output	of	the	HOS-NWT	model	was	

the	 Dynamic/Kinematic	 Breaking	 Onset	 Criterion,	 developed	 in	 the	 research	 by	

Barthelemy	 et	 al.	 [2018].	 This	 criterion	 was	 outlined	 in	 Section	 3.3.3	 using	

Equations	 24,	 25,	 and	 26.	 The	 breaking	 ratio	 associated	 with	 this	 criterion	 was	

plotted	over	time	for	the	locations	representative	of	Wave	Gauges	9	to	13,	the	plot	

for	Wave	Gauge	12	is	represented	in	Figure	19,	and	the	subsequent	plots	are	located	

in	 Appendix	 B	 of	 this	 report.	 As	 was	 the	 case	 with	 the	 other	 studied	 breaking	

criteria,	 the	 first	 180	 seconds	 of	 the	 simulation	were	 excluded	 from	 the	 breaking	

analysis.	

	

	
Figure	19:	Realizations	of	the	Dynamic/Kinematic	Breaking	Onset	Criterion	over	the	

length	of	the	simulation	at	Wave	Gauge	12	
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	 According	to	Figure	19,	there	were	a	total	of	4	fulfillments	of	the	criterion	at	

the	 location	 of	 the	 12th	 Wave	 Gauge	 over	 the	 course	 of	 1300	 seconds.	 Table	 8	

focuses	 on	 the	 wave	 gauges	 starting	 from	 the	 9th	 and	 finishing	 with	 the	 13th;	 it	

shows	the	breaking	events	witnessed	in	the	video	clips,	with	 indicators	showing	if	

those	 breaking	 events	 fulfilled	 the	 Dynamic/Kinematic	 Breaking	 Criterion,	 and	 if	

false	positive	realizations	of	the	criterion	were	made	at	times	not	represented	in	the	

videos.		

	

Table	 8:	 Time	 stamps	 of	 wave	 breaking	 events	 from	 video	 clips	 with	 green	

highlights	 showing	 instances	 where	 the	 Dynamic/Kinematic	 Breaking	 Criterion	

aligned	 with	 the	 events	 in	 Table	 5	 and	 red	 highlights	 showing	 false	 positive	

realizations	of	the	criterion	

	
Wave	

Gauge	9	

Wave	

Gauge	10	

Wave	

Gauge	11	

Wave	

Gauge	12	

Wave	

Gauge	

13	

Ti
m
e	
St
am

p	
(s
)	

204.7	 204.7	 204.7	 204.7	 204.7	

259.8	 259.8	 259.8	 259.8	 259.8	

313.0	 313.0	 313.0	 313.0	 313.0	

490.4	 490.4	 326.3	 490.4	 316.5	

551.1	 551.1	 490.4	 551.1	 424.8	

734.4	 657.8	 551.1	 695.6	 490.4	

857.9	 734.4	 734.4	 734.4	 551.1	

999.9	 857.9	 857.9	 750.4	 734.4	

	 999.9	 999.9	 857.9	 770	

	 1202	 1014	 891.3	 857.9	

	 	 	 999.9	 874.7	

	 	 	 1137	 879.6	

	 	 	 	 999.9	
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		 The	 Dynamic/Kinematic	 Breaking	 Onset	 Criterion	 predicted	 the	 least	

number	of	breaking	wave	events	out	of	the	four	criteria	that	were	analyzed	in	this	

study.	The	 results	displayed	 in	Table	8	align	quite	well	with	 the	 results	 that	were	

found	 when	 applying	 the	 Stokes	 Limiting	 Steepness	 Breaking	 Criterion	 and	 the	

Geometric	 Ratio	 Breaking	 Criterion	 to	 the	 output	 of	 the	 HOS-NWT	 model.	 A	

comparison	of	the	time	stamps	when	each	of	these	criteria	were	fulfilled	along	with	

the	Dynamic/Kinematic	Breaking	Onset	Criterion,	and	the	events	captured	on	video,	

is	illustrated	in	Figure	20.		

	

	
Figure	20:	Comparison	of	the	time	stamps	of	breaking	events	measured	by	the	

Limiting	Steepness,	Geometric	Ratio,	and	Dynamic/Kinematic	Breaking	Onset	

Criteria	with	what	was	observed	on	video	

	

	 It	 was	 interesting	 to	 see	 that	 the	 Dynamic/Kinematic	 Breaking	 Criterion	

[Barthelemy	et	al.	2018]	had	close	overlap	with	the	steepness	and	geometric	ratio	
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criteria	 developed	 by	 Stokes	 [1880]	 and	Michell	 [1893],	 and	 Ochi	 &	 Tsai	 [1983],	

respectively.	However,	at	the	same	time,	the	Dynamic/Kinematic	Breaking	Criterion	

did	a	poor	job	of	identifying	the	events	that	were	observed	in	the	video	clips.	

Due	 to	 the	 fact	 that	 there	 was	 such	 a	 strong	 agreement	 between	 the	

Dynamic/Kinematic,	 Geometric	 Ratio,	 and	 Stokes	 Limiting	 Steepness	 Breaking	

Criteria,	further	analysis	was	conducted	to	see	if	the	instances	measured	by	the	all	

three	of	these	breaking	criterion,	 in	the	range	of	Wave	Gauge	9	to	13,	were	 in	fact	

breaking	events	not	caught	on	camera.	For	example,	by	plotting	 the	 time	series	of	

the	experimental	data	for	the	12th	Wave	Gauge,	as	well	as	the	wave	gauges	both	30	

and	15	cm	before	it	and	the	wave	gauge	situated	15	cm	after	it,	a	visualization	of	the	

growth	of	the	events	at	the	12th	Wave	Gauge	could	be	created.	This	procedure	was	

undertaken	 to	 visualize	 the	 surface	 processes	 taking	 place	 when	 there	 was	 full	

agreement	between	 the	Dynamic/Kinematic,	Geometric	Ratio,	 and	Stokes	Limiting	

Steepness	Breaking	Criteria.	

Figure	21	gives	a	representation	of	one	of	 the	events,	 specifically	 the	event	

measured	at	the	12th	Wave	Gauge	at	891.3	seconds.	The	behavior	of	the	sea	surface	

process	 at	 this	 point	 in	 time	 does	 not	mirror	what	would	 be	 expected	 for	 a	 true	

breaking	 event.	 In	 theory,	 a	 breaking	 event	would	 show	 a	 growth	 in	wave	 height	

leading	up	to	the	time	when	breaking	was	believed	to	occur,	and	then	a	rapid	decay	

signifying	that	the	wave	was	broken.	In	this	case,	a	wave	crest	passed	the	12th	Wave	

Gauge	around	890.5	seconds,	and	then	at	891.3	seconds,	some	slight	irregularity	in	

the	 trough	 of	 the	 wave	 is	 shown.	 The	 crest	 at	 890.5	 s	 continually	 grows	 after	

reaching	 each	 consecutive	wave	 gauge,	 signifying	 that	 breaking	 is	 not	 in	 progress	

due	to	the	absence	of	a	rapid	decay	of	the	crest.	
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Figure	21:	Experimental	data	showing	the	breaking	wave	event	measured	by	

the	Dynamic/Kinematic,	Geometric	Ratio,	and	Stokes	Limiting	Steepness	Breaking	

Criteria	at	891.3	s	at	the	12th	Wave	Gauge		

	

While	a	true	breaking	event	may	not	have	been	present	at	the	time	exhibited	

in	 Figure	 21,	 a	 confirmation	 of	 the	 nature	 of	 the	 events	 determined	 to	 be	 false	

positive	realizations	of	each	criterion,	would	be	possible	 if	a	video	monitoring	 the	

whole	experiment	was	accessible.	

One	of	the	more	interesting	waves	that	was	measured	as	a	breaking	event	by	

the	 Dynamic/Kinematic	 Breaking	 Criterion	 was	 a	 wave	 that	 occurred	 at	 the	 11th	

Wave	Gauge	at	1014	s.	A	zoomed	in	representation	of	the	window	in	time	where	this	

wave	occurred	is	illustrated	in	Figure	22.	The	importance	of	this	breaking	wave	can	

be	 attributed	 to	 the	 fact	 that	 in	 a	 two-dimensional	 case,	 the	 applied	 dynamic	

breaking	 criterion	 reduces	 to	 a	 kinematic	 breaking	 criterion,	 and	 because	 of	 this,	

breaking	 is	dependent	upon	 the	 ratio	between	 the	water	particle	 velocity	 and	 the	
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phase	speed	of	each	individual	wave.	Referring	back	to	Equation	22,	in	Section	3.3.2,	

the	traditional	kinematic	criterion	would	not	have	identified	the	wave	at	1014	s	due	

to	 the	 fact	 that	 the	 resulting	 kinematic	 ratio	 was	 less	 than	 1.	 However,	 the	

modifications	made	in	association	with	the	utilized	criterion,	shown	in	Equation	24	

[Barthelemy	et	al.	2018],	allowed	for	the	identification	of	this	particular	event,	since	

the	threshold	for	the	breaking	ratio	was	lowered	to	a	value	of	0.86.	While	this	event	

was	 a	 false	 positive	 breaking	 event	 that	 did	 not	 correlate	 to	 one	 of	 the	 events	

captured	on	video,	it	still	establishes	the	relation	between	the	traditional	kinematic	

breaking	criterion,	and	the	adjusted	Dynamic/Kinematic	Breaking	Criterion.	

	

	
Figure	22:	Zoomed	in	representation	of	the	resulting	dynamic	breaking	criterion	

ratio	over	time,	with	special	attention	given	to	the	time	window	from	700-1300	s	

	

	 Another	 important	 aspect	 of	 Figure	 22	 are	 two	 particular	 points	 in	 time	

where	the	value	for	the	breaking	criteria	ratio	grows	to	a	relatively	high	value,	but	
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does	not	surpass	the	breaking	threshold.	These	instances	occurred	during	the	times	

of	 845.6	 s	 and	 1202	 s,	 aligning	 with	 two	 instances	 where	 the	 Geometric	 Ratio	

Breaking	Criterion	[Ochi	&	Tsai	1983],	and	the	Stokes	Limiting	Steepness	Criterion	

agreed,	 but	 the	Dynamic/Kinematic	 Breaking	Onset	 Criterion	 did	 not.	 This	 shows	

that	 the	 Dynamic/Kinematic	 Breaking	 Onset	 Criterion	 [Barthelemy	 et	 al.	 2018]	

recognized	that	these	two	particular	events	were	believed	to	be	closer	to	becoming	

breaking	waves	than	most,	but	evidently	did	not	fulfill	the	condition.		

Referring	back	to	Figure	19,	and	the	events	occurring	at	the	12th	Wave	Gauge,	

the	 three	 highest	 formulations	 of	 the	 breaking	 ratio	 that	 did	 not	 surpass	 the	

breaking	 threshold	coordinated	with	events	at	294.6	s,	406	s,	and	1202	s.	Each	of	

these	 events	 fulfilled	 the	 Stokes	 Limiting	 Steepness	 Breaking	 Criterion,	 the	

Geometric	 Ratio	 Breaking	 Criterion,	 or	 both,	 but	 not	 the	 Dynamic/Kinematic	

Breaking	 Criterion.	 This	 shows	 that	 the	 Dynamic/Kinematic	 Breaking	 Onset	

Criterion	 acknowledged	 the	 instability	 of	 these	 events,	 but	 did	 not	 go	 as	 far	 as	 to	

consider	them	as	breaking	events.		

Plots	 representing	 the	same	characteristics	as	Figure	21	were	generated	 to	

investigate	 if	 these	events	were	breaking,	as	 the	 limiting	 steepness	and	geometric	

ratio	criteria	showed,	or	 if	 the	events	were	non-breaking,	as	was	perceived	by	the	

dynamic/kinematic	criterion.	Figure	23	displays	the	event	measured	at	406	s,	where	

it	shows	the	free	surface	appearing	to	be	intact,	and	not	exhibiting	a	rapid	decay	in	

wave	height	around	the	time	where	breaking	was	thought	to	have	occurred.	Similar	

characteristics	were	seen	in	the	other	two	events	that	were	analyzed,	indicating	that	

dynamic/kinematic	 criterion	 was	 able	 to	 weed	 out	 some	 of	 the	 false	 positive	

breaking	event	realizations	 found	by	the	Stokes	Limiting	Steepness	and	Geometric	

Ratio	 Breaking	 Criteria.	 While	 the	 Dynamic/Kinematic	 Breaking	 Criterion	

eliminated	 some	 false	 positive	 realizations	 of	 the	 Stokes	 Limiting	 Steepness	 and	

Geometric	 Breaking	 Criteria,	 the	 inability	 of	 the	 Dynamic/Kinematic	 Criterion	 to	

recognize	the	events	realized	in	the	videos	from	MARINTEK	made	it	unsuitable	for	

use	when	selecting	breaking	events	to	be	simulated	in	OpenFOAM.	
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Figure	23:	Experimental	data	showing	the	breaking	wave	event	measured	by	the	

Stokes	Limiting	Steepness	and	Geometric	Ratio	Breaking	Criteria,	but	not	by	the	

Dynamic/Kinematic	Hybrid-Breaking	Onset	Criterion	at	406	s	at	the	12th	Wave	

Gauge	

	

5.3.4	Limiting	Slope	Criterion:	

	 The	 application	 of	 the	 breaking	 criterion	 related	 to	 the	 limiting	 slope	 of	

individual	waves,	detailed	in	Section	3.3.1	in	Equations	19,	20,	and	21,	was	unique	in	

comparison	 to	 the	 other	 breaking	 criteria	 that	 were	 studied.	 As	 was	 previously	

mentioned,	 an	 opposing	 perspective	 of	 the	 capabilities	 of	 the	 limiting	 slope	

criterion,	set	forth	in	Babanin	[2011],	stated	that	the	criterion	was	better	suited	as	a	

tool	 to	measure	 different	 properties	 and	 statistics	 of	 breaking	waves	 in	 progress	

rather	than	as	a	predictive	breaking	onset	criterion.	This	point	of	view	was	true	in	

the	sense	 that	 the	criterion	measured	waves	 that	were	 in	 the	process	of	breaking.	
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However,	 this	 proved	 to	 be	 a	 strength	 of	 the	 criterion	 based	 on	 the	 fact	 that	 the	

location	and	time	of	breaking	onset	could	be	deduced	from	the	criterion’s	findings.	

Table	 9	 shows	 the	 times	 when	 the	 Limiting	 Slope	 Breaking	 Criterion	 measured	

breaking	 with	 different	 indicators	 showing	 when	 fulfillments	 of	 the	 criterion	

matched	what	was	caught	on	video	and	when	false	positive	realizations	occurred.	

	

Table	 9:	 Time	 stamps	 of	 wave	 breaking	 events	 from	 video	 clips	 with	 green	

highlights	 showing	 when	 the	 Limiting	 Slope	 Breaking	 Criterion	 aligned	 with	 the	

events	in	Table	5	and	red	highlights	showing	false	positive	realizations		

	
Wave	

Gauge	9	

Wave	Gauge	

10	

Wave	Gauge	

11	

Wave	Gauge	

12	

Wave	

Gauge	13	

Ti
m
e	
St
am

p	
(s
)	

186.1	 204.7	 204.7	 204.7	 204.7	

204.7	 259.8	 259.8	 259.8	 259.8	

259.8	 313.0	 313.0	 313.0	 313.0	

272.5	 430.6	 318.8	 318.8	 344.1	

313.0	 490.4	 430.7	 430.8	 424.8	

318.7	 551.1	 490.4	 490.4	 490.4	

430.5	 597.6	 551.1	 551.1	 551.1	

467.2	 734.4	 582.3	 582.3	 582.4	

490.4	 857.9	 600	 600.1	 644.9	

551.1	 977.7	 734.4	 640.5	 734.4	

686.7	 999.9	 848.8	 644.8	 857.9	

734.4	 1066	 857.9	 687	 977.6	

857.9	 1078	 933	 734.4	 999.9	

932.9	 1292	 977.4	 750.8	

	

999.9	

	

999.9	 857.9	

1066	

	

977.5	

1079	 999.9	

	 1292	
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	 	Out	of	the	8	videos	supplied	by	MARINTEK,	the	Limiting	Slope	Criterion	was	

able	 to	 identify	 all	 8	 of	 the	 breaking	 events.	 It	 is	 important	 to	 note	 that	 Table	 9	

shows	that	the	events	at	734.4	and	999.9	seconds	(Event6	&	Event8)	did	not	fulfill	

the	criterion	near	the	12th	Wave	Gauge;	however,	these	events	fulfilled	the	Limiting	

Slope	Breaking	Criterion	outside	 the	 range	of	wave	gauges	 in	Table	9.	The	videos	

confirmed	 that	 Event6	 and	 Event8	 occurred	 after	 the	 wave	 had	 already	 passed	

Wave	 Gauge	 13,	 meaning	 the	 Limiting	 Slope	 Breaking	 Criterion	 was	 able	 to	

recognize	 this	 behavior.	 However,	 at	 the	 same	 time,	 several	 false	 positive	

realizations	of	this	criterion	also	occurred,	as	is	shown	in	Table	9.		

Every	 event	 that	 was	 measured	 by	 the	 Limiting	 Slope	 Breaking	 Criterion	

along	with	the	events	measured	by	the	other	3	criteria,	at	the	12th	Wave	Gauge,	were	

plotted	alongside	 the	events	 that	were	captured	on	video	 in	Figure	24.	With	all	of	

the	criteria	being	represented	in	one	plot,	a	great	comparison	was	made	as	to	which	

breaking	criterion	best	agreed	with	what	was	caught	on	the	high-speed	video	feed.	

	

	



Validation	of	the	High	Order	Spectral	(HOS)	Method	for	Extreme	and	Breaking	Waves	and	Coupling	of	the	HOS-
Numerical	Wave	Tank	Model	with	OpenFOAM	

	

	 72	

	
Figure	24:	Comparison	of	breaking	events	measured	during	the	HOS-NWT	

simulation	by	the	all	of	the	studied	Breaking	Criteria	with	what	was	observed	on	

video	

	

	 While	 several	 false	 positive	 realizations	 of	 the	 Limiting	 Slope	 Breaking	

Criterion	 can	 be	 seen	 in	 Figure	 24,	 at	 the	 same	 time,	 many	 fulfillments	 of	 the	

criterion	 correlate	 to	 the	 breaking	 events	 that	 were	 captured	 on	 video.	 In	

comparison	with	the	other	criteria,	 the	Limiting	Slope	Breaking	Criterion	was	able	

to	 identify	 true	 breaking	 events	 that	were	 physically	 observed	 at	 and	 around	 the	

12th	Wave	Gauge,	while	the	other	breaking	criteria	were	unable	to	do	so.	Five	out	of	

the	eight	breaking	events	seen	 in	 the	videos	were	 identified	to	be	breaking	by	the	

Limiting	 Slope	 Breaking	 Criterion	 at	 the	 12th	Wave	 Gauge,	while	 the	 remaining	 3	

events	broke	at	different	wave	gauges.		

	 To	give	an	idea	of	the	behavior	of	all	8	of	the	true	breaking	events,	Figure	25	

was	created	to	show	which	wave	gauges	recognized	the	fulfillment	of	 the	Limiting	
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Slope	Breaking	Criterion	while	breaking	was	in	progress.	The	figure	itself	shows	the	

array	of	23	wave	gauges	and	the	incident	wave	direction,	from	left	to	right,	as	well	

as	 blocked	 off	 areas,	 beneath	 designated	 wave	 gauges,	 signifying	 which	 gauges	

identified	the	breaking	events	from	the	videos	in	accordance	with	the	Limiting	Slope	

Breaking	Criterion.	The	onset	of	each	breaking	event	was	determined	to	be	located	

at	 the	 first	 wave	 gauge	 that	 fulfilled	 the	 Limiting	 Slope	 Breaking	 Criterion,	 for	

example	 breaking	 onset	 for	 Event7,	 at	 857.9	 seconds,	 occurred	 at	 the	 12th	Wave	

Gauge.		

	

	
Figure	25:	Breaking	wave	events	found	from	video	observations	and	the	wave	

gauges	that	measured	when	the	limiting	slope	breaking	criterion	was	fulfilled	

	

	 As	is	shown	in	Figure	25,	5	of	the	8	events	from	the	videos	were	measured	to	

be	breaking	at	the	12th	Wave	Gauge.	Further	analysis	was	conducted	on	each	of	the	

events	 caught	 on	 video	 to	monitor	whether	 the	 breaking	 events	measured	by	 the	

criterion	 were	 following	 what	 was	 observed	 in	 each	 of	 the	 videos.	 Overall,	 the	

breaking	events	matched	what	was	measured	by	the	criterion	extremely	well.	Two	

examples	 are	 shown	 in	 Figures	 26	 and	 27,	 where	 the	 progression	 of	 Event2	 and	

Event7	 (259.8	s	and	857.9	s)	are	depicted.	Markings	on	each	of	 the	snapshots	are	
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made	to	show	the	locations	of	the	wave	gauges	where	breaking	onset	was	believed	

to	occur,	where	the	each	breaking	event	ended,	as	well	as	a	marking	for	Wave	Gauge	

12.	

	

	
Figure	26:	Progression	of	Event2	at	259.8	s	showing	breaking	onset	at	Wave	Gauge	

6	and	breaking	process	continuing	past	Wave	Gauge	12	and	ending	at	Wave	Gauge	

20	

	

Event7	was	a	very	 important	scenario	that	was	studied;	breaking	onset,	 for	

this	 event,	 was	 believed	 to	 have	 occurred	 exactly	 at	 the	 12th	 Wave	 Gauge.	 The	
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importance	of	 this	 behavior	 is	 due	 to	 the	 fact	 that	 if	 breaking	onset	 occurs	 at	 the	

location	of	 a	 structure	or	 vessel,	 signified	by	 the	 location	of	 the	12th	Wave	Gauge,	

large	 slamming	 forces	 have	 the	 potential	 to	 impact	 these	 objects,	which	 can	 pose	

significant	problems	if	unaccounted	for	[Chella	et	al.	2012].		

	

	
Figure	27:	Progression	of	Event7	at	857.9	s	showing	breaking	onset	at	Wave	Gauge	

12	and	breaking	process	continuing	past	Wave	Gauge	23	

	

	 Ideally,	a	video	feed	monitoring	the	entirety	of	the	experimentation	that	took	

place	 in	 the	 wave	 tank	 at	 MARINTEK	 would	 have	 allowed	 for	 a	 more	 robust	

assessment	 of	 the	 Limiting	 Slope	 Breaking	 Criterion,	 as	 well	 as	 all	 of	 the	 other	

breaking	 criteria.	 In	 that	 case,	 all	 of	 the	 events,	 both	 true	 and	 false	 positive	

realizations	measured	by	each	of	the	criteria,	could	have	been	observed	using	high-

speed	video,	rather	than	only	the	true	breaking	events.	This	would	have	allowed	for	

a	 better	 understanding	 of	 the	 accuracy	 of	 each	 of	 the	 criteria	 by	 having	 video	

evidence	of	 the	behavior	of	each	event,	 rather	 than	assessing	 false	positive	events	

with	the	characteristics	of	Figure	21	and	23.	
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5.3.5	Breaking	Criteria	Selection	

	 After	 conducting	 thorough	 analyses	 on	 each	 of	 the	 four	 different	 breaking	

criteria	researched	in	this	study,	it	was	determined	that	the	most	effective	breaking	

criterion	was	 the	Limiting	Slope	Breaking	Criterion	 [Longuet-Higgins	&	Fox	1977]	

[Longuet-Higgins	 &	 Smith	 1983].	 This	 criterion	 was	 able	 to	 measure	 all	 8	 of	 the	

breaking	 events	 recognized	 in	 the	 high-speed	 video	 clips	 at	 the	 appropriate	

locations	and	times.	There	were	also	a	number	of	false	positive	realizations	with	the	

Limiting	Slope	Breaking	Criterion	that	were	tolerated	due	the	poor	performance	of	

the	 other	 3	 breaking	 criteria	 and	 their	 inability	 to	 identify	 any	 of	 the	 breaking	

events	caught	on	camera	at	the	12th	Wave	Gauge.		

	

5.4	OpenFOAM	

	 OpenFOAM	simulations	were	conducted	on	6	of	 the	8	 true	breaking	events	

that	 were	 observed	 by	 both	 the	 high-speed	 video	 feed	 and	 the	 Limiting	 Slope	

Breaking	Criterion.	The	two	events	that	were	excluded	from	this	analysis	 included	

Event6	and	Event8,	both	of	which	were	observed	to	have	breaking	onset	begin	after	

Wave	Gauge	13.		

	 An	important	thing	to	note	is	that	the	end	of	the	wave	inlet	relaxation	zone	

coincided	with	the	1st	Wave	Gauge	in	the	array.	In	order	to	ensure	that	the	correct	

wave	surface	elevations	were	being	modeled	in	each	OpenFOAM	simulation,	the	sea-

surface	 process	 being	 simulated	 in	OpenFOAM	was	 compared	with	 the	HOS-NWT	

output	at	that	location.	It	was	found	for	all	six	of	the	simulated	cases	that	there	was	

exact	 agreement	 between	 the	 modeled	 surface	 elevations	 in	 OpenFOAM	 and	 the	

surface	elevations	output	by	the	HOS-NWT	model	at	the	1st	Wave	Gauge.	Figure	28	

shows	the	overlap	of	the	surface	elevations	modeled	using	OpenFOAM	and	the	HOS-

NWT	model	for	the	time	span	involving	Event1,	indicating	that	the	HOS-NWT	model	

was	successfully	coupled	with	the	OpenFOAM	CFD	software.		
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Figure	28:	Comparison	of	the	surface	elevations	of	the	OpenFOAM	simulation	and	

the	HOS-NWT	model	at	the	1st	Wave	Gauge	for	the	time	involving	Event1	

	

While	the	coupling	of	the	HOS-NWT	model	and	OpenFOAM	was	successful,	it	

is	 important	 to	recall	 from	the	extreme	wave	event	analysis	 in	Section	5.2	 that,	at	

times,	errors	were	found	between	what	was	simulated	by	HOS-NWT	and	what	was	

observed	during	model	testing	for	some	individual	waves.	Two	events	in	particular,	

which	experienced	underestimations	of	 their	 respective	wave	heights	by	 the	HOS-

NWT	model,	were	 identified	 at	 260.1	 and	 857.9	 seconds	 at	 the	 12th	Wave	 Gauge,	

coinciding	with	the	breaking	events	denominated	as	Event2	and	Event7.		

Similar	to	what	is	shown	in	Figure	28,	a	comparison	of	the	surface	elevations	

that	were	modeled	for	Event7,	using	HOS-NWT	and	OpenFOAM,	are	shown	in	Figure	

29;	however,	within	Figure	29,	 the	comparison	 is	shown	 for	 the	12th	Wave	Gauge,	

rather	 than	 the	 1st,	 and	 includes	 the	 surface	 elevations	 observed	 during	

experimentation	for	that	time	as	well.		
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Figure	29:	Comparison	of	the	surface	elevations	of	the	OpenFOAM	simulation,	the	

output	from	the	HOS-NWT	model,	and	measurements	made	during	model	testing	at	

the	12th	Wave	Gauge	for	the	time	involving	the	wave	crest	of	Event7	

	

The	 underestimation	 of	 the	 Event7’s	 wave	 crest	 near	 857.9	 seconds,	

indicated	by	the	HOS-NWT	model,	was	replicated	by	OpenFOAM,	and	thus	caused	a	

misrepresentation	 of	 the	 sea-surface	 process	 within	 Event7’s	 CFD	 simulation,	 in	

comparison	to	what	was	observed	during	model	testing.	Table	10	was	compiled	in	

an	effort	to	show	the	errors	that	the	HOS-NWT	model	experienced	at	the	12th	Wave	

Gauge	during	each	of	the	breaking	events	that	were	modeled	using	OpenFOAM.	
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Table	 10:	 Errors	 between	 the	 wave	 crests	 from	 the	 HOS-NWT	model	 output	 and	

experimental	 data,	 at	 Wave	 Gauge	 12,	 for	 the	 breaking	 events	 identified	 by	 the	

Limiting	Slope	Breaking	Criterion		

Event	Number	

Experimental	

Surface	Elevation	

(m)	

HOS-NWT	Modeled	

Surface	Elevation	

(m)	

%	Error	

Event1	 0.2313	 0.1502	 35.1	%	

Event2	 0.3021	 0.1698	 43.8	%	

Event3	 0.1558	 0.0777	 50.1	%	

Event4	 0.1923	 0.0934	 51.4	%	

Event5	 0.1924	 0.1323	 31.2	%	

Event7	 0.2234	 0.1844	 17.4	%	

	

The	 errors	 seen	 between	 the	wave	 crests	 simulated	 by	 HOS-NWT	 and	 the	

model	 tests	 were	 simultaneously	 experienced	 within	 the	 SWENSE	 data	 that	

characterizes	 the	 parameters	 needed	 within	 the	 Navier-Stokes	 Equations	

(Equations	29-31)	that	govern	all	OpenFOAM	simulations.		On	average	the	errors	for	

the	breaking	wave	events	shown	in	Table	10	were	approximately	38%.		

In	 future	 work,	 adjustments	 could	 be	 made	 to	 the	 HOS-NWT	model	 in	 an	

effort	to	reduce	the	experienced	levels	of	error;	this	could	be	executed	in	a	number	

of	different	ways,	one	of	which	would	be	 to	 increase	 the	non-linearity	order	M,	as	

explained	in	Section	3.1,	to	a	value	greater	than	8.	Research	by	Ducrozet	et	al.	[2006]	

has	 studied	 HOS	 simulations	 that	 have	 been	 undertaken	 in	 numerical	 wave	 tank	

environments	with	orders	of	nonlinearity	of	up	to	M=10,	with	good	results.		

It	must	also	be	stated	that	an	updated	version	of	the	HOS-NWT	model,	which	

has	 yet	 to	 be	 publicly	 released,	 has	 been	 linked	 with	 an	 appropriate	 energy	

dissipation	model,	which	 increases	 the	 robustness	 of	 the	model	 in	 terms	 of	 being	

able	 to	model	 breaking	wave	 events	 [Seiffert	 et	 al.	 2017].	 The	 use	 of	 this	model,	

upon	 its	 release,	 would	 likely	 improve	 the	 accuracy	 of	 the	 events	 represented	 in	

Table	10.	
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The	lowest	level	of	error,	shown	in	Table	10,	was	experienced	for	Event7;	a	

series	of	 images,	 covering	 the	 time	period	where	breaking	was	expected	 to	occur,	

was	 generated	 to	 show	 the	 surface	 elevation	 and	 the	 particle	 velocities	 of	 this	

particular	event.		

	

5.4.1	Event7	

	 In	 order	 to	 circumvent	 the	 potential	 flow	 assumptions,	 imbedded	 in	 the	

inputs	 from	 HOS-NWT,	 when	 breaking	 events	 were	 expected,	 the	 OpenFOAM	

simulation	 of	 each	 event	 was	 effectively	 decoupled	 from	 the	 HOS-NWT	 model	

immediately	before	breaking	was	expected	to	occur.	By	doing	this,	OpenFOAM	could	

simulate	 the	growth	of	 each	event	 in	 accordance	with	what	was	modeled	 in	HOS-

NWT,	and	then	allow	for	the	computation	of	highly	non-linear	turbulent	processes	

for	 the	 breaking	 event.	 If	 the	 coupling	 between	 OpenFOAM	 and	 HOS-NWT	 was	

maintained	 throughout	 the	 time	 when	 breaking	 was	 expected,	 the	 OpenFOAM	

simulation	would	have	strictly	adhered	to	what	was	modeled	in	HOS-NWT,	and	the	

potential	flow	assumptions	would	inhibit	the	formation	of	breaking	waves,	resulting	

in	a	completely	undisturbed	sea-surface	process.	

Figure	30	contains	the	 images	depicting	the	sea	surface	elevations	modeled	

within	OpenFOAM	for	Event7;	the	red	area	is	representative	of	the	water	phase,	the	

blue	 indicates	 the	 air	 phase,	 and	 the	 white	 represents	 computational	 cells	

containing	both	the	air	and	water	phase	within	the	simulation.	The	bounds	of	each	

sub-plot	within	Figure	30	are	restricted	to	only	show	the	stretch	of	 the	wave	tank	

that	 contained	 the	wave	gauge	array.	 It	 is	 also	 important	 to	 recognize	 that	within	

each	 sub-plot,	 a	 time	 stamp	 is	 present	 indicating	 the	 state	 of	 the	 model	 at	 the	

appropriate	times.	
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Figure	30:	Sub-plots	of	surface	elevations	generated	by	the	OpenFOAM	simulation	

for	Event7		

	

	 The	 Limiting	 Slope	 Breaking	 Criterion	 and	 the	 video	 corresponding	 to	

Event7,	showed	that	breaking	occurred	near	the	12th	Wave	Gauge	for	this	particular	

event.	However,	the	simulation	of	a	breaking	wave	event	is	clearly	absent	in	Figure	

30	due	to	the	fact	that	there	is	no	disruption	of	the	sea-surface	during	this	time.	The	

absence	of	a	breaking	event	being	simulated	in	OpenFOAM	could	be	attributed	to	a	

number	of	different	factors,	including	the	errors	associated	between	the	wave	crest	

857.2	s	

858.2	s	

857.8	s	 858.0	s	

857.6	s	



Validation	of	the	High	Order	Spectral	(HOS)	Method	for	Extreme	and	Breaking	Waves	and	Coupling	of	the	HOS-
Numerical	Wave	Tank	Model	with	OpenFOAM	

	

	 82	

input	 to	 OpenFOAM	 and	what	was	 observed	 in	model	 tests,	 and	 the	 fact	 that	 the	

efficiency	 of	 the	 VOF	 method,	 employed	 by	 OpenFOAM,	 drops	 for	 waves	 with	

steepnesses	greater	than	𝑠 = !
!
> 0.05	yielding	results	that	are	less	accurate	[Afshar	

2010]	[Khalid	2016].	

In	an	effort	to	gain	more	of	an	understanding	of	what	was	simulated	within	

OpenFOAM,	 the	 particle	 velocities	 of	 both	 the	 air	 and	 water	 phases	 were	 also	

investigated.	 Sub-plots	 representing	 the	 particle	 velocities,	 specifically	 in	 the	

direction	of	wave	propagation,	 for	the	same	points	 in	time	that	are	represented	 in	

Figure	30	are	depicted	in	Figure	32.	The	color	scheme	for	the	sub-plots	in	Figure	32,	

followed	 the	 scale	 illustrated	 in	 Figure	 31;	 the	 units	 of	 the	 scale	 are	 in	m/s,	 and	

show	that	particle	velocities	in	the	positive	x-direction	(left	to	right)	are	designated	

in	darker	shades	of	red	with	increasing	magnitude,	and	that	particle	velocities	in	the	

negative	 x-direction	 (right	 to	 left)	 are	 designated	 in	 darker	 shades	 of	 blue	 with	

increasing	magnitude.		

	

	
Figure	31:	Scale	employed	for	the	visualization	of	the	particle	velocities,	in	the	

direction	of	wave	propagation,	of	both	the	air	and	water	phases	for	Event7	in	Figure	

32;	units	are	in	m/s	
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Figure	32:	Sub-plots	of	particle	velocities	of	both	the	air	and	water	phases,	in	the	

direction	of	wave	propagation,	generated	by	the	OpenFOAM	simulation	for	Event7	

	

	 As	is	shown	in	the	sub-plots	illustrated	in	Figure	32,	particle	velocities	for	the	

water	phase	in	the	crest	of	the	wave	that	was	expected	to	break	are	relatively	high,	

in	fact	much	higher	than	any	of	the	other	waves	that	were	not	expected	to	break	in	

the	 simulation	 involving	 Event7.	 However,	 even	 with	 this	 increased	 amount	 of	

particle	 velocity,	 a	 visualization	 of	 the	 breaking	 that	 was	 observed	 during	model	

testing	 was	 unable	 to	 be	 recreated	 in	 OpenFOAM.	 This	 behavior	 along	 with	 the	
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behavior	illustrated	in	Figure	31,	was	observed	for	all	of	the	OpenFOAM	simulations	

for	each	of	the	six	events	that	were	modeled.	

In	addition	to	the	 large	particle	velocities	of	 the	water	phase	 in	the	crest	of	

the	wave	shown	in	Figure	32,	large	particle	velocities	in	the	negative	x-direction	are	

simultaneously	shown	in	the	air	phase	near	the	wave	crest.	These	high	velocities	in	

the	negative	x-direction	may	have	also	contributed	 to	 the	absence	of	 the	breaking	

processes	being	shown	in	the	CFD	simulation.	Studies	by	Vukčević	et	al.	[2017]	and	

Li	[2018]	have	investigated	spurious	air	velocities	near	the	air-water	interface	when	

using	the	VOF	method.	It	has	been	determined	that	the	relationship	of	both	dynamic	

pressure	and	density	gradients	in	Equation	32	in	Section	3.4.1.1	can	cause	temporal	

changes	 in	 velocity	 that	 are	 in	 fact	 non-physical	 [Vukčević	 et	 al.	 2017].	 This	

compounded	with	 the	 fact	 that	 the	 density	 of	 air	 is	much	 less	 than	 that	 of	water,	

causes	a	much	greater	change	in	velocity	in	the	air	phase,	resulting	in	a	spurious	air	

velocity	 effect.	 The	 influence	 that	 these	 spurious	 air	 velocities	 may	 have	 within	

OpenFOAM	has	been	shown	by	Afshar	[2010],	 in	some	cases,	to	cause	instances	of	

premature	breaking	in	deep-water	breaking	waves.	

In	 a	 study	 by	 Liu	 et	 al.	 [2018],	 significant	 research	 was	 conducted	 on	

appropriate	 turbulence	models	 for	 the	 simulation	 of	 breaking	waves.	 The	present	

study	prioritized	the	use	of	the	k-𝜔	SST	Turbulence	Model	(Section	3.4.1.1.1)	due	to	

its	compatibility	with	the	version	of	OpenFOAM	used	in	this	study.	The	findings	of	

Liu	 et	 al.	 [2018]	 support	 the	 use	 of	 a	 modified	 Free	 Surface	 k-𝜔	SST	 Turbulence	

Model,	different	from	that	of	the	original	k-𝜔	SST	Turbulence	Model	that	was	used	

in	 this	study.	Liu	et	al.	 [2018]	concluded	 that	 the	original	k-𝜔	SST	model	caused	a	

relatively	 large	amount	of	 turbulent	kinetic	 energy	 in	 the	area	of	 the	 free	 surface,	

which	allowed	for	greater	dissipation	and	diffusion	effects	and	led	to	non-breaking	

behavior	in	some	instances.	This	effect	may	have	also	contributed	to	the	absence	of	

the	breaking	process	 for	 the	events	modeled	 in	OpenFOAM	 for	 this	 study.	Figures	

with	 the	same	characteristics	as	Figure	30	and	32	 for	 the	remaining	5	events	 that	

were	simulated	within	OpenFOAM	are	visible	in	Appendix	C.	
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6.	Conclusion:	
	 In	 this	 study,	 the	open-source	HOS-NWT	model	was	utilized	 to	numerically	

model	a	specific	3D	model	test	that	was	performed	at	the	MARINTEK	facility,	in	an	

effort	to	investigate	extreme	and	deep-water	wave	breaking	events.	The	model	test	

was	 executed	 using	 a	 single-hinged	 wave	 maker	 that	 produced	 a	 long-crested	

irregular	wave	field,	which	was	reproduced	in	a	2D	numerical	simulation	generated	

by	 the	 HOS-NWT	 model.	 The	 resulting	 simulation	 showed	 excellent	 agreement	

between	significant	wave	height	measurements	at	different	gauges	situated	within	

the	 MARINTEK	 wave	 tank.	 Specific	 attention	 was	 given	 to	 the	 location	 of	 Wave	

Gauge	12,	located	in	the	center	of	the	tank,	where	the	calibration	of	the	sea-surface	

process	was	being	performed.	The	error	between	the	experimental	measurements	

and	the	numerical	simulation	at	the	12th	Wave	Gauge	showed	only	a	2.2%	difference	

between	the	simulated	and	experimental	significant	wave	heights.	

The	 data	 from	 the	model	 test	was	 also	 used	 as	 a	 reference	 to	 validate	 the	

HOS-NWT	model	under	extreme	waves	 in	deep	water	on	a	 flat	 seabed.	There	was	

only	 one	 wave	 over	 the	 course	 of	 the	 1300-second	 simulation	 that	 could	 be	

classified	as	a	Rogue	wave,	where	the	height	of	the	individual	wave	was	more	than	

twice	that	of	the	characteristic	significant	wave	of	the	sea-state.	Because	of	this,	the	

extreme	wave	 analysis	was	 conducted	 on	 all	waves	 that	 possessed	 a	wave	 height	

greater	than	or	equal	to	1.5	times	the	significant	wave	height,	of	which	there	were	a	

total	of	10	events.	The	resulting	analysis	yielded	high	levels	of	error	between	some	

of	the	extreme	events’	wave	heights	that	were	simulated	by	HOS-NWT	and	what	was	

seen	during	experimentation.	However,	4	out	of	 the	10	extreme	waves	had	errors	

less	than	10%.	On	average,	an	error	of	14.42%	was	found	for	the	10	events.	A	slight	

trend	was	 recognized	 that	 for	 growing	 levels	 of	 individual	 wave	 steepness,	more	

error	was	found	in	the	HOS-NWT	simulation.		

The	 results	 of	 the	 HOS-NWT	 model	 were	 also	 analyzed	 with	 a	 total	 of	 4	

breaking	onset	criteria,	in	an	effort	to	identify	breaking	wave	events	in	deep-water	

on	a	flat	seabed.	In	total,	8	breaking	wave	events	were	known	to	have	been	present	

at	different	times	during	experimentation,	as	a	result	of	observations	made	by	high-
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speed	 video	 clips	 provided	 by	 MARINTEK.	 The	 four	 criteria	 that	 were	 studied	

included	a	criterion	 involving	the	Stokes	 limiting	steepness	[Stokes	1880]	[Michell	

1893],	a	geometric	ratio	criterion	[Ochi	&	Tsai	1983],	a	dynamic/kinematic	criterion	

[Barthelemy	 et	 al.	 2018],	 and	 a	 limiting	 slope	 criterion	 [Longuet-Higgins	 &	 Fox	

1977]	 [Longuet-Higgins	&	Smith	1983].	The	Dynamic/Kinematic,	Geometric	Ratio,	

and	 Stokes	 Limiting	 Steepness	 criteria,	 had	 excellent	 agreement	 between	 each	

other,	but	poor	agreement	with	what	was	observed	on	video.	

The	 breaking	 criterion	 that	 was	 ultimately	 selected	 to	 identify	 breaking	

events	 to	 be	 simulated	 in	 OpenFOAM	was	 the	 Limiting	 Slope	 Breaking	 Criterion.	

This	decision	was	made	due	to	the	fact	that	all	8	of	the	breaking	events,	identified	in	

the	 video	 clips,	 were	 simultaneously	 measured	 by	 this	 criterion	 at	 the	 proper	

locations	and	times.	However,	there	were	a	number	of	false	positive	realizations	of	

the	Limiting	Slope	Breaking	Criterion	 that	did	not	align	with	 the	events	caught	on	

video.	These	false	positive	realizations	were	tolerated	due	to	the	criterion’s	ability	

to	measure	all	8	of	the	true	breaking	events,	in	addition	to	the	poor	performance	of	

the	other	3	breaking	 criteria.	 It	was	determined	 that	 the	 superior	performance	of	

the	Limiting	Slope	Breaking	Criterion,	in	relation	to	the	alternative	criteria,	was	due	

to	the	fact	that	different	assumptions	were	made	for	each	of	the	criteria,	which	may	

have	weakened	their	performances.	For	example,	an	assumption	was	made	 in	 this	

study	 allowing	 for	 the	 evaluation	of	 the	Dynamic/Kinematic	Breaking	Criterion	 at	

each	 individual	 wave,	 as	 opposed	 to	 being	 evaluated	 at	 every	 point	 within	 the	

domain	of	the	HOS-NWT	simulation	[Seiffert	et	al.	2017].		

After	analyzing	the	outputs	of	the	HOS-NWT	model,	with	respect	to	breaking	

waves,	 steps	 were	 taken	 to	 couple	 HOS-NWT	with	 the	 CFD	 software	 OpenFOAM.	

This	 effort	was	undertaken	 to	 give	 the	 option	of	 simulating	particular	 events	 in	 a	

CFD	domain	where	breaking	could	be	modeled	and	analyzed,	without	the	constraint	

of	the	potential	flow	assumptions	within	HOS-NWT.	The	coupling	of	the	two	models	

proved	 to	 be	 successful,	 where	 the	 outputs	 of	 HOS-NWT	 were	 replicated	 within	

different	 OpenFOAM	 simulations.	 However,	 based	 in	 part	 on	 the	 errors	 in	 the	

outputs	of	the	HOS-NWT	software,	the	breaking	processes	of	events	that	were	both	
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identified	 by	 the	 Limiting	 Slope	 Breaking	 Criterion	 and	 caught	 on	 camera	 were	

unable	 to	 be	 visualized	within	 OpenFOAM	 simulations.	 It	 was	 concluded	 that	 the	

shortfalls	 recognized	 in	 the	 OpenFOAM	 simulations	were	 primarily	 related	 to	 the	

potential	 flow	 assumptions	 in	 the	 HOS-NWT	 software,	 which	 played	 a	 role	 in	

diminishing	the	value	for	the	crest	heights	of	the	breaking	waves	by	an	average	of	

38%.	This,	as	well	as	some	other	sources	of	error,	outlined	in	Section	5.4	and	Sub-

Section	5.4.1	of	this	study,	was	attributed	to	the	absence	of	the	breaking	processes	

within	each	of	the	OpenFOAM	simulations	conducted	in	this	study.	

In	 future	work,	 a	new	version	of	 the	HOS-NWT	model,	which	has	yet	 to	be	

publicly	 released,	 includes	 appropriate	 energy	 dissipation	models,	which	 increase	

the	robustness	of	HOS-NWT	in	terms	of	being	able	to	model	breaking	wave	events	

[Seiffert	et	al.	2017].	In	addition	to	this,	measures	could	also	be	taken	to	improve	the	

OpenFOAM	 simulations	 through	 the	 implementation	 of	 an	 alternative	 turbulence	

model,	such	as	the	modified	Free	Surface	k-𝜔	SST	Turbulence	Model,	suggested	by	

Liu	et	al.	[2018].	Furthermore,	the	HOS-NWT	model	could	be	reconditioned	to	allow	

for	wave	propagation	on	variable	bathymetries	such	as	a	sloping	seabed.	Lastly,	the	

MARINTEK	facility	also	runs	3D	model	tests	utilizing	a	double-hinged	wave	maker;	

the	 HOS-NWT	model	 could	 be	modified	 to	 allow	 for	 wave	 generation	 from	wave	

makers	with	this	particular	geometry.		
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8.	Appendices:	

Appendix	A:	
Event1:	

	
Figure	A1:	Snapshots	from	high-speed	video	clip	depicting	the	breaking	process	of	

Event1	in	the	MARINTEK	model	test	
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Event2:	
	

	
Figure	A2:	Snapshots	from	high-speed	video	clip	depicting	the	breaking	process	of	

Event2	in	the	MARINTEK	model	test	
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Event3:	
	

	
Figure	A3:	Snapshots	from	high-speed	video	clip	depicting	the	breaking	process	of	

Event3	in	the	MARINTEK	model	test	
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Event4:	
	

	
Figure	A4:	Snapshots	from	high-speed	video	clip	depicting	the	breaking	process	of	

Event4	in	the	MARINTEK	model	test	
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Event5:	
	

	
Figure	A5:	Snapshots	from	high-speed	video	clip	depicting	the	breaking	process	of	

Event5	in	the	MARINTEK	model	test	
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Event6:	
	

	
Figure	A6:	Snapshots	from	high-speed	video	clip	depicting	the	breaking	process	of	

Event6	in	the	MARINTEK	model	test	
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Event7:	
	

	
Figure	A7:	Snapshots	from	high-speed	video	clip	depicting	the	breaking	process	of	

Event7	in	the	MARINTEK	model	test	
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Event8:	
	

	
Figure	A8:	Snapshots	from	high-speed	video	clip	depicting	the	breaking	process	of	

Event8	in	the	MARINTEK	model	test	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	



Validation	of	the	High	Order	Spectral	(HOS)	Method	for	Extreme	and	Breaking	Waves	and	Coupling	of	the	HOS-
Numerical	Wave	Tank	Model	with	OpenFOAM	

	

	 104	

Appendix	B:	

	
Figure	B1:	Realizations	of	the	Dynamic/Kinematic	Breaking	Onset	Criterion	over	the	

length	of	the	simulation	at	Wave	Gauge	9	

	
Figure	B2:	Realizations	of	the	Dynamic/Kinematic	Breaking	Onset	Criterion	over	the	

length	of	the	simulation	at	Wave	Gauge	10	
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Figure	B3:	Realizations	of	the	Dynamic/Kinematic	Breaking	Onset	Criterion	over	the	

length	of	the	simulation	at	Wave	Gauge	11	

	
Figure	B4:	Realizations	of	the	Dynamic/Kinematic	Breaking	Onset	Criterion	over	the	

length	of	the	simulation	at	Wave	Gauge	13	
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Appendix	C:	
	
Event1:		
	

	
Figure	C1:	Sub-plots	depicting	the	surface	elevations	that	were	modeled	in	

OpenFOAM,	for	the	time	stamps	indicated	in	each	plot,	for	Event1		
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Figure	C2:	Sub-plots	depicting	the	particle	velocities	in	the	direction	of	wave	

propagation	(Ux)	that	were	modeled	in	OpenFOAM,	for	the	time	stamps	indicated	in	
each	plot,	for	Event1;	the	scale	in	Figure	31	is	applicable	to	this	data	
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Event2:	
	

	
Figure	C3:	Sub-plots	depicting	the	surface	elevations	that	were	modeled	in	

OpenFOAM,	for	the	time	stamps	indicated	in	each	plot,	for	Event2	
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Figure	C4:	Sub-plots	depicting	the	particle	velocities	in	the	direction	of	wave	

propagation	(Ux)	that	were	modeled	in	OpenFOAM,	for	the	time	stamps	indicated	in	
each	plot,	for	Event2;	the	scale	in	Figure	31	is	applicable	to	this	data	

	

	

	

	

	

	

	

	

	

	

259.6	s	

260.4	s	

260.2	s	260.0	s	

259.8	s	



Validation	of	the	High	Order	Spectral	(HOS)	Method	for	Extreme	and	Breaking	Waves	and	Coupling	of	the	HOS-
Numerical	Wave	Tank	Model	with	OpenFOAM	

	

	 110	

Event3:	

	
Figure	C5:	Sub-plots	depicting	the	surface	elevations	that	were	modeled	in	

OpenFOAM,	for	the	time	stamps	indicated	in	each	plot,	for	Event3	
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Figure	C6:	Sub-plots	depicting	the	particle	velocities	in	the	direction	of	wave	

propagation	(Ux)	that	were	modeled	in	OpenFOAM,	for	the	time	stamps	indicated	in	
each	plot,	for	Event3;	the	scale	in	Figure	31	is	applicable	to	this	data	
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Event4:	

	
Figure	C7:	Sub-plots	depicting	the	surface	elevations	that	were	modeled	in	

OpenFOAM,	for	the	time	stamps	indicated	in	each	plot,	for	Event4	
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Figure	C8:	Sub-plots	depicting	the	particle	velocities	in	the	direction	of	wave	

propagation	(Ux)	that	were	modeled	in	OpenFOAM,	for	the	time	stamps	indicated	in	
each	plot,	for	Event4;	the	scale	in	Figure	31	is	applicable	to	this	data	
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Event5:	

	
Figure	C9:	Sub-plots	depicting	the	surface	elevations	that	were	modeled	in	

OpenFOAM,	for	the	time	stamps	indicated	in	each	plot,	for	Event5	
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Figure	C10:	Sub-plots	depicting	the	particle	velocities	in	the	direction	of	wave	

propagation	(Ux)	that	were	modeled	in	OpenFOAM,	for	the	time	stamps	indicated	in	
each	plot,	for	Event5;	the	scale	in	Figure	31	is	applicable	to	this	data	
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