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Abstract	
	
Ardema3D	 is	a	new	type	of	vortex	 free	model	code	that	can	simulate	wind	turbines.	
This	code	has	been	developed	in	order	to	replace	the	state	of	the	art	model,	the	blade	
element	 momentum	 (BEM).	 Indeed,	 the	 BEM	 is	 using	 strong	 assumptions	 and	
empirical	 correction,	which	 are	 relevant	 for	 standard	 operation,	 however,	 there	 is	 a	
doubt	on	the	validity	of	this	model	for	complex	situation.	Ardema3D	is	developed	to	be	
substitute	for	the	BEM	when	it	is	not	valid.	
This	code	has	been	implemented	in	a	coupled	code,	FARDEMAST,	taking	into	account	
the	elasticity	of	the	blade	and	the	controller.	FARDEMAST	is	a	code	based	on	FAST,	a	
code	 developed	 by	 the	 National	 Renewable	 Energy	 Laboratory	 (NREL),	 where	 the	
aerodynamic	 module	 has	 been	 replaced	 by	 Ardema3D.	 Both	 codes	 are	 under	
validation.	
The	couple	code	FARDEMAST	 is	computing	 the	 loads	on	 the	wind	turbine,	which	are	
used	to	design	the	blade.	Since	vortex	panel	codes	such	as	Ardema3D	are	using	much	
less	assumptions	than	the	state	of	the	art	model	for	the	industry,	they	are	supposed	to	
give	 more	 accurate	 results	 which	 can	 lead	 to	 safe	 and	 cheaper	 design	 for	 wind	
turbines.	
	
The	Master	Thesis	proposed	will	cover	two	main	topics	of	research	:	
	

1. Validation	of	the	far	wake	model	of	Ardema3D	
The	 free	 wake	 vortex	 model	 ARDEMA3D	 is	 accurate	 in	 terms	 of	 description	 of	 the	
unsteady	 forces	 on	 the	 blades	 and	 on	 the	 rotor	 near	wake	 velocities.	 The	 far	wake	
description	is	not	so	accurate.		
For	 the	wakes,	 Adwen	 and	 the	 CORIA	have	 been	developing	 an	 actuator	 line	model	
inside	 the	 Large	 Eddy	 Simulation	 code	 YALES2	 for	 very	 advanced	 and	 detailed	wake	
simulations.	 Several	 validations	 of	 the	 actuator	 line	model	 have	 been	 initiated	 with	
respect	to	the	existing	bibliography.		
The	most	useful	experimental	results	considered	the	analysis	of	wake	velocity	deficits	
downstream	of	a	small	scale	wind	turbine	placed	on	a	wind	tunnel	 in	the	Norwegian	
University	of	Science	and	Technology	(NTNU)	in	Norway.	
Based	on	the	NTNU	experimental	setup,	the	work	to	be	performed	during	this	Master	
Thesis	will	be	to	compare	the	results	of	Ardema3D	and	the	actuator	line	model	both	in	
terms	of	 local	rotor	quantities	such	as	 forces,	angle	of	attacks,	etc,	on	blades,	where	
ARDEMA3D	 is	 assumed	 to	 be	more	 accurate	 together	with	 the	 velocity	 deficit	 close	
and	far	from	the	rotor	where	YALES2	should	have	a	better	description	and	analyze	the	
sources	of	the	differences.	
	

2. Validation	of	the	coupled	code	FARDEMAST	
After	the	validation	of	the	aerodynamic	code,	the	student	will	validate	the	use	of	the	
code	 for	 aero-elasticity	 purpose	with	 the	 code	 FARDEMAST.	 The	 comparison	will	 be	
done	with	 FAST.	 The	only	difference	with	 FARDEMAST	 is	 the	use	of	 an	aerodynamic	
model	based	on	the	momentum	equation,	thus	faster	but	less	accurate.	The	validation	
will	be	done	also	with	two	structural	models	of	FAST	:	ElastoDyn	and	BeamDyn.	
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Abstrakt	
	
Ardema3D	är	en	ny	typ	av	vortexfri	modellkod	som	kan	simulera	vindkraftverk.	Denna	kod	har	
utvecklats	för	att	ersätta	den	senaste	tekniken,	bladelementets	momentum	(BEM).	Faktum	är	
att	BEM	använder	starka	antaganden	och	empirisk	korrigering,	som	är	relevanta	för	
standardoperation,	men	det	är	tveksamt	om	giltigheten	av	denna	modell	för	komplexa	
situationer.	Ardema3D	är	utvecklad	för	att	ersätta	BEM	när	den	inte	är	giltig.	
Denna	kod	har	implementerats	i	en	kopplad	kod,	FARDEMAST,	med	hänsyn	till	bladets	
elasticitet	och	kontrollenheten.	FARDEMAST	är	en	kod	baserad	på	FAST,	en	kod	som	utvecklats	
av	National	Renewable	Energy	Laboratory	(NREL),	där	den	aerodynamiska	modulen	har	ersatts	
av	Ardema3D.	Båda	koderna	är	under	validering.	
Parkoden	FARDEMAST	beräknar	lasterna	på	vindturbinen,	som	används	för	att	designa	bladet.	
Eftersom	vortexpanelkoder	som	Ardema3D	använder	mycket	mindre	antaganden	än	
toppmodernmodellen	för	industrin,	ska	de	ge	mer	exakta	resultat	som	kan	leda	till	säker	och	
billigare	design	för	vindkraftverk.	

Den	föreslagna	uppsatsen	ska	omfatta	två	huvudämnen	av	forskning:	
	
1.	Validering	av	Ardema3Ds	långvaktmodell	
Fri	våtsvortexmodellen	ARDEMA3D	är	korrekt	när	det	gäller	beskrivning	av	de	ostadiga	
krafterna	på	knivarna	och	på	rotorn	nära	väckthastigheter.	Beskrivningen	av	långt	kölvattnet	är	
inte	så	exakt.	
För	väckningarna	har	Adwen	och	CORIA	utvecklat	en	manövermodell	i	Large	Eddy	Simulation-
koden	YALES2	för	mycket	avancerade	och	detaljerade	vakningssimuleringar.	Flera	valideringar	
av	manöverlinjemodellen	har	initierats	med	hänsyn	till	den	befintliga	bibliografin.	
De	mest	användbara	experimentella	resultaten	betraktade	analysen	av	
väckthastighetsbristerna	nedströms	en	liten	vindturbin	placerad	på	en	vindtunnel	i	Norges	
teknisk-naturvetenskapliga	universitet	(NTNU)	i	Norge.	
Utifrån	NTNU:	s	experimentella	inställning	är	det	arbete	som	ska	utföras	under	denna	
examensarbete	att	jämföra	resultaten	från	Ardema3D	och	manövermodellen,	både	när	det	
gäller	lokala	rotorkvantiteter	som	krafter,	angreppsvinkel	mm	på	blad,	där	ARDEMA3D	antas	
vara	mer	exakt	tillsammans	med	hastighetsunderskottet	nära	och	långt	ifrån	rotorn	där	YALES2	
ska	ha	en	bättre	beskrivning	och	analysera	skillnadskällorna.	
	
2.	Validering	av	den	kopplade	koden	FARDEMAST	
Efter	validering	av	den	aerodynamiska	koden	kommer	studenten	att	validera	användningen	av	
koden	för	aeroelasticitetsändamål	med	koden	FARDEMAST.	Jämförelsen	görs	med	FAST.	Den	
enda	skillnaden	med	FARDEMAST	är	användningen	av	en	aerodynamisk	modell	baserad	på	
momentumekvationen,	så	snabbare	men	mindre	noggrann.	Valideringen	kommer	också	att	
göras	med	två	strukturella	modeller	av	FAST:	ElastoDyn	och	BeamDyn.	
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1. Introduction	
	
	
	 The	 awareness	 of	 the	 emission	 of	 pollution	 and	 the	 global	 warming	 has	
increased	 over	 the	 last	 few	 years	 causing	 the	 energy	 system	 of	 all	 the	 countries	 to	
slowly	shift	from	a	fossil	energy	to	cleaner	sources	of	energy.	Wind	power	is	one	of	the	
sources	of	renewable	energy	that	is	the	most	competitive	in	the	market.	
	 Wind	 power	 has	 been	 developed	 world-wide	 for	 more	 than	 20	 years,	 going	
from	 6.1	 GW	 of	 power	 installed	 in	 1996	 to	 487	 GW	 in	 2016	 [1].	 China	 is	 the	main	
leader	in	installed	capacity	today,	but	in	the	European	Union,	Denmark	generates	40%	
of	its	electrical	power	from	wind	and	Germany	has	installed	more	than	5	GW	of	wind	
power	capacity	in	2016.	In	France,	the	global	capacity	reached	12	GW	in	2016,	which	
represent	 3.5	 to	 4%	 of	 the	 electrical	 production.	 Yet	 France	 has	 the	 second	 largest	
offshore	wind	resources	in	Europe,	but	it	is	not	used	for	now	and	all	the	French	wind	
farms	are	onshore.	In	2012	and	2014,	six	offshore	wind	farms	tenders	of	500	MW	were	
launched.		
	 	
	 The	 design	 of	 a	 wind	 turbine	 is	 a	 complex	 process,	 in	 which	 considerations	
about	the	aerodynamic,	the	structure	elasticity	and	the	controller	must	be	considered.	
There	is	strong	coupling	between	these	different	aspects.	The	state	of	the	art	methods	
to	 simulate	 wind	 turbine	 in	 an	 aero-elastic-servo	 code	 are	 using	 the	 Blade	 Element	
Momentum	 (BEM)	model	 for	 the	 simulation	of	 the	 aerodynamic	part.	However,	 this	
model	 is	 based	 on	 strong	 assumptions	 and	 correction.	 With	 the	 development	 of	
modern	wind	turbines,	questions	arise	over	the	validity	of	this	model.	The	Integrated	
Numerical	Wind	Tunnel	for	Offshore	wind	turbines	(INWIT)	project	has	been	launched	
for	three	years	to	develop	a	new	code	of	simulation	based	on	vortex	method	to	be	a	
substitute	for	the	BEM	models	in	the	design	of	future	wind	turbine.		
	 A	more	accurate	model	will	allow	a	better	understanding	and	a	better	use	of	
the	coupling	between	the	aerodynamic	and	the	elasticity	of	the	structure.	Moreover,	
since	the	validity	of	the	BEM	is	questionable	for	some	dimensional	case,	a	safety	factor	
is	 applied.	 With	 a	 model	 like	 the	 vortex	 panel	 method,	 this	 safety	 factor	 could	 be	
decrease,	therefore	decreasing	the	cost	of	the	wind	turbine.	
	 This	master	thesis	will	be	focused	on	the	validation	of	the	vortex	panel	method	
in	the	far	wake,	but	also	compared	to	a	BEM	couple	code,	on	a	case	on	which	the	BEM	
is	known	to	be	accurate.	
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2. Context	
	
	

2.1. Overview	of	Horizontal	Axis	Wind	Turbine	
	
	 A	wind	turbine	is	a	mechanism	producing	mechanical	work	thanks	to	the	kinetic	
energy	of	the	wind,	using	the	aerodynamics	of	rotor	blades	rotating	along	a	horizontal	
or	vertical	axis.	Horizontal	Axis	Wind	Turbines	(HAWT)	(Figure	1)	are	the	turbines	with	
the	rotor	facing	the	wind.	It	is	a	well-known	technology	and	therefore	the	standard	of	
the	industry.	Vertical	Axis	Wind	Turbines	(VAWT)	also	exist	(Figure	2),	but	this	master	
thesis	 is	 not	 dedicated	 to	 this	 technology,	 even	 though	 the	 software	 presented	 is	
capable	of	handling	both	types	of	wind	turbine.	

	
Figure	1	:	Adwen	Offshore	HAWT	[2]	

	
Figure	2	:	NENUPHAR	VAWT	[3]	
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	 Horizontal	 axis	wind	 turbines	have	been	designed	and	built	 for	 years	and	 the	
principle	has	been	used	for	centuries	with	the	first	wind	mills.	They	are	composed	of	a	
tower,	a	nacelle,	a	hub	and	a	rotor	which	is	facing	the	wind.	The	principle	is	to	harvest	
the	energy	of	the	wind	thanks	to	the	blades	that	are	profiled	to	turn	with	the	wind	due	
to	 the	 aerodynamics	 forces.	 This	 rotation	 is	 transmitted	 to	 a	 shaft	 connected	 to	 a	
generator	which	will	produce	electricity.	
	 Servo	motors	will	be	used	in	order	to	orientate	the	rotor	and	change	the	pitch	
of	the	blades	in	order	to	maximize	the	energy	harvested	or	to	decrease	it,	in	order	not	
to	use	the	turbine	with	too	extreme	wind	speed.	
	
	 Wind	 turbines	 exist	 for	 all	 sorts	 of	 applications	 and	 an	 important	 range	 of	
power,	from	100	W	for	home	application	and	sailboat,	to	8	MW	turbines	for	the	most	
powerful.	Rotor	diameters	range	from	less	than	1	m	to	180	m.	To	build	such	impressive	
structures,	larger	wind	turbines	are	grouped	in	wind	farms	in	order	to	reduce	the	cost	
of	the	infrastructure	needed	to	build	it.	
	
	

2.2. INWIT	project	
	
	 The	 INWIT	 project	 (Integrated	 Numerical	 Wind	 Tunnel	 for	 offshore	 wind	
turbines)	aims	 to	develop,	 implement	and	validate	a	new	and	accurate	methodology	
for	 the	 simulation	of	 loads	and	performance	of	offshore	wind	 turbines	based	on	 the	
vortex	methods	code	:	ARDEMA3D.		
	 The	project	is	set	for	3	years,	and	the	team	is	based	at	Adwen	R&D	center	in	Le	
Madrillet	Technopôle	close	to	Rouen	and	is	funded	by	Normandy	region.	It	comprises	
two	partners	:	

• Adwen	Offshore	:	one	of	the	leaders	of	the	offshore	wind	turbine	market.	
• CORIA	:	a	combined	research	unit	between	the	CNRS,	Rouen	University	and	

INSA	Rouen.	They	are	specialized	in	combustion	simulations	and	specifically	
in	fluid	mechanics,	doing	both	experimentations	and	simulations.	They	have	
also	 a	 strong	 expertise	 on	 the	 use	 of	 massive	 clusters	 through	 high	
performance	parallel	computing	and	developed	YALES2,	a	CFD	code	based	
on	Large	Eddy	Simulation	(LES).	YALES2	is	thought	to	have	a	high	potential	
for	 the	 accurate	 simulation	 of	 flows	 around	 profiles	 [4]	 used	 in	 wind	
turbines	 blades	 and	 use	 an	 actuator	 line	 method	 to	 simulate	 real	 wind	
turbine.	Adwen	would	 like	 to	 exploit	 the	 fluid	mechanics	 expertise	of	 the	
CORIA,	and	the	CORIA	the	expertise	in	wind	turbine	of	Adwen.	

	
	
The	technical	challenges	that	the	project	should	address	are	:	

• To	be	more	accurate	than	the	state	of	the	art	Blade	Element	Momentum	(BEM)	
models	 (see	 3.2),	 which	 are	 based	 on	 a	 main	 bi-dimensional	 steady	 state	
assumption	 for	 the	 flow,	and	completed	with	empirical	 corrections.	The	main	
innovation	 consists	 in	 the	 development	 of	 a	 new	 model	 for	 the	 unsteady	
aerodynamics,	using	vortex	models.	The	purpose	will	be	to	demonstrate	that	in	
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some	 simple	 cases	 the	 vortex	model	 and	 the	 BEM	 are	 identical,	 but	 that	 on	
complex	cases,	the	vortex	model	is	more	accurate.	

• To	 couple	 the	 aerodynamic	 model	 with	 existing	 models	 for	 the	 elasticity,	
control	 and	 hydrodynamic	 models.	 The	 main	 strategy	 is	 to	 couple	 the	
aerodynamic	 module	 ARDEMA3D	 with	 FAST,	 an	 aero-servo-hydro-elastic	
computer-aided	engineering	tool	for	horizontal	axis	wind	turbine	developed	by	
the	 National	 Renewable	 Energy	 Laboratory	 (NREL),	 by	 replacing	 its	
aerodynamic	module	 Aerodyn	 based	 on	 a	 BEM	model	 with	 ARDEMA3D.	 The	
coupled	model	with	ARDEMA3D	is	named	FARDEMAST.	

• To	be	at	the	same	order	of	magnitude	as	BEM	tools	in	terms	of	computational	
time	in	order	to	be	a	suitable	tool	for	designing	wind	turbine.	This	target	is	very	
ambitious	 but	 essential	 for	 the	 integration	 of	 the	 model	 in	 industrial	 design	
process.	

	

2.3. ARDEMA3D	
	
	 ARDEMA3D	 (acronym	 of	 Areva-Delft-Madrillet,	 from	 the	 names	 of	 the	 first	
company	 and	 labs	 involved	 in	 the	 creation	 of	 the	 project,	 respectively	 Areva,	 the	
Technical	University	of	Delft,	Aerospace	Engineering	Department,	Section	Wind	Energy	
and	 CORIA	 lab	 located	 on	 the	 Madrillet	 Technopôle	 in	 Rouen)	 is	 a	 3-dimensional	
unsteady	 inviscid	 flow	 solver	 based	 on	 a	 Lagrangian	 specification	 of	 the	 field	 and	
dedicated	 to	 rotor	 systems	 like	 wind	 turbines.	 It	 uses	 a	 panel	 method	 code	 on	 a	
potential	flow,	on	which	local	viscous	corrections	are	applied.	
	
	 The	code	is	primarily	developed	for	wind	turbines	(both	horizontal	and	vertical	
axis	wind	turbines)	but	is	designed	to	be	flexible	enough	to	model	virtually	any	kind	of	
simple	rotor	or	lifting	or	non-lifting	moving	bodies.	
	 It	is	developed	with	C	for	low-level	functions	(Vertex	Velocities	calculations,	…)	
and	Matlab	for	high	 level	 functions	(RunScripts,	 Inputs,	post-processing,	…).	The	 low-
level	 functions	 of	 the	 code	 are	 finally	 parallelized	 with	 different	 application	
programming	interface	(API),	such	as	OpenMP	[5]	(an	API	that	supports	multi-platform	
shared	 memory	 multiprocessing	 programming)	 and	 CUDA	 [6]	 (an	 API	 and	 parallel	
computing	platform	that	allows	to	use	GPU	for	general	purpose	processing),	that	are	
designed	 to	 work	 with	 programming	 languages	 such	 as	 C,	 C++,	 Fortran,	 ….	 The	
simulations	are	usually	 launched	on	 the	 supercomputer	Myria,	 from	CRIANN	 (Centre	
Régional	Informatique	et	d’Applications	Numériques	de	Normandie),	but	can	be	used	
on	a	personal	laptop	for	little	time	consuming	simulations.	
	 ARDEMA3D	has	an	interface	to	be	coupled	with	structure,	hydrodynamics	and	
control	modules.	
	

2.4. YALES2	
	
	 YALES2	 is	a	 code	 that	 solves	 low-Mach	version	of	Navier-Stokes	equations	on	
unstructured	 meshes	 [7],	 using	 Direct	 Numerical	 Simulation	 (DNS)	 and	 Large	 Eddy	
Simulations	(LES)	formulation.	YALES2	includes	a	library	of	solver	developed	by	Vincent	
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Moureau	and	Ghislain	Lartigue	since	2007	at	CORIA	laboratory.	It	is	mainly	devoted	to	
combustion,	chemistry,	spray	and	atomization	modeling,	but	it	of	course	very	efficient	
for	non-reactive	aerodynamic	 flows.	 It	 is	written	 in	object	oriented	FORTRAN	90	and	
can	use	a	Python	interface.	It	uses	solvers	optimized	for	massively	parallel	computing	
(>32000	CPU)	with	a	central	4th-order	numerical	scheme	for	spatial	 integration	and	a	
4th-order	4-step	Runge-Kutta	method	for	the	time	integration.	
	 In	 order	 to	 parallelize	 the	 calculation,	 YALES2	divides	 the	mesh	 into	different	
areas	which	will	be	computed	by	one	CPU.	The	code	will	optimize	this	division	in	order	
for	each	CPU	to	have	the	same	calculation	loads.	This	is	one	of	the	strength	of	YALES2	
which	is	thus	capable	of	handling	grids	with	several	billions	of	elements.	
	

2.5. FAST	
	
	 FAST	is	a	code	developed	by	the	National	Renewable	Energy	Laboratory	(NREL)	
[8]	used	for	simulating	the	coupled	dynamic	response	of	HAWT.	FAST	is	a	coupled	code	
joining	 aerodynamics	 models,	 structural	 dynamics	 module,	 control	 and	 electrical	
system,	 but	 also	 hydrodynamics	 models	 for	 offshore	 structures,	 moorings	 and	 ice	
models.	 FAST	 is	 based	 on	 advanced	 engineering	 models	 but	 with	 appropriate	
simplifications	and	assumptions.	
	 In	this	master	thesis,	only	the	following	options	are	activated	:	
	

• AeroDyn,	the	aerodynamics	model	:	solving	the	rotor-wake	effects	for	any	type	
of	wind	 (with	 the	 interface	of	 InFlowWind)	 and	 computing	 the	 aerodynamics	
loads	 on	 each	 blade-element.	 The	method	 is	 the	 Blade	 Element	Momentum	
(BEM),	explain	in	3.2.	

• ServoDyn	with	Cardasys,	the	control	 :	ServoDyn	is	an	 interface	that	allows	to	
choose	either	FAST	controller	or	any	other	controller.	In	this	master	thesis,	the	
controller	Cardasys,	a	controller	developed	by	Adwen,	will	be	used.	

• ElastoDyn	or	BeamDyn,	the	structural	model	:	apply	the	motion	prescribed	by	
the	controller	and	apply	all	the	different	loads	(aerodynamics,	hydrodynamics,	
gravitational),	 and	 simulate	 the	 elasticity	 of	 the	 rotor	 and	 the	 support	
structure.	Either	ElastoDyn	or	BeamDyn	will	be	use	and	are	explain	in	5.1.2.		

	
	 FAST	is	the	modular	interface	and	coupler	between	these	different	models.		
	

2.6. FARDEMAST	
	
	 FARDEMAST	(for	FAST	and	ARDEMA)	is	the	coupled	code	for	the	INWIT	project,	
using	 FAST	 as	 the	 interface	 but	 replacing	 the	 aerodynamics	 module	 AeroDyn	 by	
Ardema3D	(see	Figure	3).	
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Figure	3	:	Integration	of	ARDEMA3D	into	FARDEMAST	 	
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3. Aerodynamics	and	structural	models	
	
In	 this	 part,	 the	 theories	behind	 the	different	 aerodynamics	models,	 that	have	been	
implemented	in	the	different	codes	used	in	this	master	thesis,	are	explained.	

3.1. General	aerodynamics	around	an	airfoil	
	

3.1.1. Forces	around	a	2D	airfoil	
	
	 Consider	a	2D	airfoil	inside	a	flow	coming	from	the	left	with	a	certain	angle,	call	
angle	of	attack	(AoA),	with	the	incident	flow.	The	angle	of	attack	α	is	usually	defined	as	
the	 angle	 between	 the	 chord	 line	 of	 the	 airfoil	 and	 the	 relative	 flow	 direction.	 The	
relative	flow	direction	can	be	hard	to	define,	since	the	airfoil	will	alter	the	flow,	but	a	
“geometric”	angle	is	usually	defined,	using	the	flow	velocity	the	airfoil’s	 location	as	 if	
there	was	no	airfoil.		
	

	
Figure	4:	Geometry	and	aerodynamic	coefficients	definition	on	a	NACA0018	airfoil	

	
	 The	 flow	 around	 the	 airfoil	 will	 create,	 due	 to	 the	 Bernoulli	 theorem,	 a	 high	
pressure	zone	on	the	intrados	(lower	surface)	and	a	low	pressure	zone	on	the	extrados	
(upper	surface).	The	integration	of	the	pressure	around	the	airfoil	creates	a	resultant	
force	 𝐹.	 This	 reacting	 force	 from	 the	 flow	 can	 be	 projected	 onto	 the	 direction	
perpendicular	 to	 the	velocity	at	 infinity,	𝑈#,	which	will	 give	 the	 lift	𝐿,	 and	projected	
onto	a	direction	parallel	to	the	relative	velocity,	the	drag	𝐷.	
	

𝐹 = 	𝐿 +	𝐷	
	
	 With	c	the	chord	of	the	airfoil	and	ρ	the	fluid	density,	the	non-dimensional	lift	
and	 drag	 coefficients	 are	 defined	 as	 (if	 the	 forces	 are	 wingspan	 forces	 per	 unit	 of	
length)	:	
	

𝐶* =
𝐿

1
2𝜌𝑈#

. 𝑐
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𝐶0 =
𝐷

1
2𝜌𝑈#

. 𝑐
	

	
	 For	certain	flow,	like	for	a	wind	turbine,	the	definition	of	the	velocity	at	infinity	
is	not	accurate	enough	and	different	model	can	be	used,	for	example	considering	the	
velocity	at	a	certain	point	considering	the	airfoil	is	not	here.	
	
	 To	have	an	accurate	model	of	 the	 forces	on	 the	airfoil,	 it	 is	also	necessary	 to	
know	the	moment	M	at	a	point	 in	 the	profile.	This	point	can	be	the	center	of	 thrust	
which	 is	usually	 located	on	the	chordline	at	the	quarter	chord	from	the	 leading	edge	
for	 a	 thin	 airfoil	 with	 an	 attached	 boundary	 layer	 (the	 point	 where	 the	 forces	 are	
applied	on	Figure	4).	The	moment	coefficient	 can	be	defined	 the	same	way	 than	 for	
the	drag	and	lift	:	
	

𝐶1 =
𝑀

1
2𝜌𝑈#

. 𝑐.
	

	
	

3.1.2. 3D	Aerodynamics	
	
	 The	2D	airfoil	can	also	be	considered	as	a	3D	wing	of	infinite	length.	
	 In	reality,	a	blade	or	a	wing	is	a	beam	of	finite	length	with	aerodynamic	profiles	
as	 cross	 sections.	Hence,	 there	will	be	a	pressure	difference	between	 the	upper	and	
lower	side	of	the	wing,	and	the	same	aerodynamic	coefficients	can	be	defined.		
	 The	differences	of	pressure	on	the	intrados	and	extrados	create	a	jump	in	the	
tangential	 velocity	 at	 the	 trailing	 edge,	 creating,	 as	 a	 result,	 a	 continuous	 sheet	 of	
tangential	vorticity	in	the	wake	behind	the	wing.	
	 Moreover,	 at	 the	 tip	 of	 the	 blade,	 3D	 effects	 are	 observed.	 The	 tip	 vortices	
follow	 the	 tip	of	 the	blade,	 thus	 creating	 circular	 patterns	of	 rotating	 air,	 associated	
with	induced	drag.	
	 For	 large	 unsteady	 angle	 of	 attack,	 the	 boundary	 layer	 detachment	 is	 late,	
compared	 to	 the	 steady	 state,	 therefore	 changing	 the	 lift,	 drag	 and	 moment	
coefficient,	 before	 the	 aerodynamics	 becomes	 steady	 again.	 It	 is	 called	 the	 dynamic	
stall.	
	

3.2. Blade	Element	Momentum	Theory	
	

3.2.1. Momentum	Theory	
	
	
	 The	momentum	theory	 is	a	model	describing	the	momentum	loss	of	the	wind	
when	 it	 flows	 through	 a	 turbine.	 The	 hypotheses	 of	 the	model	 are	 that	 the	 flow	 is	
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steady,	incompressible,	irrotational,	with	an	ideal	fluid	with	no	friction	and	no	external	
forces.	
	
	 It	considers	a	circular	control	volume	around	the	wind	turbine	 (Figure	5).	The	
rotor	 is	considered	as	a	permeable	disc	which	only	slows	down	the	axial	speed	𝑈#of	
the	wind.	The	disc	is	ideal	:	there	are	no	friction	and	no	rotational	velocity	component	
induced	in	the	wake.		
	 Close	upstream	of	the	rotor,	there	is	a	pressure	rise,	p1,	before	a	discontinuous	
pressure	 drop	 to	 p2,	 after	 the	 rotor.	 Downstream	 the	 pressure	 recovers	 to	 the	
atmospheric	level.	

	
Figure	5	:	Circular	control	volume	around	the	wind	turbine	[9]	

	
	 Applying	the	Bernoulli	equations	to	the	system,	with	the	previous	hypotheses,	
upstream	and	downstream	the	rotor	plane,	the	pressure	drop	can	be	determined	:	
	

∆𝑝 = 𝑝. − 𝑝6 =
1
2
𝜌(𝑈#. − 𝑈89:. )	

	
	 Introducing	the	thrust	F	which	is	the	force	applied	on	the	rotor	from	the	stream	
(streamwise)	and	the	power	P	absorbed	by	the	shaft,	it	gives	thanks	to	the	momentum	
equation	 and	 the	 energy	 conservation	 on	 the	 integral	 form	 of	 the	 circular	 control	
volume	area	(with	notation	from	the	Figure	5,	and	Ud	,	the	velocity	at	the	rotor):	
	

𝐹 = 	∆𝑝. 𝑆 = 	𝜌𝑆𝑈0(𝑈# − 𝑈89:)	
	

𝑃 = 	
1
2
𝜌𝑆𝑈0(𝑈#. − 𝑈89:. )	

	
	
	 Combining	the	equation	gives	the	velocity	at	the	rotor,	Ud.	
	

𝑈0 =
1
2
(𝑈# + 𝑈89:)	
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	 So	the	axial	induction	factor	a	can	be	introduced	as	:	
	

𝑈0 = (1 − 𝑎)𝑈#	
	

𝑎 = 1 −	
𝑈0
𝑈#

	

	
	 The	performance	of	 the	wind	 turbine	 is	 calculated	with	 the	power	coefficient	
Cp,	which	is	the	power	P	adimensionalized	with	the	wind	power	available	by	the	swept	
area	:		∆𝐸A =

6
.
𝜌𝑆𝑈#B .	

	

𝑪𝒑 =
𝑷

𝟏
𝟐𝝆𝑺𝑼#

𝟑
= 𝟒𝒂(𝟏 − 𝒂)²	

	
	 This	power	coefficient	has	a	maximum	(Cp,max)	which	can	be	easily	calculated	:	
	

𝜕𝐶P
𝜕𝑎

= 0	 ⇔ 𝑎 = 	
1
3
	

	
	
	 This	Cp,max	is	called	the	Betz	limit	for	the	axial	induction	factor	of		𝑎 = 	 6

B
	

	

𝑪𝒑,𝒎𝒂𝒙 =
𝟏𝟔
𝟐𝟕

≈ 𝟓𝟗. 𝟑%		
	
	
	
	 The	 effect	 of	 the	 rotation	 of	 the	 rotor	 can	 be	 taken	 into	 account	 with	 the	
tangential	 induction	factor	a’.	 It	depends	on	the	rotational	speed	Vθ,	 the	blade	 local	
radius	r	and	the	rotation	speed	of	the	rotor	Ω.	
	

𝑎] = 	
𝑉_
2𝑟Ω

	

	
	
	 The	Tip	Speed	Ratio	(TSR)	λ	is	defined	as	the	ratio	between	the	wind	speed	and	
the	tip	speed,	with	R	the	radius	of	the	blade.	
	

𝜆 = 	
Ω𝑅
𝑈#

	

	
	 With	the	tangential	 induction	factor,	the	power	coefficient	can	be	determined	
with	the	integration	of	a	term	depending	on	the	tip	speed	ratio	and	the	two	induction	
factors	:	
	



19	
	
	

𝑪𝒑 =
𝟖
𝝀𝟐

𝒂′(𝟏 − 𝒂)𝒙𝟑𝒅𝒙
𝝀

𝟎
	

	
	
	 However,	 the	momentum	theory	 is	no	more	valid	 for	a	 >	0.4,	because	of	 the	
formation	of	a	turbulent	wake	state	due	to	a	high	difference	between	the	freestream	
wind	 speed	 and	 the	 speed	 after	 the	 rotor.	 It	 creates	 perturbations	 by	 transporting	
momentum	 from	 the	 outer	 flow	 into	 the	 wake.	 In	 this	 case,	 it	 is	 usual	 to	 use	 the	
Glauert	empirical	correction	[10]	to	obtain	plausible	results.	
	
	
	

3.2.2. Blade	Element	Momentum	Theory	
	
	
	 The	 Blade	 Element	Momentum	 (BEM)	method	 is	 the	 use	 of	 the	momentum	
theory	with	a	local	approach	of	the	events	taking	place	at	the	blade.	The	streamtube	of	
the	 momentum	 theory	 is	 discretized	 in	 N	 annular	 elements	 of	 height	 dr	 and	
streamlines	 as	 boundaries.	 At	 the	 disk	 place	 there	 is	 an	 airfoil	 for	 each	 annular	
element.	These	airfoils	are	there	to	give	the	pressure	forces	thanks	to	the	drag	and	lift	
coefficient.	
	 The	assumptions	are	:	

• For	 the	 flow	 :	 stationary,	 incompressible,	 frictionless	 with	 no	 external	 forces	
applied	

• There	are	no	3D	effects	and	one	element	does	not	influence	the	other	
• The	 blade	 applies	 a	 constant	 force	 on	 the	 flow	 for	 each	 element.	 This	 is	

equivalent	to	a	rotor	with	an	infinite	number	of	blades.	
	
	
Hence,	the	BEM	uses	an	algorithm	to	compute	the	forces	on	the	segment	of	the	blade	:	

1. Initialization	of	a	and	a’,	usually	𝑎 = 𝑎] = 0	
	

2. The	angle	between	the	plane	of	rotation	and	the	relative	velocity,	the	flow	
angle	 φ	 is	 computed	 using	 the	 equation	 :	
	

tan 𝜑 =
(1 − 𝑎)𝑈#
(1 + 𝑎])Ω𝑟

	

	
3. With	θ	the	twist	the	local	angle	of	attack	is	computed	:	𝛼 = 	𝜑 − 𝜗	

	
4. Read	Cl(α)	and	Cd(α)	from	the	polar	tables	(the	lift	and	drag	coefficients	for	

the	profile	vs.	the	angle	of	attack)	
	
5. Compute	CN	and	CT	from	the	equations	:	
	

𝐶o = 𝐶* cos 𝜑 + 𝐶0 sin 𝜑 , 𝐶t = 𝐶* sin 𝜑 − 𝐶0 cos 𝜑 			
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6. Calculate	a	and	a’	from	the	equations,	using	the	rotor	solidity	:	𝜎 = 	 vowxyz{|

.}~
	

	

𝑎 =
1

4𝑠𝑖𝑛²(𝜑)
𝜎𝐶o

− 1
,					𝑎 =

1
4𝑠𝑖𝑛(𝜑)cos	(𝜑)

𝜎𝐶t
− 1

	

	
7. If	a	and	a’	have	changed	for	more	than	a	certain	tolerance,	go	back	to	step	

(2),	
Else	finished	

	
8. Compute	the	local	forces	on	the	segment	of	the	blades.	

	
	
This	algorithm	can	be	corrected	to	consider	more	effects	:	

• Prandtl’s	tip	loss	factor	[11]:	which	will	corrects	the	assumption	that	there	is	an	
infinite	number	of	blades,	

• Glauert	correction	:	an	empirical	relation	between	the	thrust	coefficient	CT	and	
the	axial	 interference	factor	α	 for	a	>	0.4,	where	the	momentum	theory	 is	no	
longer	valid	[10].	

• Many	 other	 models	 can	 added	 for	 tip	 vortices	 correction,	 spanwise	 flow,	
turbulent	wake	or	dynamic	inflow.	

	
The	BEM	method	 is	relatively	reliable	and	precise.	 It	can	be	calculated	very	fast	 (less	
than	real	time)	and	does	not	need	a	lot	of	storage	for	the	data.	Nevertheless,	there	are	
a	lot	of	assumptions	that	cannot	be	fulfilled	in	most	of	the	cases.	As	a	result,	there	are	
many	empirical	correction	factors	to	take	into	account	all	the	effects.	Moreover,	BEM	
are	not	able	to	estimate	accurately	unsteady	loads	for	designing	fatigue	cases.	
	
	

3.3. Vortex	Modeling	Method	
	
	 The	BEM	model	uses	very	simplified	physics	with	strong	assumptions,	therefore	
more	 advanced	 and	 sophisticated	 aerodynamic	 tools	 are	 needed.	 CFD	 can	 be	 a	
solution,	 but	 it	 is	 too	 time	 consuming	 for	 industrials.	 An	 alternative	 method	 is	 the	
vortex	models	that	are	more	accurate	than	the	BEM	method	and	less	time	consuming	
than	CFD.	The	vortex	panel	method	used	in	ARDEMA3D	is	described	in	this	section.	
	

3.3.1. Main	idea	and	hypotheses		
	
	 The	panel	method	is	based	on	a	linear	equation	thanks	to	strong	assumptions	
on	the	flow.	This	linear	equation,	the	Laplace’s	equation,	admits	elementary	solutions	
which	 thanks	 to	 the	 linearity	 can	 be	 added	 and	multiplied	 by	 a	 scalar	 to	 give	 other	
solution.	The	flow	can	be	set	into	an	integral	form	that	will	only	depend	on	finding	the	
boundary	values.	Therefore,	finding	the	boundary	values	will	be	enough	to	numerically	
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calculate	 the	 solution	 at	 any	 point	 in	 the	 fluid	 domain.	 Consequently,	 it	 is	 not	
necessary	 to	 mesh	 the	 whole	 flow	 as	 in	 CFD,	 which	 explains	 why	 it	 is	 much	 less	
expensive.	Because	the	system	is	linear,	the	boundary	values	can	be	constructed	as	a	
linear	combination	of	the	elementary	solutions	of	Laplace’s	equation.	
	
	 The	 boundary	 is	 split	 into	 panels,	 defined	 in	 the	 geometry,	 and	 the	 flow	 is	
calculated	 using	 a	 linear	 combination	 of	 the	 induced	 perturbations	 of	 each	 of	 these	
panels.	It	is	where	the	name	“Panel	Method”	came	from.	
	
	 The	main	assumptions	are	that	the	flow	is	:	

• Incompressible,	so	with	a	low	Mach	number	(𝑀� < 0.3)	
• Inviscid,	in	the	fluid	domain	
• Irrotational	 apart	 from	 singularities	 because	 the	 vorticity	 is	 concentrated	 in	

the	boundary	of	the	fluid	domain.	Indeed,	away	from	the	solid	boundaries	and	
from	the	wakes,	the	effect	of	viscous	forces	tends	to	be	negligible	compared	to	
the	effects	of	inertial	forces.	Thus,	the	boundary	layers	for	the	solid	bodies	and	
the	wakes	are	considered	as	infinitely	thin.		

	
	

3.3.2. Governing	equation	
	
	 The	behavior	of	the	fluid	is	described	by	the	Navier-Stokes	equations,	and	with	
the	 hypotheses	 of	 incompressibility,	 inviscidity	 and	 irrotationality	 (except	 at	 the	
singularities),	it	gives	:	
	
Navier-Stokes	equations	:	

𝜕𝑈
𝜕𝑡

+ 𝑈. ∇ 𝑈 = 	
1
𝜌
∇𝑝 + 	𝜈∆𝑈	

	
Mass	conservation	:	

∇. 𝑈 = 0	
	
Irrotational	:	

∇×𝑈 = 0	
	

3.3.2.1. Laplace	Equation	
	
	
	 The	velocity	can	be	decomposed	thanks	to	a	Helmholtz	decomposition	into	an	
irrotational	 term	 ∇Φ	 and	 a	 rotational	 term	 ∇×𝐴	 that	 is	 neglected	 thanks	 to	 the	
assumptions.	Therefore	:	
	

𝑈 =	∇Φ +	∇×𝐴 = 	∇Φ	
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	 Thanks	 to	 the	 mass	 conservation	 for	 an	 incompressible	 flow,	 the	 Laplace	
equation	is	respected	for	the	potential	Φ	:	
	

∆Φ = 0	
	

3.3.2.2. Boundary	Condition	
	
	 The	flow	cannot	penetrate	the	boundaries	(solid	bodies),	accordingly	there	is	a	
Neumann	 boundary	 condition	 for	 the	 Laplace	 equation	 :	 on	 the	 solid	 surface	 no	
normal	velocity	can	appear	:	
	

𝑈. 𝑛 = ∇Φ. 𝑛 = 	
𝜕Φ
𝜕𝑛

= 0	
	
	 The	other	boundary	condition	is	that	far	from	the	solid	surface	the	flow	reach	
the	same	velocity	value	as	the	freestream	velocity	upstream	of	the	body,	which	gives	
the	condition	(with	r	the	norm	of	the	position)	:	
	

lim
~→#

∇Φ =	𝑈#	
	

3.3.2.3. Kutta-Joukowski	theorem	
	
	 The	vorticity	𝛾	and	the	rotation	𝜔	of	the	fluid	are	defined	as	:	
	

𝛾 = 2	𝜔 = 	∇×𝑈	
	
	 The	 circulation	 Γ	 is	 the	 integral	 of	 the	 fluid	 element	 velocity	 along	 a	 closed	
curve	L,	surrounding	a	surface	S	with	a	unit	normal	𝑛	:	
	

Γ = 	 𝑈. 𝑑𝑙 = 	 𝛾𝑑𝑆.
	

�

	

�
𝑛	

	
	
	 A	vortex	 line	 is	defined	as	a	 line	whose	 tangent	 is	everywhere	parallel	 to	 the	
local	vorticity	vector.	
	 A	 vortex	 tube	 is	 volume	 inside	 all	 the	 vortex	 lines	 drawn	 at	 each	 point	 of	 a	
closed	curve.	
	 A	 vortex	 filament	 is	 a	 vortex	 tube	 whose	 cross-section	 is	 of	 infinitesimal	
dimensions.	 Hence,	 a	 vortex	 filament	 is	 a	 line	 of	 concentrated	 vorticity	 Γ,	 that	 will	
induces	 flow	velocities	 in	 its	neighborhood,	depending	on	 the	distance	𝑟	 of	 the	 flow	
element	to	the	filament.	
	
	 Some	theorems	that	describe	the	vortex	filament	are	recalled.	
	
Helmholtz’s	theorems	:	
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	 In	 an	 incompressible	 and	 inviscid	 flow,	 Helmholtz’s	 theorems	 describes	 the	
motion	of	the	fluid	at	the	proximity	of	a	vortex	filament	:	

• Helmholtz’s	1st	theorem	:	The	strength	of	a	vortex	filament	is	constant	along	its	
length	

• Helmholtz’s	 2nd	 theorem	 :	 A	 vortex	 filament	 cannot	 end	 in	 a	 fluid;	 it	 must	
extend	the	boundaries	of	 the	 fluid.	The	vortex	 line	must	be	closed,	extend	to	
infinity,	or	end	at	a	solid	boundary.	

• Helmholtz’s	3rd	 theorem	 :	 In	the	absence	of	rotational	external	 forces,	a	 fluid	
that	is	initially	irrotational	remains	irrotational.	

	
	
Kelvin’s	circulation	theorem	:	
In	 a	 barotropic	 ideal	 fluid	with	 conservative	 body	 forces,	 the	 circulation	 Γ	 around	 a	
closed	curve	moving	with	the	fluid	remains	constant	with	time	:	
	

𝐷Γ
𝐷𝑡

= 0	
	
	
Kutta-Joukowski	theorem	:	
	 In	an	 inviscid	 irrotational	flow,	any	2D	body	 in	relative	motion	to	the	ambient	
fluid,	 with	 a	 velocity	 U,	 a	 circulation	 Γ	 and	 a	 density	 of	 ρ,	 has	 a	 lift	 force	 L,	
perpendicular	to	U,	of	magnitude	:	
	

𝐿 = 	−𝜌𝑈Γ	
	
	 For	a	finite	blade	of	span	b	with	a	constant	airfoil	and	a	circulation	Γbound	at	the	
quarter	chord	:	
	

𝐿 = 	−𝜌𝑈 Γ�89�0 𝑦 𝑑𝑦
�
.

��.

	

	
	
	

3.3.2.4. Lifting	Line	Method	
	
	 The	lifting	line	method	is	a	method	used	in	order	to	simulate	a	3D	finite	wing	in	
a	 flow	stream	with	a	velocity	of	𝑈#	and	a	given	angle	of	attack	α,	with	a	calculation	
method	based	on	vortex	filaments.	The	idea	of	this	method	is	that	the	lift	produced	by	
a	 3D	 wing	 can	 be	modeled	 by	 a	 series	 of	 vortex	 filament	 oriented	 in	 the	 spanwise	
direction	of	 the	wing,	 called	bound	vortices.	 Indeed	 the	Kutta-Joukowski	 theorem	as	
described	 in	 3.3.2.3	 gives	 a	 value	 for	 the	 lift	 force	 per	 unit	 span	 in	 function	 of	 the	
circulation,	so	the	vorticity	over	a	surface.	
	 Using	Helmholtz’s	 first	and	second	theorem	stating	that	the	circulation	over	a	
vortex	 filament	 is	 constant	 and	 that	 the	 vortex	 filament	must	 form	a	 closed	 loop	or	
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extends	out	to	infinity,	therefore,	the	lift	can	be	modeled	as	a	horseshoe	vortex	behind	
the	wing.	The	third	theorem	implies	a	potential	flow.	As	a	result,	a	complete	wing	can	
be	modeled	by	a	series	of	closed	vortex	filaments	Γi.	
	
	 For	an	 incompressible	and	 inviscid	 flow,	 the	wing	can	be	modeled	as	a	 single	
bound	vortex	line,	 located	at	one	quarter	of	the	chord,	behind	the	leading	edge,	and	
the	associated	 shed	vortex	 sheet.	 For	each	 lifting	 line	 span	element,	 a	bound	vortex	
corresponds	 to	 one	 control	 points,	 one	 shed	 vortex	 per	 time	 step	 and	 two	 trailing	
vorticies	over	time	step.	They	are	moved	away	from	the	wing	by	the	wake	evolution	in	
time	(Figure	6).		
	
	
	

Figure	6	:	Lifting	line	model	with	bound	vortices,	collocation	points	and	wake	elements	[12]	

	
	 The	 lifting	 line	 method	 algorithm	 is	 initialized	 with	 an	 approximate	 value	 of	
Γbound.	Then,	for	each	iteration,	the	algorithm	calculates	the	induced	velocity	due	to	the	
wake	𝑢��0,����	and	the	body	influence	𝑢��0,�80�	at	the	control	points.	Hence,	the	real	
AoA	is	determined	from	the	relative	velocity	:	
	

𝑢~�* = 	𝑈# +	𝑢��0,�80� +	𝑢��0,���� −		𝑈18:�8�	
	
	 The	 lift	 is	 deduced	 from	 polar	 curves,	 relative	 to	 the	 blade	 elements,	 thus	
allowing	 the	 calculation	 of	 Γbound,	 thanks	 to	 the	 Kutta-Joukowski	 theorem,	 and	 the	
deduction	of	Γshed	and	Γtrail	via	the	formulas	:		
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Γ�89�0 = 	 Γ� �0

	

����

	

	
Γ� �0 𝑧, 𝑡 = 	 Γ�89�0 𝑧, 𝑡 − Γ�89�0 𝑧, 𝑡 − ∆𝑡 		

	
Γ:~�¢* 𝑧, 𝑡 = 	 Γ�89�0 𝑧, 𝑡 − Γ�89�0 𝑧 − ∆𝑧, 𝑡 	

	

3.3.2.5. Vortex	methods	
	
	 For	the	vortex	method,	the	vorticity	is	a	characteristic	variable	of	the	flow	and	it	
can	be	modeled	via	vortex	panels,	 tracked	over	time	 in	a	Lagrangian	way	 in	order	to	
reshape	the	wake.	The	Lagrangian	method	in	3D	avoids	diffusion	and	the	conservation	
of	 vorticity	 is	 done	with	 the	 surface	meshes’	 connectivity	 on	 the	 vortex	 panels.	 The	
blades	are	modeled	by	singular	vortices	distributed	along	a	line	for	a	lifting	line	model	
or	along	a	surface	in	a	panel	description	of	the	blade	for	a	vortex	panel	method.	
	 However	it	is	difficult	to	model	properly	interaction	between	wake	panel	when	
they	are	stretched,	advected	or	in	a	complex	reconnection.	
	
	

3.3.3. Vortex	Panel	Method	
	
	 The	 vortex	 panel	 method	 considers	 a	 real	 profile,	 so	 a	 continuous	 profile,	 a	
continuous	 wake	 and	 a	 boundary	 layer,	 representing	 the	 real	 behavior	 of	 the	 flow	
(Figure	7,	 left).	With	 the	previous	hypothesis,	 the	wake	and	 the	boundary	 layers	are	
considered	as	infinitely	thin.	The	wake	is	then	discretized	with	a	lifting	line	method	into	
3D	surfaces	that	will	represent	a	shear	layer	in	the	flow	(Figure	7,	middle).	Finally	the	
profile	is	discretized	and	replaced	by	a	finite	number	of	flat	panels	(Figure	7,	right).	
	
	

	
Figure	7	:	Real	flow	behavior,	wake	discretization	and	vortex	panel	method	discretization	

	

Figure	8	:	Representation	of	one	panel	with	its	vortex	ring	and	control	point	
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	 For	each	panel,	a	vortex	ring	follows	its	borders	and	the	vortices	rotate	around	
this	 ring	 (see	Figure	8).	These	vortices	 induce	a	velocity	at	 the	control	point	𝑢��0.	 In	
this	velocity	there	is	the	wake	influence	𝑢����	and	the	body	influence	𝑢�80�.		
	

𝑢��0 = 	𝑢���� +	𝑢�80�	
	 Moreover,	 the	 freestream	 velocity	𝑈#	 and	 the	 motion	 of	 the	 blade	𝑈18:�8�	
should	 be	 added	 to	 calculate	 the	 relation	 speed	𝑢~�* 	 of	 the	 panel,	which	 should	 be	
parallel	 to	 the	panel	 surface	 in	 order	 to	 respect	 the	Neumann	 condition.	 The	whole	
panel	vortex	algorithm	is	based	on	the	determination	of	these	induced	velocities.	
	

𝑢~�* = 	𝑈# +	𝑢��0 −		𝑈18:�8�	
	
	
	 The	induced	velocity	is	proportional	to	the	vortex	strength	and	is	calculated	by	
the	law	of	Biot-Savart,	with	𝑟	the	vector	between	the	control	point	and	the	vortex	ring,	
𝑑𝑙	along	that	ring	and	𝛾	the	intensity	of	the	singularity	:	
	

𝑢��0 = 	
𝛾
2𝜋

𝑟×𝑑𝑙
𝑟 B

	

A
	

	
	 Usually,	 this	 integral	 is	split	 into	four	 integrals	 for	each	segment	of	the	vortex	
ring.		
	
	 For	 a	 panel	 of	 control	 point	 𝑖,	 there	 is	𝑢��0(𝑖)¤,	 the	 velocity	 induced	 by	 the	
vortex	 ring	 𝑗.	 Accordingly,	 an	 influence	 coefficient	 𝑎	 can	 be	 defined	 as	 the	 panel	
induced	velocity	for	a	vortex	strength	of	𝛾 = 1.	
	

𝑎 𝑖, 𝑗 = 	𝑢��0	(𝛾 = 1)(𝑖)¤ 	
	
	 As	 a	 consequence,	 it	 is	 possible	 to	 write	 the	 velocity	 induced	 at	 the	 control	
point	𝑖	if	there	are	𝑛	vortex	rings	:	

𝑢��0 𝑖 = 	 𝛾�𝑎(𝑖, 𝑘)
�

�§6

	

	
	 The	Neumann	condition	has	 to	be	 satisfied	at	 every	 control	point.	 Therefore,	
the	freestream	velocity	has	to	compensate	the	induced	velocity	in	the	normal	direction	
of	the	panel	:	

𝑢��0. 𝑛 = −𝑈#. 𝑛	
	
	 Combining	the	two	previous	equations,	a	system	can	be	obtained	for	the	whole	
wing	and	the	influence	of	the	wake,	and	written	in	matrix	form.	The	matrix	A=ai,j	is	of	
dimension	 (m	x	n),	with	m	 the	number	of	control	points	and	n	 the	number	of	vortex	
rings.	 This	 matrix	 is	 called	 Aerodynamic	 Influence	 Coefficient	 (AIC).	 It	 takes	 into	
account	 the	 influence	 of	 panels	 on	 each	 other.	 After	 projection	 along	 the	 normal	
vectors,	the	system	becomes	:	
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𝑎6,6 𝑎6,. ⋯ 𝑎6,�
𝑎.,6 𝑎.,. … 𝑎6,�
⋮ ⋮ ⋱ ⋮

𝑎1,6 𝑎1,. ⋯ 𝑎1,�

		

𝛾6
𝛾.
⋮
𝛾�

= 	−	

𝑈#,6
𝑈#,.
⋮

𝑈#,1

	

	
	 This	provides	a	set	of	equations	which	cannot	be	solved	for	all	the	𝛾	of	the	body	
and	the	wake,	because	there	are	too	many	unknowns.	However,	 the	Kutta	condition	
states	no	velocity	and	no	cross-flow	at	the	trailing	edge.	Hence,	some	solutions	of	the	
system	can	be	found	by	setting	the	strength	of	the	last	vortex	rings	of	the	blade	equal	
to	the	strength	of	the	first	vortex	rings	of	the	wake.		
	 Once	the	matrix	is	solved,	the	vortices	strength	gives	the	local	force	𝐹	for	each	
control	point	thanks	to	the	Kutta-Joukowski	theorem.		
	
	 That	model	takes	into	account	the	influence	of	the	wake	on	the	body,	but	not	
the	 influence	 of	 the	 body	 on	 the	 wake	 nor	 the	 influence	 of	 the	 wake	 on	 itself.	
Consequently,	some	supplementary	matrices	are	implemented	in	the	code	to	take	into	
account	the	impact	of	the	blades	on	the	wake,	as	well	as	the	influence	of	each	blade	
on	the	other	ones,	and	the	advection	of	the	wake.	
	

3.3.4. Angle	of	attack	and	viscous	corrections	
	
	 Since	the	vortex	panel	method	assumes	an	inviscid	flow,	it	is	necessary	to	apply	
a	 correction.	 This	 part	 describes	 briefly	 how	 the	 aerodynamic	 coefficients	 are	
calculated	and	how	the	viscous	correction	is	applied.	
	
Pressure,	AoA	and	Aerodynamic	coefficients	:	
	
	 The	pressure	inside	the	flow	domain	Ω	is	of	no	interest,	but	the	pressure	at	the	
boundary	of	 the	domain,	𝜕Ω,	can	be	calculated	from	the	gradient	of	 the	disturbance	
potential	Φ	and	the	contribution	of	the	outer	flow,	thanks	to	the	Bernoulli	equation,	
whose	hypotheses	are	fulfilled.	
	
	 The	 AoA	 and	 the	 lift	 and	 drag	 coefficients	 can	 be	 calculated	 with	 different	
methods,	using	polar	tables	already	measured	for	the	airfoil.	The	AoA	measurement	is	
a	complex	topic	for	wind	turbines	because	the	free	stream	velocity	in	a	wind	turbine	is	
more	ambiguous	due	to	the	rotation	of	the	blade.	Accordingly,	the	AoA	can	be	defined	
geometrically,	 from	 the	 velocity	 at	 a	 certain	 point	 or	 from	 the	 integration	 of	 the	
pressure	 around	 the	 airfoil.	 The	 aerodynamic	 coefficients	 are	 then	derived	 from	 the	
measurement	of	the	AoA.		
	 For	 Ardema3D	 computation,	 the	 method	 used	 is	 the	 integration	 of	 the	
pressure.	The	inviscid	flow	around	the	airfoil	is	integrated,	hence	giving	a	value	for	the	
lift	force,	which	is	then	use	to	find	the	value	of	the	AoA	with	the	inviscid	polars.	
	 In	 section	 4,	 the	 comparison	 of	 the	 AoA	 between	 YALES2	 and	 Ardema3D	 is	
done	using	the	AoA	of	Ardema3D	coming	from	the	velocity	at	the	quarter	chord,	even	
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though	this	AoA	is	not	the	same	as	the	AoA	used	to	make	the	calculation	(which	comes	
from	the	integration	of	the	pressure).	
	
Viscous	simulations	:	force	and	wake	reduction	:	
	
	 In	order	to	take	into	account	the	viscosity	of	the	fluid,	the	value	of	lift	and	drag	
coefficient	 will	 be	 read	 from	 the	 viscous	 polars.	 To	 define	 the	 viscous	 forces,	 a	
reduction	factor	is	calculated	via	the	lift	coefficient	from	inviscid	and	viscous	polars	for	
a	selected	AoA	:	
	

𝑅𝐹 = 	
𝐶*,¬¢�v89�
𝐶*,¢�¬¢�v¢0

	

	
	 This	reduction	factor	will	be	used	to	correct	the	inviscid	forces.	
	 A	model	 for	 the	 dynamic	 stall	 can	 also	 be	 used.	 The	 viscous	 forces	 keep	 the	
direction	of	the	inviscid	forces	(coming	from	the	integration	of	the	pressure	around	the	
blade)	for	the	lift,	and	then	it	is	modified	to	take	into	account	the	viscous	drag	applied	
on	 the	direction	of	 the	 relative	 flow	 to	a	given	element.	There	 it	will	depend	on	 the	
AoA	definition.	
	 In	the	same	way,	a	reduction	factor	can	be	used	to	reduce	the	wake	to	take	into	
account	the	viscosity	effects.		
	 Pictures	of	the	wake	in	Ardema3D	are	in	the	appendix	A.	
	

3.4. LES	with	Actuator	Line	Model	
	
	 Computational	Fluid	Dynamic	(CFD)	is	a	classical	method	of	simulation.	It	is	very	
precise	and	does	not	require	having	strong	assumptions	or	experimental	corrections,	
but	 the	 cost	 in	 terms	 of	 calculation	 time	 is	 very	 high,	 compared	 to	 vortex	 panel	
methods	or	BEM.	
	 Different	model	exist	to	solve	a	flow	with	CFD.	The	Direct	Numerical	Simulation	
(DNS)	is	the	most	accurate,	since	it	solves	the	full	range	of	turbulence	scales,	with	fine	
mesh	but	in	such	configuration	of	space	and	time	scales	required	for	a	wind	turbine,	it	
is	not	affordable,	due	to	the	mesh	requirement.	As	a	result,	the	Large	Eddy	Simulation	
(LES)	will	be	used	for	the	flow,	since	it	solves	the	largest	scales	of	the	turbulence	while	
the	small	scales	are	modeled,	but	not	computed,	allowing	a	strong	increase	of	the	cell	
size.	
	 As	for	the	turbine,	the	blade	geometry	cannot	be	meshed	even	with	LES	since	
very	 smalls	 meshes	 will	 be	 required,	 accordingly	 the	 method	 of	 the	 Actuator	 Line	
Model	(ALM)	will	be	used	[13].	For	this	master	thesis,	the	size	of	the	mesh	cell	is	about	
the	size	of	the	chord	of	the	blade.	In	another	study	of	Adwen	with	the	CORIA,	an	airfoil	
is	modeled	and	the	cell	size	is	about	10e5	smaller	than	the	chord.	
	 Both	LES	and	ALM	methods	are	described	in	the	following	parts.	
	

3.4.1. LES	method	
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	 The	Large	Eddy	Simulation	 (LES)	method	has	been	used	since	1970	and	has	a	
large	range	of	application.	It	is	based	on	the	simulation	of	the	large	eddies	and	the	use	
of	models	 for	 the	smaller	ones.	 It	allows	having	 less	 refined	mesh	 than	 for	DNS	 that	
will	be	less	costly	in	terms	of	calculation	time,	but	that	will	allow	a	good	precision	on	
large	scale.	
	
	 In	order	to	do	it,	the	Navier-Stokes	equation	is	not	solved,	but	it	is	a	filtering	of	
the	equation	that	will	be	solved.	The	filtering	operator	is	a	convolution	with	kernel	G	
which	can	be	as	simple	as	an	average	or	a	gaussien	curve	hence	using	an	operator	of	
the	type	(with	Ω	the	whole	domain,	r	the	distance	and	𝜑	a	parameter	of	the	flow)	:	
	

𝜑(𝑟) = 𝜑(𝑟])𝐺(𝑟 − 𝑟])𝑑𝑟′
	

®
	

	
	 So	 the	 Navier-Stokes	 equations	 for	 an	 incompressible	 flow	 to	 which	 this	
operator	is	applied	becomes	:	
	

∇. 𝑢 = 0	
	

𝜕𝑢
𝜕𝑡
+ 𝑢. ∇ 𝑢 = −

1
𝜌
∇𝑝 + 𝜐∇.𝑢 + ∇. 𝜏± + 𝜇	

	
	 With	ρ	the	density,	p	the	pressure,	ν	the	kinematic	viscosity.	𝜏±	is	the	modeled	
subgrid-scale	stress	tensor	which	is	a	model	for	the	flow	for	the	scale	smaller	than	the	
mesh;	this	model	is	required	in	order	to	compensate	the	loss	of	information	due	to	the	
filtering	 of	 the	 equation.	 A	 source	 term	𝜇	 is	 introduced	 in	 the	 equation	 in	 order	 to	
model	the	effect	of	the	rotor	of	the	wind	turbine	on	the	flow.	
	 The	subgrid	scale	used	in	this	study	is	a	𝜎-model.	The	𝜎-model	provides	results	
of	a	similar	quality	than	the	Smagorinsky	model,	but	for	a	 lower	cost	when	there	are	
walls	[14].	

3.4.2. Actuator	Line	Model	
	
	 Due	 to	 the	multi-scale	 nature	 of	 the	 problem,	 a	 simultaneous	 solving	 of	 the	
boundary	 layers	of	 the	blade	of	 the	 turbine	and	 the	wake	over	 long	distances	 is	not	
computationally	affordable.	The	Actuator	Line	Model	(ALM)	is	a	model	that	consists	in	
modeling	 the	 influence	 of	 the	 wind	 turbine	 on	 the	 flow,	 by	 imposing	 body	 forces	
distributed	along	rotating	lines.	This	is	represented	as	the	source	term	𝜇	in	the	filtered	
Navier-Stokes	equations.	As	a	consequence,	the	boundary	layer	is	not	simulated	and	it	
allows	using	a	less	refined	mesh.	
	 In	the	ALM,	the	blades	are	discretized	along	the	span	and	a	rotation	motion	is	
prescribed.	The	forces	used	are	coming	from	the	polars	for	the	lift	and	drag	coefficient	
for	the	airfoil	composing	the	blade	(see	3.1).	The	polars	are	fitted	with	fitting	curve	in	
order	 to	 avoid	 using	 look-up	 tables.	With	 L	 the	 lift	 and	 D	 the	 drag	 force,	 the	 force	
applied	is	:	
	

𝑓� = 𝐿𝑒� + 𝐷𝑒µ	



30	
	
	

	
	 In	 order	 to	 have	 a	 continuous	 force	 in	 the	 flow,	 a	 model	 of	 mollication	 is	
introduce	 (see	 Figure	 9).	 Therefore	 the	 force	will	 not	 introduce	 a	 singularity	 on	 one	
element	in	the	mesh,	but	a	smooth	force	on	several	element	of	the	mesh	(see	Figure	
10)	
	

	
Figure	9	:	Mollication	for	the	Actuator	Line	

Figure	10	:	Mollification	effect	at	the	mesh	scale	

	
	 The	mollifier	is	defined	as	(with	d	the	distance	to	the	application	point)	:	
	

𝜂 𝑑 =
1

𝜖B𝜋B/.
exp	 −

𝑑
𝜖

.

	

	
	 With	 the	 regularization	 parameter	𝜖	 such	 as	𝜖 = 2𝛿,	where	𝛿	 is	 the	 actuator	
line	 element	 size.	 Thus,	 the	 force	 f	 will	 be,	 with	 N	 the	 number	 of	 element	 of	 the	
actuator	line	and	𝑟�	the	position	of	the	element	i	of	the	actuator	line	:	

𝑓 𝑟, 𝑡 = 	 (𝐿𝑒� + 𝐷𝑒µ

o

¢§6

)𝜂( 𝑟 − 𝑟� )	

	 The	actuator	line	is	the	prevailing	method	in	LES	simulations	for	wind	turbines.	
Indeed,	it	allows	studying	the	wake	of	a	wind	turbine	with	an	important	accuracy	and	
with	an	affordable	computational	time.	 	
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4. Validation	of	the	far	wake	model	in	Ardema3D	
	

4.1. The	Experiment	and	numerical	hypotheses	
	

4.1.1. The	Experiment	
	
	 It	 is	very	difficult	to	validate	an	aerodynamic	code	for	wind	turbines	based	on	
full	 scale	 turbine	 measurement.	 Indeed,	 the	 result	 of	 the	 simulation	 will	 be	 highly	
dependent	 on	 the	 turbulent	 inlet	 wind	 which	 is	 difficult	 to	 measure.	 Furthermore,	
modern	wind	turbines	are	more	and	more	elastic,	thus	the	aerodynamic	code	must	be	
coupled	to	a	structural	solver	to	get	correct	simulations	of	such	turbines	(for	the	INWIT	
project,	this	is	the	purpose	of	the	code	FARDEMAST).		
	
	 The	NTNU	Wind	Turbine	Experiment	(Figure	11)	was	an	experiment	of	Eriksen	
and	 Krogstad	 at	 the	 Norwegian	 University	 of	 Science	 and	 Technology	 (NTNU)	 in	
Trondheim	 in	 Norway	 [15].	 	 It	 is	 an	 experiment	 in	 a	 wind	 tunnel,	 hence	 with	 a	
controlled	 wind,	 for	 a	 small	 wind	 turbine,	 accordingly	 with	 negligible	 elastic	
deformations.	It	is	consequently	a	very	interesting	case	to	validate	aerodynamic	codes.	
	
	 The	experiment	uses	a	small	wind	turbine	of	D	=	0.90	m	of	diameter	in	a	wind	
tunnel	1.8	m	wide,	2.7	m	high	and	11.15	m	 long.	The	aim	of	 the	experiment	was	 to	
have	a	better	understanding	of	the	aerodynamics	of	the	wake.	
	 The	experiment	ran	with	a	wind	at	10	m/s,	with	turbulence	 intensity	of	0.3%,	
for	a	TSR	of	3,	6	and	10.	The	results	are	the	measurements	of	the	velocity	of	the	wake	
at	a	distance	X	of	the	turbine,	such	as	:	X/D	=	1,	3	and	5.		
	
	 The	blades	have	a	non-uniform	twist	angle	and	chord	length	distributions.	The	
profile	 is	a	NREL	S826.	The	hub	has	a	radius	of	0.045	m,	hence	the	blade	has	a	span	
going	from	0.045	m	to	0.45	m.	The	hub	is	at	0.817	m	above	the	ground.			

Figure	11	:	Photo	of	the	NTNU	wind	turbine	
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4.1.2. Numerical	hypotheses	
	

4.1.2.1. General	assumptions	
	
	 In	order	to	run	the	simulations,	several	assumptions	have	been	done.		
	
	 The	turbulence	intensity	is	set	to	0%,	since	it	is	very	low	in	the	experiment,	as	a	
result,	a	uniform	wind	is	considered.		
	
	 The	blades	have	a	twist	angle	and	a	chord	 length	which	have	been	calculated	
based	on	the	description	of	the	case,	and	then	using	a	fitting	curve,	in	order	to	be	able	
to	choose	the	number	of	element	in	the	blade.	Moreover,	because	the	vortex	method	
and	the	actuator	line	method	are	using	polars	to	compute	the	forces,	the	polars	of	the	
profile	are	also	computed	thanks	to	a	fitting	curve.		
	 Since	 YALES2	 has	 no	 module	 to	 take	 into	 account	 the	 dynamic	 stall,	 the	
correction	of	this	effect	in	Ardema3D	has	been	removed.	
	
	 The	simulations	have	been	done	only	for	TSR	3	and	6.	The	simulations	are	done	
first	only	using	the	rotor,	with	no	modelling	of	the	hub	or	the	tower.	The	second	part	
was	using	all	the	geometry,	with	also	the	walls	that	are	present	in	the	experiment.	
	
	

4.1.2.2. Assumptions	for	ARDEMA3D	
	

Figure	12:	Geometry	setup	for	Ardema3D	

	
	 In	Ardema3D,	the	simulation	has	been	done	with	a	segmentation	of	the	blade	
into	20	sections.	An	element	is	the	volume	defined	between	two	sections.	The	5	first	
sections	 (from	a	span	of	0.045	 to	0.0675	meter)	are	defined	as	non-lifting	elements,	
meaning	that	the	elements	will	not	produce	wake	panels.		
	 Indeed,	 in	order	 to	have	a	smooth	geometry,	 the	sections	 for	 these	elements	
are	going	from	a	cylinder	shape	to	a	S826	profile.	Because	there	are	no	clear	trailing	
edges,	 it	 is	 difficult	 to	 create	 a	 wake	 panel	 for	 these	 profiles.	 Moreover,	 the	 polar	
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associated	with	these	sections	are	the	polar	for	a	cylinder	shape,	since	it	was	difficult	
to	compute	it	for	a	mixed	profile.	
	 The	 15	 others	 sections	 are	 distributed	 along	 the	 span	 following	 a	 cosine	
function,	in	order	to	have	a	vortex	roll-up	of	the	trailing	vortices.	
	
	 In	 Ardema3D,	 there	 is	 choice	 for	 the	 user	 to	 use	 single	 or	 double	 digit	
precisions.	 This	 choice	 is	 a	 tradeoff	 between	 precision	 and	 simulation	 cost,	which	 is	
indeed	about	twice	higher	in	double	precision.	For	most	simulations	in	Ardema3D	the	
single	precision	gives	enough	satisfactory	results.		
	 However,	 the	 NTNU	 case	 pointed	 out	 a	 bug	 in	 the	 implementation	 of	
Ardema3D.	Indeed,	because	the	scale	of	the	NTNU	turbine	is	about	100	times	smaller	
than	 for	 a	 real	wind	 turbine,	 the	 function	was	 ironing	 out	 a	 lot	 of	 vortices	 in	 single	
precision,	 consequently	 leading	 to	 a	 wrong	 calculation.	 The	 function	 has	 been	
corrected,	in	order	to	improve	its	efficiency	for	small	scale,	still,	some	effects	were	still	
noticeable,	so	the	simulations	were	ran	with	double	digit	precisions.	
	
	 For	 the	 complete	 geometry	 case	 (Figure	 12),	 a	 wake	 deficit	 model	 is	 used.	
Indeed,	Ardema3D	do	not	model	the	massive	detached	flow	that	can	be	observed	for	
the	 tower.	 As	 a	 result,	 an	 empirical	 correction	 has	 been	 added	 to	 create	 a	 velocity	
deficit	downstream	the	tower	and	the	nacelle.	Nonetheless,	the	correction	will	only	be	
a	reduction	factor,	thus	not	adding	any	radial	velocity.	
	 Moreover,	 a	 regularization	 parameter	 will	 be	 added	 in	 order	 to	 smooth	 the	
singularities,	which	will	make	a	more	stable	and	realistic	advection	of	 the	wake.	This	
factor	 will	 allow	 avoiding	 a	 too	 important	 speed	 close	 to	 a	 vortex,	 so	 reducing	 the	
numerical	noise	in	the	wake.	
	
	 The	 sensitivity	 tests	 on	 Ardema3D	were	 previously	 done	 to	 know	 how	many	
turns	of	the	turbine	should	be	done	in	order	to	have	a	convergence	to	less	than	0.5%	
of	the	final	results	in	torque.	The	study	showed	that	it	takes	10	turns	at	TSR	4	and	25	
turns	at	TSR	8,	due	 to	more	 important	 inductions	 in	 the	wake.	Because	 this	 study	 is	
focused	on	the	wake,	the	number	of	turns	has	been	increased	a	bit	(see	Table	1).	
	 As	for	the	computational	hardware,	to	run	Ardema3D,	one	GPU	is	used	for	the	
most	costly	operation.	About	10	CPU	are	used,	however,	this	is	not	a	fix	number.	
	
	 The	computational	time	is	quite	low	compared	to	YALES2	(see	Table	2),	which	
can	take	more	than	a	day	to	run	a	simulation,	with	even	more	CPUs.	
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	 Number	of	turns	 Time	 Requirements	

TSR3	
Rotor	Only	

15	turns	 36	min	 1	GPU	
~10	CPUs	

TSR6	
Rotor	Only	

25	turns	 1h16	min	 1	GPU	
~10	CPUs	

TSR3	
Complete	
Geometry	

15	turns	 1h38	min	 1	GPU	
~10	CPUs	

TSR6	
Complete	
Geometry	

25	turns	 3h26	min	 1	GPU	
~10	CPUs	

Table	1	:	Computational	parameters	for	Ardema3D	

	
	

4.1.2.3. Assumptions	for	YALES2	
	
	 The	simulation	with	YALES2	were	run	with	an	unstructured	mesh.	The	mesh	can	
be	refined	to	 increase	the	size	of	the	mesh.	 Indeed,	the	simulation	were	run	at	 least	
two	 times	with	 a	minimum	mesh	 size	 of	 0.04m	 (RAF0),	 in	 order	 to	make	 sure	 that	
there	are	no	obvious	issue	and	then	with	a	minimum	mesh	size	of	0.02m	(RAF1).		
	 One	case,	the	TSR6,	has	also	been	launched	with	a	minimum	mesh	size	of	0.01	
(RAF2),	however,	sensitivity	tests	showed	that	there	was	as	much	information	in	RAF1	
as	in	RAF2.	
	 Depending	on	the	case,	the	actuator	line	is	divided	in	more	or	less	sections.	In	
RAF0,	there	are	17	sections	per	blades,	in	RAF1	49	sections	per	blades	and	99	sections	
per	blades	in	RAF2.		
	
	 In	 YALES2,	 the	 forces	 are	 applied	 on	 the	 fluid,	 thus,	 there	 is	 a	 need	 to	 know	
these	forces.	It	can	be	done	using	the	polar	curves,	but	also	using	the	forces	extracted	
from	Ardema3D	and	put	back	into	YALES2.	From	now,	the	case	where	a	polar	curve	is	
used	will	be	referred	as	“Polar”	and	the	case	using	the	forces	from	Ardema3D	will	be	
referred	 as	 “A3D	 forces”.	 Because	 of	 the	 long	 computational	 time	 for	 YALES2,	 the	
comparison	between	 the	 case	 “Polar”	 and	 “A3D	 forces”	 has	 only	 been	done	 for	 the	
TSR6	rotor	only	case.	
	
	 The	 simulation	 should	not	be	 looked	at	after	10	 radiuses.	 Indeed,	 in	order	 to	
avoid	some	backflow	at	the	outlet	of	the	mesh,	some	numerical	treatments	are	done	
in	order	to	dissipate	the	vortices	at	the	outlet	of	the	mesh.		
	
	 The	simulation	time	is	set	to	be	the	equivalent	of	10	turns	of	the	turbine.	
	
	 A	summary	of	the	parameters	is	provided	in	the	Table	2.	
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	 Size	 of	
the	mesh	

Number	
Section	

Number	
of	turn	

Elements	
in	 the	
mesh	

Number	
of	CPU	

Number	
of	 CPU	
hours	

RAF0		 0.04	m	 17	
sections	

10	 14	M	 16	 69	hCPU	

RAF1	 0.02	m	 49	
sections	

10	 115	M	 224	 1824	
hCPU	

RAF2	 0.01	m	 99	
sections	

10	 920	M	 448	 ~14000	
hCPU	

Table	2:	Computational	parameters	for	YALES2	

	
	

4.2. 	Results	for	Rotor	Only	simulation	
	

4.2.1. Simulations	
	
	 The	list	of	the	simulations	done	is	in	the	Table	3.	
	
	 Code	 Refinement	 Forces	

	
	
TSR	3		

Ardema3D	 -	 -	

YALES2	 RAF	1	 Using	A3D	forces	

	
	
	
TSR	6	

Ardema3D	 -	 -	

YALES2	 RAF	1	 Using	A3D	forces	

YALES2	 RAF	2	 Using	Polars	

Table	3	:	List	of	the	simulations	in	rotor	only	

	
	 For	the	study	of	the	blade	aerodynamics,	the	comparison	will	be	done	on	:	

• Angle	of	Attack	(AoA)	
• Lift	and	Drag	coefficient	(Cl	and	Cd)	
• Axial	and	Tangential	forces	(Fz	and	Ft)	
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• The	axial	and	radial	velocity	field	at	a	vertical	cross-section	at	1	diameter	of	the	
rotor	(Uax	and	Urad)	

	 The	study	of	the	aerodynamics	characteristics	of	the	blade	is	directly	linked	to	
the	 effect	 of	 the	 flow	 on	 the	 blade.	 These	 parameters	 are	 essential	 for	 designing	 a	
wind	turbine.	
	
	 For	the	study	of	the	wake,	the	comparison	will	be	done	on	:	

• The	Axial	Induction	Factor	(defined	in	3.2.1)	along	horizontal	lines	downstream	
of	the	rotor	at	a	distance	X/D	=	1,	3	and	5,	like	in	the	experiment	

• The	axial	velocity	field	in	an	horizontal	cross	section	
	
	 The	 study	 of	 the	 wake	 is	 more	 important	 for	 wind	 farms	 design	 or	 other	
applications	in	wind	farms,	such	as	helicopter	delivery	in	wind	farms.	
	
	 Each	 factor	 (AoA,	Cl,	Cd,	Fz	and	Ft)	will	be	plotted	as	a	 function	of	 the	span	of	
one	blade.	The	simulation	converged	to	a	steady	state,	so	these	parameters	should	not	
change	over	 the	 time.	 Each	 velocity	 is	 an	 averaged	 velocity	 over	 the	 time,	 over	 one	
rotation.		
	

4.2.2. TSR	3	
	

4.2.2.1. Blades	aerodynamics	
	
	 The	 AoA	 is	 one	 of	 the	 most	 important	 parameter,	 because	 the	 other	
parameters	are	computed	depending	on	 it.	Accordingly,	 if	 the	AoA	 (Figure	13)	 is	not	
the	same	between	YALES2	and	Ardema3D,	the	lift	and	drag	coefficient	(Figure	14)	will	
not	be	the	same.	
	 The	issue	in	the	curve	at	18%	of	the	span	comes	from	the	change	of	method	to	
calculate	the	AoA	(see	Erreur	!	Nous	n’avons	pas	trouvé	la	source	du	renvoi.).	Indeed,	
this	 is	 the	 separation	 between	 lifting	 and	 non-lifting	 elements,	 so	 there	 is	 a	 sudden	
change	 in	 the	method	of	 computation	of	 the	AoA	:	below	18%	the	AoA	 is	 calculated	
using	the	 integration	of	the	pressure.	After	that,	 it	 is	using	the	AoA	coming	from	the	
velocity,	which	is	the	same	method	as	in	YALES2.	
	 However,	 the	 AoA	 used	 for	 the	 calculation	 of	 the	 coefficient	 is	 not	 the	 AoA	
plotted,	but	the	AoA	coming	from	the	integration	of	the	pressure,	all	along	the	span.	
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Figure	13	:	AoA	comparison	TSR3,	Rotor	Only	

	
	 From	the	AoA,	the	Cd	and	Cl	coefficients	are	easily	defined	using	polar	curves.	
The	forces	Ft	and	Fz	(Figure	15)	can	then	be	computed	by	projecting	the	drag	and	lift	
coefficient.	 In	 the	case	of	YALES2,	 the	 forces	are	 imposed	on	 the	 fluid	 thanks	 to	 the	
forces	already	computed	with	Ardema3D.	
	 The	peaks	 in	Ardema3D	are	 coming	 from	 the	 use	 of	 different	 geometries	 for	
non-lifting	elements.	Moreover,	for	these	sections,	the	geometry	is	a	mixed	geometry	
between	 the	 S826	 profile	 and	 a	 cylinder,	 using	 the	 polar	 curves	 of	 a	 cylinder.	 This	
approximation	is	done	because	the	non-lifting	elements	will	not	have	an	influence	on	
the	wake.	

	
Figure	14	:	Cl	and	Cd	coefficient	comparison,	TSR3,	Rotor	Only	

	

Figure	15	:	Ft	and	Fz	comparison,	TSR3,	Rotor	Only	

	
	 The	forces	given	to	YALES2	were	smoothed	in	order	to	reduce	the	peak,	which	
may	create	issue	in	the	code.	The	other	differences	are	coming	from	the	definition	of	
the	lift	and	drag	coefficient	explained	in	3.1.1.	 	
	
	 As	for	the	axial	and	radial	velocity	fields	at	one	diameter	away	from	the	rotor,	
there	 is	a	good	match	between	the	two	codes.	The	axial	velocity	differences	and	the	
radial	velocity	differences	are	computed	differently,	due	to	the	fact	that	there	was	no	
reference	value	for	the	radial	velocity.	
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Figure	16	:	Axial	and	Radial	velocity	fiel,	TSR3,	Rotor	Only	

	 The	main	differences	are	at	the	root	of	the	blade	where	they	are	due	to	non-
lifting	elements	in	Ardema3D,	thus	the	creation	of	a	trailing	vortex	at	the	edge	of	non-
lifting	sections	(Figure	16).	
	 The	 differences	 between	 the	 codes	 are	 differences	 that	were	 expected	 since	
the	 two	 codes	 are	 using	 completely	 different	model,	 therefore,	 the	 results	 are	 very	
satisfying.	
	

4.2.2.2. Wake	
	
	 The	 wake	 given	 in	 both	 simulations	 will	 be	 compared	 to	 the	 experimental	
results	in	section	4.3,	where	the	complete	geometry	is	done.			
	
	 The	axial	induction	factor	measured	at	X/D	=	1,	3	and	5	is	compared	since	it	is	
the	value	on	which	the	experimental	results	are	provided.		
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Figure	17	:	Axial	Induction	Factor,	TSR3,	Rotor	Only	

	
	 The	important	difference	is	the	diffusion	for	YALES2	over	the	distance,	whereas	
the	value	 in	Ardema3D	 is	still	very	high.	 It	comes	 from	the	viscous	dissipation	of	 the	
vortices	which	is	inherently	done	in	YALES2,	since	it	uses	LES.	However,	in	Ardema3D,	
the	 vortices	 are	 not	 dissipated,	 since	 the	 simulation	 is	 inviscid	 (even	 though	
corrections	are	applied	to	have	viscous	results).	The	influences	of	the	vortices	on	the	
blade	are	inversely	proportional	to	the	distance	in	the	Biot-Savart	equation	(see	3.3.3),	
still,	the	vortex	intensity	is	constant,	so,	there	are	no	dissipation	of	the	wake.	The	same	
effect	is	present	in	the	horizontal	cross	section	(Figure	18	and	Figure	19).	However,	no	
experimental	data	validate	any	models.	
	
	

	
Figure	18	:	Horizontal	cross	section,	TSR3,	Rotor	Only	
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Figure	19	:	Horizontal	cross	section	differences,	TSR3,	Rotor	Only	

	
	 This	 effect	 is	 obvious	 after	 5	 radiuses,	 where	 the	wake	 starts	 to	 dissipate	 in	
YALES2	and	not	in	Ardema3D.	
	
	

4.2.3. TSR	6	
	
	 A	TSR	of	6	is	a	more	usual	operational	condition	for	the	wind	turbine.	

4.2.3.1. Blades	aerodynamics	
	
	 The	comparison	is	done	between	Ardema3D,	YALES2	using	Ardema3D	forces	in	
RAF1	and	YALES	using	polars	forces	in	RAF2.	The	differences	between	Ardema3D	and	
YALES2	with	Ardema3D	forces	are	similar	to	the	differences	for	the	TSR3.	
	 There	are	important	differences,	due	to	the	different	method	for	computation,	
for	the	AoA	(Figure	20),	Cl	and	Cd	(Figure	21)	for	YALES2	using	polars	and	YALES2	using	
the	 forces	 from	 Ardema3D,	 however,	 since	 the	 forces	 Ft	 and	 Fz	 (Figure	 22)	 are	
relatively	close,	the	differences	will	not	impact	much	the	wake.	
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Figure	20	:	AoA	comparison,	TSR6,	Rotor	Only	

	

Figure	21	:	Cl	and	Cd	comparison,	TSR6,	Rotor	Only	

	

	
Figure	22	:	Ft	and	Fz	comparison,	TSR6,	Rotor	Only	

	 As	for	the	axial	and	radial	velocity	field	at	one	diameter	away,	there	are	more	
differences	than	for	TSR	3,	this	 is	due	to	the	fact	that	TSR	6	 is	a	more	heavily	 loaded	
case,	with	more	 inductions,	and	as	a	result,	 the	differences	are	emphasized.	There	 is	
also	an	issue	due	to	the	number	of	sections	in	Ardema3D	compared	to	YALES2,	which	
is	responsible	for	the	iso-velocity	annuli	in	the	plot.	
	 More	 differences	 are	 observed	 comparing	 Ardema3D	 to	 YALES2	 using	 the	
Ardema3D	forces	(Figure	23)	or	the	polars	(Figure	24).	Indeed,	due	to	the	differences	
in	the	forces,	there	are	more	differences	with	Ardema3D,	however	the	results	are	still	
satisfying.	
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Figure	23	:	Axial	and	Radial	velocity	comparison	for	YALES2	A3D	force	RAF1,	TSR6,	Rotor	Only	

Figure	24	:	Axial	and	Radial	velocity	comparison	for	YALES2	Polars	RAF2,	TSR6,	Rotor	Only	

	
	
	
	
	
	
	
	
	

4.2.3.2. Wake	
	
	
	 The	axial	induction	factor	is	quite	similar	for	the	three	simulations.	There	is	still	
a	difference	due	to	the	diffusion	of	the	vortices	in	the	LES	code.	Moreover,	Ardema3D	
uses	 a	 simple	 advection	 scheme	 to	 move	 the	 vortex,	 accordingly,	 the	 accuracy	 is	
limited	for	far	wake	elements.		
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Figure	25	:	Axial	Induction	Factor,	TSR6,	Rotor	Only	

	
	 The	velocity	fields	show	that	there	are	some	instabilities	in	the	wake	for	YALES2	
after	8	 radii,	due	 to	 the	wake	diffusion,	 thus	a	physical	 instability.	 In	Ardema3D,	 the	
wake	also	starts	to	be	unstable	due	to	the	use	of	an	Euler	scheme	for	the	advection	of	
the	 wake	 panels,	 thus	 a	 numerical	 instability.	 However,	 the	 comparisons	 are	 very	
correct	for	both	cases	until	6	radii	(Figure	26,	Figure	27,	Figure	28	&Figure	29).	
	

Figure	26	:	Horizontal	cross	section,	YALES	A3D	-	RAF1,	TSR6,	Rotor	Only	
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Figure	27	:	Horizontal	cross	secttion	differences,	YALES2	A3D	–	RAF1,	TSR6,	Rotor	Only	

Figure	28	:	Horizontal	cross	section,	YALES	Polars	-	RAF2,	TSR6,	Rotor	Only	
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Figure	29	:	Horizontal	cross	section	differences,	YALES2	Polars	–	RAF2,	TSR6,	Rotor	Only	

	

4.2.4. Conclusion	
	
	 The	study	of	the	rotor	only	showed	that	Ardema3D	gave	very	satisfying	results	
for	 the	 study	of	 the	 far	wake,	which	was	not	 expected	 for	 a	 vortex	panel	 code.	 The	
comparison	to	the	experiment	and	to	the	YALES2	codes	which	handles	better	the	far	
wake,	also	highlight	some	improvement	that	could	be	 implemented	on	Ardema3D	to	
improve	the	description	of	the	far	wake.	
	 As	 for	 YALES2,	 the	 comparison	 with	 Ardema3D	 for	 the	 close	 rotor	
aerodynamics	is	promising,	even	though	the	definitions	of	the	coefficients	of	drag	and	
lift	 could	 be	 improved	 to	 have	 a	 better	match	on	 those	 coefficients	when	using	 the	
forces	from	Ardema3D.	
	

4.3. Results	for	the	full	geometry	
	

4.3.1. Simulations	
	
	
	 The	list	of	simulation	is	in	Table	4.	
	
	 The	comparison	will	be	done	only	on	the	wake	since	it	 is	where	the	results	of	
the	experiment	were	collected.	
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	 Code	 Refinement	 Forces	

	
	
TSR	3		

Ardema3D	 -	 -	

YALES2	 RAF	1	 Using	Polars	

	
	
TSR	6	

Ardema3D	 -	 -	

YALES2	 RAF	1	 Using	Polars	

Table	4		:	List	of	simulation	for	the	complete	geometry	

	

4.3.2. TSR	3	
	
	 The	axial	induction	factor	had	been	compared	with	the	experimental	results	in	
Figure	30.	

Figure	30	:	Axial	Induction	Factor,	Complete	Geometry,	TSR3	

	 For	 x/D=1,	 the	 two	 codes	 give	 very	 similar	 results	 and	 are	 also	 similar	 to	 the	
experimental	 data	with	 a	 peak	 at	 the	 level	 of	 the	 nacelle	 (in	 Ardema3D,	 due	 to	 the	
wake	deficit	model).	This	 is	an	interesting	result	since	the	induction	perceived	by	the	
rotor	 is	 mostly	 due	 to	 the	 near	 wake	 induction.	 For	 x/D=3	 and	 5,	 the	 results	 from	
YALES2	have	a	similar	dynamics	compared	to	the	experiment.	However,	for	Ardema3D,	
the	dynamics	is	similar	for	the	blade	(for	y/R	=	0.1	to	1),	but	the	velocity	deficit	due	to	
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the	nacelle	is	not	very	well	describe.	The	wake	deficit	model	to	simulate	the	dynamics	
of	 the	 nacelle	 is	 not	 enough	 for	 this	 simulation,	 and	will	 be	 an	 axis	 of	 evolution	 for	
Ardema3D.		

Figure	31	:	Velocity	Field,	Top	View,	TSR3	

Figure	32	:	Velocity	Field	Difference,	Top	View,	TSR3	

	
	 On	the	velocity	fields,	there	are	some	differences	at	the	walls,	which	come	from	
the	fact	that	the	flow	is	viscous	in	YALES2	and	that	there	is	only	a	viscous	correction	in	
Ardema3D.	 Moreover,	 there	 is	 an	 increase	 of	 the	 speed	 at	 the	 nacelle	 level	 in	
Ardema3D,	since	there	 is	no	boundary	 layer.	Finally,	 the	wake	 in	Ardema3D	 is	highly	
influenced	 by	 the	 wake	 deficit	 model,	 while	 the	 effect	 of	 the	 tower	 is	 inherently	
simulated	by	YALES2	(Figure	31,	Figure	32,	Figure	33	&	Figure	34).		
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Figure	33	:	Velocity	Field,	Side	View,	TSR3	

Figure	34	:	Velocity	Field	Difference,	Side	View,	TSR3	

	

4.3.3. TSR	6	
	
	
	 Ardema3D	and	YALES2	are	compared	to	the	experimental	results	on	Figure	35.	
The	results	for	YALES2	are	very	close	to	the	experiment	for	the	far	wake.	In	Ardema3D,	
the	results	are	better	close	to	the	rotor,	but	there	is	still	an	issue	at	the	nacelle	level,	
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due	 to	 the	wake	deficit	model	 use.	 There	 is	 also	 a	dissymmetry	 in	 the	experimental	
results	which	is	also	found	in	the	two	codes,	even	though	in	different	form.	
	 At	x/D	=	5,	Ardema3D	has	a	steeper	slope,	due	to	the	inviscid	transport	of	the	
vortices.	

	
	

Figure	35	:	Axial	Induction	Factor,	Complete	Geometry,	TSR6	

	
	 The	velocity	fields	are	similar	as	for	TSR3;	however,	the	effect	of	the	nacelle	on	
the	wake	is	less	important	in	Ardema3D.	The	wake	close	to	the	rotor	is	similar	in	both	
codes	(Figure	36,	Figure	37,	Figure	38	&	Figure	39).	
	
	

Figure	36	:	Velocity	Field,	Top	View,	TSR6	
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Figure	37:	Velocity	Field	Differences,	Top	View,	TSR6	

Figure	38	:	Velocity	Field,	Side	View,	TSR6	
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Figure	39	:	Velocity	Field	Difference,	Side	View,	TSR6	

	
	
	

4.3.4. Conclusion	
	
	 Ardema3D	and	YALES2	provide	very	good	results	on	this	experiment,	both	for	
the	dynamics	of	the	blade	with	the	comparison	of	rotor	only	and	the	dynamic	of	the	
wake	with	the	experiment.	It	is	good	to	notice	that	the	velocity	is	well	described	close	
to	the	rotor,	which	is	the	place	where	the	induction	of	the	wake	is	the	most	important.	
Even	though	it	wasn’t	expected,	the	description	of	the	far	wake	of	Ardema3D	is	very	
satisfying.	
	 For	YALES2,	the	main	axis	of	improvement	should	be	the	calculation	of	the	AoA,	
which	is	a	primary	importance	for	the	computation	of	the	forces	of	the	blades	on	the	
fluid.	
	 As	 for	 Ardema3D,	 a	 more	 stable	 scheme	 than	 the	 Euler	 scheme	 for	 the	
advection	of	the	wake,	but	also	a	model	of	the	diffusion	of	the	vortices,	will	give	more	
accurate	 results	 for	 the	 far	 wake.	Moreover,	 the	 wake	 deficit	 model	 has	 shown	 its	
limits	in	the	NTNU	experiment	and	should	be	replaced	with	a	more	accurate	model.		
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5. Validation	of	the	aero-elastics	code	
	
	

5.1. Aero-elasticity	for	modern	wind	turbine	
	
	

5.1.1. Introduction	
	
	 The	modern	large	scale	wind	turbine	are	becoming	bigger	and	bigger,	with	the	
largest	rotor	diameter	of	180m	for	the	AD	8	prototype	of	Adwen.	The	materials	used	
for	such	blades	must	be	lighter.	As	a	result,	the	blade	are	more	and	more	elastic.	Thus,	
there	is	a	need	for	numerical	tools	which	take	into	account	the	elasticity	of	the	blade,	
hence	providing	an	aero-elastic	analysis	of	the	wind	turbine.	
	
	 For	 designing	 a	 wind	 turbine,	 an	 aero-elastic	 analysis	 must	 on	 thousands	 of	
Design	Load	Case	(DLC),	to	ensure	that	the	wind	turbine	will	not	break	during	standard	
operation,	but	also	for	different	scenarios,	such	as	very	high	wind	speed	or	important	
failure.	 The	 state	of	 the	 art	BEM	method	may	be	 inaccurate	 for	 some	 scenarios,	 for	
example	 for	 a	 flow	with	 a	 large	 spanwise	wind,	 or	 for	 very	 elastic	 blades.	 The	 code	
FARDEMAST,	 presented	 in	 section	 2.6,	may	 be	more	 accurate,	 thanks	 to	 the	 use	 of	
Ardema3D	for	the	aerodynamics	module,	than	AeroDyn,	a	state	of	the	art	BEM	code.	
	
	 FARDEMAST	 has	 already	 been	 validated	 with	 one	 of	 FAST	 structural	 model	
ElastoDyn	(presented	in	5.1.2).	For	the	second	part	of	the	master	thesis,	FARDEMAST	
will	be	validated	with	a	more	advanced	structural	module	BeamDyn,	allowing	a	degree	
of	freedom	in	torsion.	The	four	different	possibilities	with	AeroDyn	or	with	Ardema3D,	
and	with	ElastoDyn	or	with	BeamDyn	will	be	compared.	It	 is	accepted	that	for	simple	
cases	 like	 this	 one,	 the	 simple	 model	 AeroDyn	 and	 ElastoDyn	 is	 accurate.	 The	
comparison	with	more	advanced	model	Ardema3D	and	BeamDyn	should	in	these	cases	
give	similar	results,	but	for	more	complex	DLCs	and	for	blades	with	important	torsion,	
Ardema3D	and	BeamDyn	should	be	more	accurate.	
	
	 The	validation	will	be	done	with	 the	NREL	5MW	wind	turbine	 [16],	which	 is	a	
prototype	of	a	5	MW	wind	turbine,	with	a	rotor	radius	of	63	m.	This	wind	turbine	is	not	
very	elastic,	which	 is	 interesting	 for	 validation,	 since	 the	BEM	model	 is	 known	 to	be	
valid	 for	 more	 rigid	 blades.	 No	 experimental	 data	 were	 available,	 therefore	 the	
comparison	 is	 only	 done	 with	 AeroDyn	 and	 ElastoDyn,	 which	 was	 validated	 by	 the	
NREL.	
	

5.1.2. Structural	model	
	
	 The	 structural	model	 for	 the	 coupled	 aero-elastic	 codes	 FAST	 or	 FARDEMAST	
can	be	either	a	modal	representation	(for	ElastoDyn)	or	the	Geometrically	Exact	Beam	
Theory	(GEBT)	(for	BeamDyn).	
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	 The	modal	 representation	of	 the	blade	 is	considering	that	 there	are	nor	axial,	
nor	shear,	nor	torsional	deformations.	Thus,	only	flapwise	and	edgewise	deformations	
are	taken	into	account.	Furthermore,	the	solution	of	the	momentum	equation	is	given	
by	a	superposition	of	the	lowest	modes.	The	shapes	of	the	mode	are	calculated	before	
the	 simulation	 with	 another	 tool	 developed	 at	 NREL.	 This	 is	 the	 model	 used	 in	
ElastoDyn,	with	the	5	lowest	modes	(the	maximum	number	of	mode).	
	
	 The	BeamDyn	is	using	the	Geometrically	Exact	Beam	Theory	which	is	solving	the	
momentum	 equation	 using	 the	 Beam	 approximation	 (validated	 for	 the	 blades	 of	 a	
wind	turbine).	It	is	a	finite-element	solver.	This	method	gives	a	deformation	in	torsion	
of	the	blade,	which	is	interesting	for	the	aero-elasticity	study,	since	it	will	change	the	
angle	 of	 attack	 of	 the	 section.	Moreover,	 there	 is	 a	 possibility	 of	 coupling	 between	
different	modes	that	could	not	be	modeled	in	ElastoDyn.	
	 However,	with	this	model,	no	deformation	of	the	sections	is	taken	into	account.	
Indeed,	 the	deformation	of	 the	profile	will	 change	 the	polar	 curve,	which	 cannot	be	
done	easily.		
	
	 The	model	 for	BeamDyn	 is	used	only	 for	 the	blades.	 It	still	uses	ElastoDyn	for	
the	deformation	of	the	tower	and	for	imposing	the	rotation	to	the	blades.	
	
	

5.1.3. Aero-elastic	study	
	
	 In	 this	 section,	 the	 important	 parameters	 for	 the	 aero-elastic	 analysis	will	 be	
presented.	

5.1.3.1. Deformation	of	the	blade	
	
	 The	first	thing	to	look	at	is	the	deformation	of	the	blade.	This	deformation	will	
be	looked	at	the	tip	of	the	blade.	It	will	be	in	term	of	translational	deflection	out	of	the	
plane	of	rotation	(along	the	wind	axis,	x),	which	is	the	blade	bending	with	the	wind;	in	
term	of	translational	deflection	in	the	plane	of	rotation,	which	is	due	to	the	tangential	
force	and	the	weight;	and	in	term	of	rotational	displacement	along	the	blade	axis.	
	
	 The	 rotational	 deflection	 along	 the	 blade	 axis	 is	 actually	 the	 torsion	 of	 the	
blade.	 It	 is	 a	 parameter	 of	 significant	 importance	 since	 the	 torsion	 of	 the	 blade	will	
result	 in	 a	 change	 of	 angle	 of	 attack,	 and	 thus	 to	 different	 values	 of	 lift	 and	 drag	
coefficient.	This	parameter	is	not	modeled	with	ElastoDyn,	which	explain	why	the	use	
of	BeamDyn	on	FARDEMAST	must	be	validated.	
	
	 These	 parameters	 are	 looked	 at	 in	 term	 of	 time	 series	 and	 of	 Fast	 Fourier	
Transform	(FFT)	for	the	frequency	analysis	for	the	torsion.	
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5.1.3.2. Equivalent	loads	
	
	 Since	 the	 simulation	 time	 is	 limited	 to	 750s,	 it	 is	 important	 to	 be	 able	 to	
quantify	the	loads	that	the	turbine	will	experience	during	its	lifetime.	In	order	to	do	it,	
the	equivalent	loads	are	calculated	for	each	value.		
	 The	equivalent	 load	 is	a	single	 load	amplitude	at	a	given	 frequency	of	1	Hz	 in	
this	case.	If	this	equivalent	load	is	applied	to	the	structure	during	a	certain	time,	it	will	
damage	 the	 turbine	 as	much	 as	 the	original	 load	 signal	 that	 contains	 a	 full	 range	of	
different	 frequencies.	 Thus	 the	 equivalent	 loads	 are	 containing	 the	 information	 that	
can	be	obtained	in	the	FFT.	
	
	 The	equivalent	 loads	will	 be	 computed	 for	 the	 rotor	 thrust,	 the	 rotor	 torque,	
but	also	on	the	forces	at	the	blade	root.	
	
	 The	rotor	thrust	and	the	rotor	torque	are	parameters	that	take	into	account	all	
the	physics	in	the	wind	turbine.	Hence,	there	are	used	to	have	an	overview	of	the	wind	
turbine.		
	 The	forces	at	the	blade	root	consider	only	the	forces	on	one	of	the	blades.	The	
blade	 root	moment	along	 the	 z	 axis	 is	 the	 torsional	moment	of	 the	blade,	 therefore	
linked	to	the	tip	rotational	deflection	in	torsion.	
	

5.2. Simulation	parameters	
	

5.2.1. Simplification	
	
	 A	few	simplifications	were	made	for	the	simulations.	
	
	 Ardema3D	considers	an	 inviscid	flow	and	then	 it	uses	a	correction	to	model	a	
viscous	flow.	This	correction	is	done	by	changing	the	lift	and	drag	coefficients.	Yet,	the	
moment	coefficient	is	not	corrected	and	is	inviscid.	It	was	not	an	issue	with	ElastoDyn,	
since	 there	was	no	 torsion,	but	 it	 is	with	BeamDyn.	Thus,	 the	moment	 coefficient	 in	
FAST	 was	 changed	 to	 the	 inviscid	 moment	 coefficient	 obtained	 in	 Ardema3D.	
Nonetheless,	 there	 is	 still	 a	 dynamics	 stall	model	 for	 the	moment	 coefficient	 that	 is	
used	in	FAST,	but	not	in	FARDEMAST.	
	
	 In	wind	turbine,	between	the	rotor	and	the	generator,	there	is	a	drivetrain.	In	
FAST,	the	effect	of	the	torsion	of	this	drivetrain	can	be	enabled,	as	a	result,	adding	a	
perturbation	 in	the	rotor	speed.	However,	when	using	BeamDyn,	this	 torsion	creates	
instabilities.	 It	can	be	avoided	by	reducing	the	time	step,	but	the	computational	time	
starts	to	skyrocket.	As	a	result,	this	degree	of	freedom	of	the	drivetrain	was	disabled.	
	
	 Moreover,	the	effect	of	the	tower	on	the	wake	(such	as	with	the	wake	deficit	
model	for	the	NTNU	wind	turbine)	was	not	taken	into	account,	neither	in	FARDEMAST	
nor	in	FAST.	Despite	that	the	aerodynamics	loads	on	the	tower	are	still	calculated	for	
the	displacement.	
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	 During	the	master	thesis,	a	sensitivity	analysis	has	shown	that	the	optimal	time	
step	is	0.02s	for	ElastoDyn	and	0.01s	for	BeamDyn.	However,	Ardema3D	cannot	be	run	
at	 such	 low	time	steps	 for	computational	 time	 reasons.	A	 sensitivity	 study	was	done	
and	 the	 best	 time	 step	 for	Ardema3D,	 in	 terms	of	 computational	 time,	 stability	 and	
convergence	 of	 the	 results,	 is	 0.08s.	 As	 a	 result,	 the	 simulation	 is	 done	 with	 two	
different	 time	 steps,	 and	 Ardema3D	 is	 called	 every	 4	 or	 8	 time	 step	 of	 respectively	
ElastoDyn	 or	 BeamDyn.	 For	 the	 time	 step	 were	 Ardema3D	 is	 not	 called,	 the	
aerodynamics	loads	are	kept	constant.	This	double	time	step	is	not	taken	into	account	
with	AeroDyn	which	uses	the	time	step	of	the	structural	code.		
	

5.2.2. Simulations	
	
	 The	simulations	that	were	run	are	listed	in	the	Table	5.	
	
	 All	the	simulations	were	run	four	times	:	

• With	AeroDyn	and	ElastoDyn	(referred	as	“AD	-	ED”,	in	orange)	
• With	Ardema3D	and	ElastoDyn	(referred	as	“A3D	-	ED”,	in	turquoise)	
• With	AeroDyn	and	BeamDyn	(referred	as	“AD	-	BD”,	in	red)	
• With	Ardema3D	and	BeamDyn	(referred	as	“A3D	-	BD”,	in	blue)	

	
	
	 The	 constant	wind	 speed	 is	 at	10	m/s	and	 the	 turbulent	wind	was	generated	
using	TurbSim,	a	code	that	can	be	used	in	FAST	for	generating	wind	[17].	The	turbulent	
wind	has	an	average	value	of	10	m/s,	with	a	turbulent	intensity	of	18.34%	and	a	shear	
following	a	power	law	of	0.11,	which	are	the	standard	values	for	offshore	conditions.	
The	10	m/s	is	the	rated	wind	speed	of	the	NREL	wind	turbine,	thus,	these	are	the	wind	
conditions	where	the	wind	turbine	is	the	most	heavily	loaded.	The	turbulent	wind	is,	of	
course,	the	same	for	the	4	simulations.	
	
	 The	controller	Cardasys	controls	the	pitch	angle	(angle	of	the	blade	to	the	wind)	
and	the	generator	torque	(which	will	be	set	to	keep	a	constant	rotor	speed	of	12rpm).	
This	 enables	 to	 keep	 a	 constant	 power	 production	 for	 10m/s	 to	 30m/s	wind	 speed.	
When	the	controller	is	used,	there	is	a	start-up	of	the	wind	turbine,	which	takes	300s	in	
this	case,	thus	a	simulation	of	750s,	in	order	to	have	450s	of	simulation	for	computing	
the	equivalent	loads.	Without	the	controller,	the	pitch	angle	is	set	to	0°	and	the	rotor	
speed	is	set	to	12rpm,	which	gave	a	TSR	of	almost	8.		
	 For	the	constant	wind	speed,	the	computation	of	the	equivalent	loads	was	not	
relevant,	 since	 the	 solution	 is	 converging	 to	a	 steady	 state,	and	was	 replaced	by	 the	
mean	value	over	two	turns	(10s).	For	the	turbulent	wind,	without	controller,	 the	 last	
150s	were	used	to	compute	the	equivalent	loads	since	the	first	100s	are	used	to	get	rid	
of	non-physical	transient	phase	due	to	models	initialization.	
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Name	 Wind	 Controller	 Simulation	
Time	

Computational	
Time	

Constant	
Wind	

Constant,	 uniform,	
10	m/s	

None	 100s	 AD	:	3.9min	
A3D	:	1.1h	

Turbulent	
Wind	

Turbulent,	10	m/s	 None	 250s	 AD	:	8.8min	
A3D	:	3.3h	

Start-up	 Turbulent,	10	m/s	 Cardasys	 750s	 AD	:	58min	
A3D	:	8h	

Table	5	:	FARDEMAST	and	FAST	Simulations	

	 As	for	the	computational	time,	same	as	for	the	NTNU	case,	the	number	of	CPUs	
used	is	not	recorded	and	may	vary,	depending	on	the	activities	of	the	day.	As	a	result,	
the	 computational	 time	 is	 more	 of	 an	 indication	 than	 an	 accurate	 data.	 The	
computational	 time	 does	 not	 seems	 to	 be	 changed	 with	 the	 use	 of	 ElastoDyn	 or	
BeamDyn.	It	was	expected	to	have	such	difference	between	AeroDyn	and	Ardema3D	in	
computational	time,	due	to	the	fact	that	the	BEM	methods	are	not	solving	a	flow.	
	

5.3. Constant	Wind	
	
	 The	 constant	wind	 analysis	 should	present	 the	 same	dynamics	 for	Ardema3D	
and	 AeroDyn,	 and	 for	 ElastoDyn	 and	 BeamDyn,	 with	 only	 small	 differences	 in	 the	
values.	If	large	differences	are	observed,	it	means	that	there	is	a	bug	in	the	code,	and	
that	it	should	be	solved	before	starting	with	turbulent	wind.	
	 For	 a	 constant	 wind	 the	 wind	 turbine	 state	 will	 converge	 to	 a	 steady	 state,	
therefore,	the	simulation	can	be	short,	and	there	is	no	need	for	a	computation	of	the	
equivalent	loads,	since	the	loads	are	constant.	
	 It	is	important	to	look	at	the	rotor	torque	(Figure	40,	top)	and	the	rotor	thrust	
(Figure	40,	bottom)	in	time	series	since	both	value	are	coming	from	the	integration	of	
the	 forces	on	 the	whole	 rotor,	hence	 it	 is	possible	 to	see	quickly	 if	 there	were	some	
issue	during	the	simulation.	Here,	both	values	converge	to	a	steady	state	as	expected.	
	

Figure	40	:	Rotor	Torque	(top)	and	Thrust	(bottom)	for	constant	wind	
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	 The	deformations	of	the	blade	(Figure	41)	are	similar	for	all	simulation	with	the	
same	 dynamics	 for	 ElastoDyn	 and	 BeamDyn	 and	 very	 little	 differences	 between	
Ardema3D	and	AeroDyn.	The	deformation	 in	 torsion	 is	null	with	ElastoDyn	since	 it	 is	
not	 modeled.	 Hence,	 BeamDyn	 and	 Ardema3D	 seems	 to	 be	 well	 integrated	 in	 the	
code.	
	
	

Figure	41	:	Deformation	in	translation	along	x	(left),	y	(middle)	and	torsion	(right),	for	constant	wind	

	
	
	 With	 the	 results	 in	 Figure	 42,	 the	mean	 value	 for	 the	 rotor	 torque,	 the	 rotor	
thrust	 and	 the	 forces	 at	 the	 blade	 root	 are	 very	 similar,	 with	 less	 than	 5%	 of	
differences.	 Moreover,	 there	 is	 approximately	 the	 same	 difference	 between	
Ardema3D	and	AeroDyn	for	the	use	of	ElastoDyn	or	BeamDyn,	which	means	that	the	
structural	 model	 has	 not	 a	 huge	 impact	 on	 the	 aerodynamics	 model.	 The	 large	
difference	for	the	Blade	Root	Mz	is	only	an	artifact	due	to	oscillations	around	zero.	
	

Figure	42	:	Constant	Wind	mean	value	(from	left	to	right	:	Rotor	Thrust,	Rotor	Torque,	Blade	Root	Fx,	Fy,	Fz,	Mz)	

	
	 In	 conclusion,	 the	 results	 of	 the	 constant	wind	 are	 very	 satisfying	 since	 even	
with	 a	 different	 aerodynamics	module	 and	 structural	module,	 the	differences	 are	 of	
less	than	5%.	Moreover,	 it	 is	 important	to	see	that	the	differences	between	AeroDyn	
and	Ardema3D	are	independent	from	ElastoDyn	or	BeamDyn	and	vice	versa.	The	first	
step	with	a	constant	wind	was	not	intended	to	show	physical	differences	between	the	
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different	 structural	 and	 aerodynamic	 solvers,	 but	 to	 ensure	 that	 the	 latters	 are	
properly	 implemented.	 The	 good	 agreement	 observed	 with	 the	 different	 cases	
confirms	it.	
	

5.4. Turbulent	wind	
	

5.4.1. General	parameters	
	
	 The	turbulent	wind	case	needs	more	analysis	since	the	solutions	will	not	reach	
constant	values.	It	 is	 important	therefore	to	look	at	the	time	series,	 in	order	to	make	
sure	that	the	global	dynamic	is	the	same,	but	also	to	look	at	the	FFTs	in	order	to	make	
sure	that	the	main	frequencies	produced	are	the	same.	It	 is	expected	that	the	use	of	
BeamDyn	 will	 produce	 more	 frequencies	 since	 more	 phenomena	 are	 taken	 into	
account.	The	frequencies	highlighted	in	the	plot	are	:	

• 0.2	Hz,	which	is	corresponding	to	the	frequency	of	rotation,	called	“1p”	
• 0.4	Hz,	which	is	called	“2p”	
• 0.6	Hz,	which	is	3	times	the	frequency	of	rotation,	called	“3p”.	This	is	often	the	

most	 important	 frequency	 and	 is	 resulting	 from	 the	 symmetry	 of	 the	 three	
blade	of	the	wind	turbine	

• 12.5	Hz,	which	is	equal	to	1/0.08s,	which	is	the	time	step	of	Ardema3D.	Beyond	
that	 frequency	 the	 results	 are	 irrelevant	 since	 Ardema3D	 is	 not	 called.	 The	
main	Eigen	Frequencies	of	 the	NREL	5MW	are	 ranging	 from	0.6	 to	9	Hz,	 as	a	
result,	the	frequency	of	12.5	Hz	is	enough.	

	
	 The	rotor	torque	and	thrust	are	plotted	in	Figure	43,	with	the	horizontal	wind	
speed	 at	 the	 hub	 level.	 There	 are	 no	 important	 differences	 between	 the	 four	
simulations	 and	 the	 forces	 are	 following	 well	 the	 variation	 of	 the	 wind	 speed.	 The	
transient	part	at	the	beginning	of	the	simulation	does	not	have	any	physical	meaning,	
which	 is	why	the	 loads	are	computed	only	after	a	certain	time.	 It	 is	also	the	time	for	
Ardema3D	to	develop	a	full	wake.	
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Figure	43	:	Time	series,	Wind	Speed	(top),	Rotor	Torque	(middle)	and	Rotor	Thrust	(bottom),	turbulent	wind	

	
	 The	 FFTs	 of	 the	 rotor	 thrust	 and	 rotor	 torque	 are	 in	 Figure	 44.	 The	 low	
frequencies	are	the	same	and	there	are	more	frequencies	as	expected	with	BeamDyn,	
due	to	a	more	advanced	model.	The	3p	peak	is	present	in	all	the	simulation,	which	is	
expected	due	to	the	rotation	of	the	three	blades.	There	are	two	important	peaks	in	the	
rotor	torque	using	BeamDyn,	which	may	be	due	to	the	torsion.	The	peaks	are	higher	
with	AeroDyn,	and	 it	may	come	from	the	higher	oscillations	due	to	the	dynamic	stall	
model	for	the	moment	coefficient.	

	

Figure	44	:	FFTs,	Rotor	Thrust	(left)	and	Rotor	Torque	(right),	turbulent	wind	
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5.4.2. Deformations	
	
	
	 The	 deformations	 at	 the	 tip	 in	 translation	 for	 the	 turbulent	 wind	 are	 very	
similar	(Figure	45).	However,	the	deformation	in	torsion	is	different	between	50s	and	
100s	(Figure	46).	It	has	been	found	out	that	it	comes	from	the	dynamic	stall	model	in	
AeroDyn,	which	is	not	modeled	in	Ardema3D	yet.	The	deformations	come	then	from	a	
coupling	between	the	aerodynamics	and	the	elasticity	of	the	blade.	

Figure	45	:	Translational	Deformation,	along	x	(left)	and	y	(right),	turbulent	wind	

	
	

Figure	46	:	Torsional	deflection	at	the	tip,	turbulent	wind	
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5.4.3. Equivalent	Loads	
	
	 The	equivalent	loads	have	been	computed	for	the	last	150s	of	the	simulation,	in	
order	 to	 get	 rid	 of	 the	 transient	 phase.	 However,	 it	 a	 small	 amount	 of	 time	 for	
equivalent	 loads,	 and	 some	 issues	 may	 be	 due	 to	 that.	 The	 usual	 duration	 for	
engineering	studies	is	600s.	The	equivalent	loads	are	presented	in	Figure	47.	

	

Figure	47	:	Equivalent	loads,	from	left	to	right	:	rotor	thrust,	torque,	Blade	root	Fx,	Fy,	Fz,	Mz,	turbulent	wind	

	
	 The	differences	are	very	small	and	there	are	very	similar	to	the	constant	wind	
case.	The	results	are	very	satisfying.	The	 important	difference	 is	due	to	the	model	of	
dynamic	stall	that	has	not	been	implemented	in	Ardema3D.	However,	the	differences	
are	 very	 large	 for	 the	 Blade	 Root	Mz,	 and	 therefore	 this	 is	 an	 important	 model	 to	
implement	in	Ardema3D.	
	
	

5.5. Start-up	:	turbulent	wind	with	controller	
	

5.5.1. General	parameters	
	
	 The	start-up	test	case	is	very	interesting	because	it	is	one	of	the	cases	that	are	
used	for	the	certification	of	a	wind	turbine.	The	validation	of	FARDEMAST	on	such	kind	
of	tests	is	a	must	for	the	use	of	the	code	in	blade	design.	
	 This	simulation	is	different	from	the	two	others,	due	to	the	use	of	the	controller	
Cardasys.	This	controller	is	changing	the	pitch	angle	of	the	blade,	which	will	change	the	
angle	of	attack	and	therefore	increasing	or	decreasing	the	amount	of	energy	extracted	
from	 the	wind,	 but	 also	 the	 generator	 torque	which	will	 alter	 the	 rotation	 speed	 to	
keep	the	a	constant	power	produced	by	the	wind	turbine.	
	 Therefore,	in	this	test	case,	the	time	series	are	less	important	than	previously,	
due	to	the	use	of	the	controller	which	will	force	the	turbine	into	one	mode.	For	these	
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simulations,	the	equivalent	loads	are	the	important	results,	since	it	is	these	results	that	
will	be	considered	for	the	design	of	the	wind	turbine.	
	
	 The	wind	speed,	the	pitch	angle	and	the	rotor	speed	are	in	Figure	48.	This	is	a	
start-up	 case,	 therefore,	 the	 pitch	 angle	 starts	 at	 82°	 in	 a	 position	 where	 the	 wind	
turbine	is	stopped,	and	slowly	goes	to	0°	to	start	producing	power.	The	pitch	angle	is	
increasing	from	time	to	time	when	the	wind	is	too	strong.		
	
	 The	 rotor	 torque	 and	 the	 rotor	 thrust	 are	 in	 Figure	 49.	 There	 are	 stronger	
oscillations	using	AeroDyn,	than	with	Ardema3D.	It	was	expected	due	to	the	inertia	of	
the	 wake	 that	 is	 not	 present	 in	 AeroDyn	 and	 that	 will	 cause	 Ardema3D	 to	 have	
smoother	 reaction	 to	 quick	wind	 speed	 variations.	Nevertheless,	 the	 overall	 value	 is	
similar.	

Figure	48	:	Time	series,	Wind	Speed	(top),	Pitch	angle	(middle)	and	Rotor	Speed	(bottom),	Start-up	

Figure	49	:	Time	series,	Rotor	Torque	(left)	and	Rotor	Thrust	(right),	Start-up	
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5.5.2. Deformations	
	
	
	 As	 for	 the	 deformations,	 the	 translational	 deflections	 are	 similar	 for	 the	 four	
simulations	 (Figure	50).	As	 for	 the	 torsion,	 there	 is	 a	difference	 like	 in	 the	 turbulent	
wind	case	due	to	the	dynamic	stall	that	was	not	modeled	in	Ardema3D	(Figure	51).	

	
	

Figure	50	:	Time	series,	Translational	deflection	at	the	tip	of	the	blade	along	x	(left)	and	y	(right),	Start-up	

Figure	51	:	Time	series,	Torsion	at	the	tip	of	the	blade,	Start-up	
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5.5.3. Equivalent	Loads	
	
	
	 The	 equivalent	 loads	 were	 computed	 for	 450s	 of	 simulation.	 For	 the	
certification	of	a	wind	turbine,	the	 loads	are	computed	on	600s,	however,	 it	was	not	
done	here,	since	the	start-up	is	taking	300s	due	to	a	high	turbulent	wind	speed	at	the	
beginning	of	the	simulation.	With	other	turbulent	wind	it	often	takes	about	150s.		
	 	
	
	

Figure	52	:	Equivalent	loads,	from	left	to	right	:	rotor	thrust,	torque,	Blade	root	Fx,	Fy,	Fz,	Mz,	Start-up	

	
	
	 The	 results	 (Figure	 52)	 are	not	 surprising	 after	 the	 study	of	 the	 constant	 and	
turbulent	 wind.	 The	 difference	 on	 the	 blade	 root	 momentum	 along	 z	 highlights	
another	 issue	with	 the	 torsion	model.	 Indeed,	 the	 time	 series	 of	 the	 blade	 root	Mz	
(Figure	 53)	 shows	 very	 intense	 oscillations	 at	 the	 start-up.	 These	 oscillations	 appear	
only	when	the	pitch	angle	varies.	This	comes	from	the	model	in	BeamDyn.	
	 For	 a	 real	wind	 turbine,	 once	 the	 controller	 has	 computed	 an	 angle	 of	 pitch,	
there	is	a	motor	that	apply	a	torque	on	the	root	of	the	blade	to	make	it	turn.		
	 In	 ElastoDyn,	 since	 the	 torsion	 is	 not	modeled,	 the	 blade	 takes	 instantly	 the	
new	pitch	angle.		
	 However,	 in	 BeamDyn,	 the	 pitch	 angle	 is	 only	 applied	 instantly	 on	 the	 first	
section,	 therefore,	 there	 is	 an	 important	 torsion	between	 the	 first	 two	 sections,	 like	
with	a	spring.	It	will	thus	create	these	important	oscillations.	
	 The	oscillations	are	even	larger	with	AeroDyn,	due	to	the	model	of	the	dynamic	
stall.	
	
	
	
	
	
	



65	
	
	

Figure	53	:	Time	series,	Blade	root	Momentum	along	z,	Start-up	

	
	

5.6. Conclusion	
	
	 The	goal	of	 the	study	was	to	validate	the	structural	model	BeamDyn	with	the	
use	of	Ardema3D,	but	also	to	find	where	the	code	could	be	improved.	
	 This	 study	was	 very	 interesting	 since	 it	 has	 highlighted	 important	 differences	
between	 the	 different	 models.	 The	 model	 of	 the	 dynamic	 stall	 for	 the	 moment	
coefficient	 was	 shown	 to	 be	 very	 important	 for	 the	 coupled	 code	 using	 BeamDyn.	
Moreover,	issues	with	the	structural	model	with	BeamDyn	have	been	discovered.		
	 Still,	the	results	are	satisfying.	The	differences	between	the	two	codes	are	not	
so	large	and	they	will	be	reduced	with	the	correction	of	the	issues	that	were	pointed	
out.	Moreover,	the	differences	seem	to	be	independent	of	the	coupling,	with	the	same	
difference	between	Ardema3D	and	AeroDyn,	using	either	ElastoDyn	or	BeamDyn.		
	 Nevertheless,	 differences	 of	 5%	 will	 result	 in	 important	 differences	 for	 the	
design	 of	 the	 blade	 (for	 example	 in	 terms	 of	 costs	 or	 solidity	 of	 the	 materials).	
Therefore,	it	is	very	important	to	have	the	most	accurate	model	and	to	compare	it	to	
experimental	results.			
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6. Conclusion	
	
	
	 Ardema3D	 and	 the	 coupled	 code	 FARDEMAST	 are	 still	 under	 development	
inside	 the	 INWIT	 project	 which	 will	 continue	 until	 the	 end	 of	 2018.	 In	 this	 master	
thesis,	 the	 codes	 have	 been	 compared	 to	 other	 codes	 and	 they	 have	 produced	
satisfying	 results.	With	 the	comparison	 to	 the	NTNU	experiment,	 the	wake	model	of	
Ardema3D	has	been	shown	to	be	accurate,	even	though	vortex	panel	methods	are	not	
supposed	to	give	a	good	description	of	 the	 far	wake.	And,	with	 the	comparison	with	
the	coupled	code	FAST,	FARDEMAST	has	provided	similar	results.		
	
	 Still,	 a	 comparison	 with	 experimental	 data	 should	 be	 done	 to	 validate	 the	
model.	 In	order	 to	be	able	 to	 compare	 FARDEMAST	with	 a	modern	 large	 scale	wind	
turbine,	Ardema3D	must	be	provided	with	a	good	model	of	wake	deficit	to	model	the	
effect	 of	 the	 tower,	 better	 than	 the	 one	 used	 for	 the	 NTNU	 comparison;	 and	
FARDEMAST	must	have	a	good	structural	model	that	can	be	coupled	with	Ardema3D,	
such	as	BeamDyn.	
	
	 Moreover,	one	of	the	future	challenges	of	Ardema3D	and	FARDEMAST	will	be	
to	be	better	than	a	BEM	code.	Indeed,	for	now,	there	are	no	test	cases	that	the	vortex	
panel	method	 is	 solving	better	 than	the	BEM	method.	 It	 is	not	obvious	with	 the	test	
case	done	in	section	5,	since	the	wind	turbine	is	very	rigid	and	this	is	a	case	where	the	
BEM	is	usually	valid.	However,	there	are	certain	DLCs	where	the	BEM	is	known	to	fail.	
These	DLCs	should	be	simulated	with	Ardema3D	and	FARDEMAST	and	be	compared	to	
experimental	 results,	 in	order	 to	prove	 the	benefits	of	using	a	vortex	code	despite	a	
higher	simulation	cost.	
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Appendix	:	Ardema3D	Wake	
	
	
	 The	 wake	 in	 Ardema3D	 is	 represented	 by	 the	 dipole	 panels	 with	 a	 color	
depending	on	their	strength.	On	Figure	54,	after	200m	the	wake	starts	to	degenerate	
due	to	the	advection	scheme.	The	simulation	is	done	for	the	NREL	5MW	wind	turbine.	
	
	
	

Figure	54	:	Ardema3D	wake	

	
	

Figure	55	:	Ardema3D	wake,	panels	close	to	the	rotor	


