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Παντα ρει (everything	flows)



WHERE	DOES	ENERGY	GO	?
WHAT	CAN	WE	SAY	ABOUT	THE	STATISTICAL	PROPERTIES	OF	TURBULENT	FLOWS	AT		
LARGE/SMALL	SCALES	?

@t~v + (~v · ~@)~v = �~@P + ⌫�~v + ~f

Leonardo da Vinci (~ 1500): “doue la turbolenza de si genera [injected]; doue la
turbolenza dell aqua si mantiene [advected] plugho; doue la turbolenza dell
acqua si posa [dissipated]”

pressure viscosity external	 forcingacceleration

m~a = ~F

NAVIER-STOKES	EQUATIONS:



Leonardo da Vinci (~ 1500): “doue la turbolenza de si genera [injected]; doue la
turbolenza dell aqua si mantiene [advected] plugho; doue la turbolenza dell
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FULLY	NON-LINEARRe ! 1

Re ! 1



NAVIER-STOKES 3D ßà 2D
(NASA - Space	Flight	Center	Scientific	Visualization	Studio)

3D2D

(Vortices	within	vortices	- APS	Gallery	of	Fluid	Motions)
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(PHASE) TRANSITIONS IN THE ENERGY TRANSFER:
ROTATING FLOWS

~	2D

⌦

3D



+	boundary	conditions

control parameter:

COMPLEX	FLUID		&		COMPLEX	FLOWS

MAGNETIC	FIELD	REVERSALCOLD

WARM

CONVECTION

Re ! 1
FULLY	NON-LINEAR



+	boundary	conditions

control parameter:

COMPLEX	FLUID		&		COMPLEX	FLOWS

ROTATING	CONVECTION

MAGNETIC	PLASMA

Re ! 1
FULLY	NON-LINEAR

WIND	FARMS



small	particles/colloidal	aggregates:	
Stokes	drag,	added		mass,	lift	force,	etc...

+	boundary	conditions

temperature
magnetic	field

COAGULATION/FRAGMENTATION	OF	COLLOIDAL	
AGGREGATES	IN	TURBULENT	FLOWS

+	Stokesiandynamics

DISPERSION	OF	TWO	DIFFERENT	SPECIES	OF	SMALL	
PARTICLES/AGGREGATES	IN	A	TURBULENT	FLOW

COMPLEX	FLUID		&		COMPLEX	FLOWS



+	boundary	conditions

temperature
magnetic	field

COMPLEX	FLUID		&		COMPLEX	FLOWS

Sanchez	et	al	Nature	2012	“Microtubules	activated	by	KinesinMotor	Proteins”

ACTIVE	MATTER

+f(Vactive)



+	boundary	conditions

control parameter:

Homogeneous	and	Isotropic	turbulence:	the	(UNSOLVED)	hydrogen	atom	of	fluid	dynamics

Too	many turbulences?		NO!	->	UNIVERSALITY
ALL	TURBULENT	FLOWS	RECOVER	ISOTROPY	AND	HOMOGENEITY	(AT	SCALES	SMALL	ENOUGH)

- Homogeneous &	Isotropic Turbulence
- Fully periodic 3D	domain
- Gaussian delta-correlated forcing
- Incompressible



WHY	STILL	UNSOLVED?
(EQUATIONS	ARE	KNOWN	SINCE	250	YEARS	AGO!)



K41
prediction

Multifractal 
predictionMean-field

Multifractal 
prediction

L.	B.,	G.	Boffetta,	A.	Celani,	B.	Devenish,	A.	Lanotte	and	F.	ToschiPRL 93, 064502,	2004



K41
prediction

Multifractal 
prediction

Dissipative	Euler	
Solution	<->	Convex	integration	->
Multifracralweak	solution	of	Euler	Eqs.
De	Lellis,	Szekelyhidi et	al.

L.	B.,	G.	Boffetta,	A.	Celani,	B.	Devenish,	A.	Lanotte	and	F.	Toschi	PRL	93, 064502,	2004



Starry night		

Road	with Cypress and	Star		



ENERGY DISSIPATION

DISSIPATIVE	ANOMALY

NO	ROOM	FOR	QUASI-EQUILIBRIUM	STAT	MECH!

F(C)

C

✏

Re

NAVIER-STOKES 3D

@t~v + (~v · ~@)~v = �~@P +
1

Re
�~v + ~f



NAVIER-STOKES 3D

SMALL	SCALES	VELOCITY
ROUGH

LARGE	SCALES	VELOCITY
SMOOTH

forcing
injection



numbers

state-of-the-art	Direct	Numerical	Simulation:

Isotropic,	homogeneous	Fully	Periodic	Flows
Pseudo-Spectral	Methods.

Resolution 12000^3	(Y.	Kaneda,	APS	2017)

Reynolds	:	10^8,
Storage	of	1	velocity	configuration	(double	precision):40	Tbyte

RAM	requirements	for	time	marching	~	160	Tbyte

Moral: brute	force	Direct	Numerical	Simulations
able	to	saturate	any	computing	power

(present	and/or	future):	Computo ergo	sum?

astrophys.	flowatmosph.	flowlaboratory	flow



J.	von	NEUMANN	(1949)



HOW	TO	USE	UNCONVENTIONAL	NUMERICS	TO	UNDERSTAND		TURBULENCE

Q1:	CAN	WE	DISSECT	(AND	RECONSTRUCT)		NS	EQUATIONS	TO	EXTRACT	INTERESTING	
INFORMATION	FROM	ITS	ELEMENTARY	CONSTITUENTS?

Q2:	CAN	WE	UNDERSTAND	THE	ORIGIN	OF	THE	STRONG	FLUCTUATIONS	EMPIRICALLY	OBSERVED	
IN	THE	ENERGY	TRANSFER	RATE?

Q3:	CAN	WE	UNDERSTAND	THE	ORIGIN	OF	ENERGY-FLUX	REVERSAL	OBSERVED	IN	MANY	GEO-
FLOWS?			

Prob.	1:	STRONGLY	OUT-OF-EQUILIBRIUM

Prob.	2:	STRONGLY	NON-GAUSSIAN	STATISTICS

Prob.	3:	MULTI-SCALE:	‘INIFINITE’	NUMBER	OF	DOF



(Vortices	within	vortices	- APS	Gallery	of	Fluid	Motions)
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ON	THE	ROLE	OF	INVISCID	INVARIANTS	(HELICITY	&	ENERGY)	IN	3D	
FORWARD/BACKWARD	ENERGY	CASCADES



ON	THE	ROLE	OF	INVISCID	INVARIANTS	(HELICITY	&	ENERGY)	IN	3D	
FORWARD/BACKWARD	ENERGY	CASCADES





MILD	SYMMETRY	
BREAKING

- HOMOGENEOUS	OK
- ISOTROPY	OK
- MIRROR	SYMMETRY	NO
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L.B.,	S.	MUSACCHIO	&	F.	TOSCHI	Phys.	Rev.	Lett.	108 164501 (2012);	JFM	730,	309	 (2013)	

INVERSE	ENERGY	FLUX:	FROM	SMALL	TO	LARGE	SCALES	in	3D!

forcing
injection



HOMOCHIRAL/HETEROCHIRAL NAVIER-STOKES 3D
(Vortices	within	vortices	- APS	Gallery	of	Fluid	Motions)
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TRIADIC	INTERACTION	IN	HOMOCHIRALE/HETEROCHIRAL		NAVIER_STOKES	EQS



INVERSE	CASCADE DIRECT	CASCADE

DIRECT	CASCADEINVERSE	CASCADE

forcing

ENERGY	FLUX



EFFECTS	OF	THE	SGS-MODEL	ON	THE	PHYSICS	OF	THE	INERTIAL	RANGE?

⌧�i,j(v,v)
LES

h(�rv)p ⌧�i



TAKE	HOME	MESSAGES	

•TURBULENCE	IS	AT	THE	CORE	OF	MANY	APPLICATIONS	CROSSING	HUGE	RANGE	OF	SPATIAL	AND	TEMPORAL	SCALES	AND	A	
HUGE	SET	OF	SCIENTIFIC	DISCIPLINES	AND	FIELDS.

•HOMOGENEOUS	AND	ISOTROPIC	TURBULENCE	IS	THE	‘UNSOLVED’	HYDROGEN	ATOM	OF	TURBULENCE.

•TURBULENCE		HAS	A	LONG	HISTORY	BEHIND	IT	AND	A	LONG	FUTURE	AEHAD.	IT	HAS	BEEN	OBSERVED	SINCE	500	YEARS	AGO.	
WE	KNOW	THE	EQUATIONS	SINCE	250	YEARS	AGO,	WE	STARTED	TO	PERFORM	SYSTEMATIC	EXPERIMENTS	SINCE	THE	EARLY	
‘900,	WE	HAVE	A	BASIC	PHENOMENOLOGICAL	SET-UP	SINCE	THE	1940,	WE	HAVE	STARTED	TO	PERFORM	NUMERICAL	
SIMULATIONS	SINCE	30	YEARS	AGO,	BUT	STILL...

•WE	DO	NOT	HAVE	THE	COMPUTATIONAL	TOOLS	TO	STUDY	NUMERICALLY	REALISTIC	TURBULENT	FLOWS	(REYNOLDS	NUMBER	
LARGE	ENOUGH)			

•EXPERIMENTS	CAN	ACCESS	ONLY	PARTIAL	INFORMATION	ABOUT	THE	FLOW	CONFIGURATION	AND	FOLLOW	ONLY	A	LIMITED	
SET	OF	EVOLVING	OBJECTS.

•WE	DO	NOT	KNOW	WHAT	ARE	THE	DYNAMICAL	ORIGINS	OF	NON-GAUSSIAN	INTENSE	FLUCTUATIONS	(PUT	ASIDE	THE	
POSSIBILITY	TO	PREDICT	THEM	FROM	THEORY)

•WE	DO	NOT	KNOW	HOW	TO	MODEL	THESE	FLUCTUATIONS	TO	CONTROL/DESCRIBE	THE	EVOLUTION	OF	SMALL	OBJECTS	
ADVECTED	BY	THE	FLOW	(LAGRANGIAN	DYNAMICS)

•WE	DO	NOT	PREDICT/CONTROL	THE	TRANSITION	BETWEEN	QUASI	DIRECT	AND	INVERSE	DYNAMICS

•ALL	FLOWS	POSSESS	INTERACTIONS	THAT	ARE	ABLE	TO	TRASNFER	ENERGY	FORWARD	(HETEROCHIRAL)	OR	BACKWARD	
(HOMOCHIRAL)



Piero	della	Francesca	“Madonna	del	Parto”.		Monterchi

credits:	
M.	Buzzicotti,	G.	Sahoo,	M.	Linkmann,	K.	Gustafsson,	M.	De	Pietro,	F.	Bonaccorso,	R.	Scatamacchia		(ERC	NewTURB)
S.	Colabrese,		G.	Margazouglou,	F.	Milan,	G.	Tauzin	(PhD,	EJD	HPC-LEAP)
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Playing	with	mirror	symmetry…



Leonardo da Vinci (~ 1500): “doue la turbolenza de si genera [injected]; doue la
turbolenza dell aqua si mantiene [advected] plugho; doue la turbolenza dell
acqua si posa [dissipated]”

Sir H. Lamb (1932): “I am an old man now, and when I die and go to Heaven
there are two matters on which I hope enlightenment. One is quantum
electrodynamics (QED) and the other is turbulence of fluids. About the former, I
am really rather optimistic.”

J. Von Neumann (1949) “[…] The entire experience with the subject indicates
that the purely analytical approach is beset with difficulties, which at the moment
are prohibitive. […] Under these conditions there may be some hope to “break
the deadlock” by extensive, but well-planned computational efforts.

R.P. Feynman (1970): “Certainly. I’ve spent years trying to solve some difficult
problems without success. The theory of turbulence is one. In fact, it is still
unsolved.”

ON	THE	SHOULDERS	OF	GIANTS...



+	boundary	conditions

control parameter:

ABOUT THE PHYSICS OF 1 CUBIC CENTIMETER
OF WATER, WE CAN SAFELY SAY THAT WE
CONTROL MUCH BETTER WHAT ARE THE
FUNDAMENTAL INTERACTIONS AMONG ITS
SUBNUCLEAR CONSTITUENTS THEN ITS
HYDRODYNAMICAL (AND MOLECULAR)
PROPERTIES (U. FRISCH, PHYSICS TODAY2001)

Re ! 1
FULLY	NON-LINEAR



+	boundary	conditions

control parameter:
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NON-LOCAL	TRANSFER
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