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Παντα  ρει (everything	
  flows)	
  

Theore2cal	
  Computa2onal	
  Fluid	
  Mechanics	
  



Παντα  ρει (everything	
  flows)	
  

 a	
  guided	
  (dangerous)	
  ride	
  inside	
  turbulence	
  

~	
  1	
  m	
  

~	
  10	
  nanom	
  

~	
  100	
  Km	
  

~	
  10-­‐100	
  µm	
  

~	
  1	
  µm	
  

~	
  1	
  nm	
  

mul2-­‐component	
  



The	
  "Big	
  Power	
  Law	
  in	
  the	
  Sky"	
  compiled	
  
originally	
  by	
  Armstrong,	
  RickeL,	
  &	
  Spangler,	
  
with	
  the	
  Wisconsin	
  Hα Mapper	
  (WHAM)	
  

Παντα  ρει (everything	
  flows)	
  

 a	
  guided	
  (dangerous)	
  ride	
  inside	
  turbulence	
  



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...	
  



NAVIER-STOKES 3D-2D	

(NASA/Goddard	
  Space	
  Flight	
  Center	
  Scien2fic	
  Visualiza2on	
  Studio)	
  

3D	
  

2D	
  



WHERE	
  IS	
  THE	
  PROBLEM?	
  

• Too	
  many	
  turbulences?	
  
• Can	
  we	
  disentangle	
  universal	
  from	
  non-­‐universal	
  proper2es?	
  
• Can	
  we	
  understand	
  universal	
  proper2es?	
  
• Does	
  it	
  ‘compu2ng’	
  mean	
  ‘understanding’?	
  (Computo	
  ergo	
  sum?)	
  	
  



+	
  boundary	
  condi2ons	
  

control	
  parameter:	
  

SIMPLE	
  FLUID	
  	
  &	
  	
  COMPLEX	
  FLOWS	
  



+	
  boundary	
  condi2ons	
  

control	
  parameter:	
  

SIMPLE	
  FLUID	
  	
  &	
  	
  COMPLEX	
  FLOWS	
  

MAGNETIC	
  FIELD	
  REVERSAL	
  COLD	
  

WARM	
  

CONVECTION	
  



+	
  boundary	
  condi2ons	
  

control	
  parameter:	
  

SIMPLE	
  FLUID	
  	
  &	
  	
  COMPLEX	
  FLOWS	
  

ROTATING	
  CONVECTION	
  

MAGNETIC	
  DYNAMO	
  

WIND	
  FARMS	
  



small	
  par2cles/colloidal	
  aggregates:	
  	
  
Stokes	
  drag,	
  added	
  	
  mass,	
  lie	
  force,	
  etc...	
  

+	
  boundary	
  condi2ons	
  

temperature	
  
magne2c	
  field	
  

COAGULATION/FRAGMENTATION	
  OF	
  COLLOIDAL	
  
AGGREGATES	
  IN	
  TURBULENT	
  FLOWS	
  

+	
  Stokesian	
  dynamics	
  

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

SIMPLE	
  FLUID	
  	
  &	
  	
  COMPLEX	
  FLOWS	
  



+	
  boundary	
  condi2ons	
  

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

control	
  parameter:	
  

SIMPLE	
  FLUID	
  	
  &	
  	
  COMPLEX	
  FLOWS	
  



1. NAVIER-STOKES 3D	



SMALL	
  SCALES	
  VELOCITY	
  
	
  ROUGH	
  

LARGE	
  SCALES	
  VELOCITY	
  
	
  SMOOTH	
  



2. NAVIER-STOKES 3D	
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NON-­‐GAUSSIAN	
  DISSIPATION	
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LARGE	
  SCALES	
  VELOCITY	
  
	
  SMOOTH	
  

SMALL	
  SCALES	
  VELOCITY	
  
	
  ROUGH	
  

PDF	
  



IF	
  YOU	
  WANT	
  TO	
  PREDICT/CONTROL	
  EXTREME	
  EVENTS	
  YUO	
  CANNOT	
  NEGLECT	
  INTERMITTENCY	
  
L.	
  B.,	
  G.	
  BoffeLa,	
  A.	
  Celani,	
  B.	
  Devenish,	
  A.	
  LanoLe	
  and	
  F.	
  Toschi	
  Phys.	
  Rev.	
  Le+.	
  93,	
  	
  064502,	
  2004.	
  

EVERY	
  15	
  SEC	
  >	
  15	
  G	
  ACCELERATION	
  



Starry	
  night	
  	
  	
  

Road	
  with	
  Cypress	
  and	
  Star	
  	
  	
  



3. NAVIER-STOKES 3D	



DISSIPATIVE	
  ANOMALY	
  

NO	
  ROOM	
  FOR	
  QUASI-­‐EQUILIBRIUM	
  APPROACHES	
  

F(C)	
  

C	
  



numbers	



state-­‐of-­‐the-­‐art	
  Direct	
  Numerical	
  SimulaIon:	
  

Isotropic,	
  homogeneous	
  Fully	
  Periodic	
  Flows	
  
Pseudo-­‐Spectral	
  Methods.	
  

ResoluIon	
  12000^3	
  (Y.	
  Kaneda,	
  APS	
  2014)	
  

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

RAM	
  requirements	
  for	
  Ime	
  marching	
  ~	
  160	
  Tbyte	
  

Moral:	
  brute	
  force	
  Direct	
  Numerical	
  SimulaIons	
  
	
  able	
  to	
  saturate	
  any	
  compuIng	
  power	
  

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

astrophys.	
  flow	
  atmosph.	
  flow	
  laboratory	
  flow	
  



LOCAL	
  TRANSFER	
  

NON-­‐LOCAL	
  TRANSFER	
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LARGE	
  EDDY	
  SIMULATION	
  



IN
JE
CT
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N
	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

DECIMATED	
  WITH	
  PROBABILITY	
  	
  ~	
  	
  

HOMOGENEOUS	
  &	
  ISOTROPIC	
  &	
  SELF-­‐SIMILAR	
  (NO	
  EXTERNAL	
  SCALES)	
  

	
  	
  

















small	
  par2cles/colloidal	
  aggregates:	
  	
  
Stokes	
  drag,	
  added	
  	
  mass,	
  lie	
  force,	
  etc...	
  

+	
  boundary	
  condi2ons	
  

temperature	
  
magne2c	
  field	
  

COAGULATION/FRAGMENTATION	
  OF	
  COLLOIDAL	
  
AGGREGATES	
  IN	
  TURBULENT	
  FLOWS	
  

+	
  Stokesian	
  dynamics	
  

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

SIMPLE	
  FLUID	
  	
  &	
  	
  COMPLEX	
  FLOWS	
  



TRAPPING	
  INTO	
  VORTEX	
  FILAMENTS	
  

[see	
  also	
  La	
  Porta	
  et	
  al	
  Nature	
  2001)]	
  	
  

velocity	
   accelera2on	
  

bimodal	
  sta2s2cs?	
  
background+structures?	
  



	
  Numerical	
  simula2on	
  

•  3-D homogeneous isotropic flow at Reλ ~ 300	
  

•  Regular cubic box (10243 grid points) with periodic BC"

•  256 sources where anyone emits 2000 tracers every τη for 180 emissions "

•  4 x 1011 particle pairs with r(0) < η !

Blu	
  Gene	
  the	
  lab	
  



NEED	
  FOR	
  	
  
1)  INTERPOLATION	
  (trilinear,	
  b-­‐spline,	
  hermite,	
  etc....)	
  
2)  MPI	
  across	
  nodes	
  to	
  keep	
  track	
  of	
  the	
  trajectory	
  

COMPUTATIONAL	
  GRID	
  

MPI	
  DECOMPOSITION	
  	
  



Shaded	
  yellow	
  area:Theore2cal	
  Uncertainty:varia2on	
  in	
  the	
  MF	
  	
  at	
  changing	
  
Reynolds	
  and/or	
  D(h)	
  [She-­‐Leveque	
  PRL	
  1994;	
  Dubrulle	
  PRL	
  1994]	
  

K41	
  

WE	
  LEARN	
  ABOUT:	
  
(i)	
  INTERMITTENCY;	
  (ii)	
  UNIVERSALITY;	
  (iii)	
  ANISOTROPY	
  



Complex	
  Fluid	
  Dynamics:	
  Why	
  &	
  Where	
  ?	
  

Boiling	
  Fluids	
  Droplets/Par2cles	
  in	
  Turbulence	
  	
  

! 	
  How	
  the	
  Heat	
  Transport	
  in	
  a	
  Rayleigh-­‐
Bènard	
  Cell	
  is	
  affected	
  by	
  the	
  presence	
  of	
  
bubbles	
  ?	
  

! 	
  How	
  Droplets	
  interact	
  with	
  small	
  scales	
  
Turbulence	
  ?	
  

! 	
  Dynamics	
  of	
  Single	
  Droplets:	
  bounded	
  vs	
  
unbounded	
  geometries	
  ?	
  

! 	
  How	
  The	
  Rheology	
  of	
  a	
  Collec2on	
  of	
  
Droplets	
  is	
  affected	
  by	
  confinement?	
  

! 	
  How	
  to	
  correcty	
  control	
  surfactant	
  
dynamics	
  at	
  the	
  interfaces?	
  

! 	
  How	
  the	
  slip	
  at	
  the	
  liquid-­‐solid	
  interfaces	
  
is	
  affected	
  by	
  roughness	
  and	
  weLability	
  ?	
  

Mauro	
  Sbragaglia	
   11-­‐13	
  May	
  2015	
  Lavce	
  Boltzmann	
  for	
  Complex	
  Fluid	
  Dynamics	
  

Nanofluids	
  Membranes	
  

Droplets	
  in	
  Microfluidics	
   Soe-­‐Glassy	
  Materials	
  



fluid	
  1	


fluid	
  2	
  

Basic	
  Equa2ons	



Bulk	



Interface	



contact	
  line	





Ideal	
  discon2nuous	
  interface:	
  drawbacks	



a)	
  Coalescence	
  of	
  two	
  air	
  bubbles	
  (singular	
  at	
  the	
  merging)	
  

b)	
  Nuclea2on	
  of	
  	
  a	
  second	
  phase	
  

c)	
  Moving	
  boundary	
  condi2ons	
  

d)	
  hydrodynamical	
  singulari2es	
  at	
  the	
  contact	
  line	
  

Van der Waals approach to  diffuse interface.	



Korteweg stress	





MACROSCOPIC	
  

NAVIER-­‐STOKES	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  KINETIC	
  

(LATTICE	
  BOLTZMANN)	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  MICROSCOPIC	
  

MOLECULAR	
  DYNAMICS	
  

Chapman-Enskog 

(parIcle-­‐parIcle	
  interacIons)	
  

(ParIcles	
  p.d.f.)	
  

(conInuum	
  descripIon)	
  

The	
  10	
  orders	
  of	
  magnitude	
  hierarchy	
  



Brief	
  overview	
  of	
  (con2nuum)	
  kine2c	
  theory 	
  	
  	
  
The	
  central	
  quan2ty	
  in	
  kine2c	
  theory	
  	
  
is	
  the	
  probability	
  density	
  func9on	
  	
  
whose	
  evolu2on	
  is	
  described	
  by	
  the	
  
Boltzmann	
  Equa2on   

The	
  moments	
  (in	
  the	
  veloci2es)	
  of	
  the	
  pdf	
  correspond	
  to	
  the	
  hydrodynamic	
  fields:	
  	
  

density	



velocity	



temperature	



collision 
operator	



“local” equilibrium 
(                          )	





Lavce	
  BGK	
  Boltzmann	
  Equa2on 	
  	
  	
  
Approxima2ons:	
  
1)  Linear	
  collision	
  operator	
  (BGK	
  approxima2on);	
  
2)  Discre2za2on	
  of	
  physical	
  space;	
  
3)  Discre2za2on	
  of	
  velocity	
  space	
  (the	
  very	
  strong	
  one!)	



The system is NOT incompressible! 

perfect gas equation of state	



Chapman- 
Enskog 
expansion	





Intermolecular	
  forces	
  

Pseudo	
  potenIal	
  

Shan	
  and	
  Chen	
  (1993,1994)	
  

Pressure	
  tensor	
  

Non	
  ideal	
  gas	
  effects	
   Surface	
  tension	
  

Ladce	
  Boltzmann	
  for	
  mulI-­‐phase	
  fluds 



Why	
  LB	
  for	
  microflows?	
  LB	
  versus	
  NS	
  

Is	
  it	
  really	
  NS?	
  Yes	
  but….	
  

-­‐Non	
  linearity	
  is	
  local	
  

-­‐No	
  Poisson	
  solver	
  for	
  the	
  pressure	
  

-­‐On	
  line	
  stress	
  (no	
  space	
  derivaIves)	
  

-­‐emergent	
  diffusion	
  	
  

-­‐Emergent	
  complexity	
  

-­‐Complex	
  geometries	
  

-­‐Parallel	
  compuIng	
  

And	
  not	
  



1) Take a diffuse interface model with a given interface 
width	



2) Develop an algorithm to simulate it	



3) If macroscopic: be careful about the multi-scale 
bottleneck ->  dx < λ  <  η  << L    	



4) If mesoscopic physics-> check the robustness at 
changing λ 	



5) If nanoscopic physics-> check the consistency of taking 
statistical equilibrium  	



Recipes	





Modelling	
  wevng	
  proper2es	
  in	
  lavce	
  Boltzmann	
  

Mechanical	
  equilibrium	
  

Liquid	
  (l)	
  

gas	
  (g)	
  

solid	
  (s)	
  

Boundary	
  condiIon	
  

Benzi	
  R.,	
  Biferale	
  L.,Sbragaglia	
  M.,	
  Succi	
  S.	
  and	
  Toschi	
  F	
  Phys. Rev. E 74, 021509 (2006).	
  	
  

θ-π	



M. Sbragaglia, R. Benzi, L. Biferale, S. Succi and F. Toschi

Phys. Rev. Lett.  97,  204503  (2006).




Heuristic mapping 

θ
Contact	
  angle	
  

Shan-­‐Chen	
  OperaIon 

Barrat	
  et	
  al.	
  (1993)	
  



Complex	
  Fluid	
  Dynamics:	
  Why	
  &	
  Where	
  ?	
  

Boiling	
  Fluids	
  Droplets/Par2cles	
  in	
  Turbulence	
  	
  

! 	
  How	
  the	
  Heat	
  Transport	
  in	
  a	
  Rayleigh-­‐
Bènard	
  Cell	
  is	
  affected	
  by	
  the	
  presence	
  of	
  
bubbles	
  ?	
  

! 	
  How	
  Droplets	
  interact	
  with	
  small	
  scales	
  
Turbulence	
  ?	
  

! 	
  Dynamics	
  of	
  Single	
  Droplets:	
  bounded	
  vs	
  
unbounded	
  geometries	
  ?	
  

! 	
  How	
  The	
  Rheology	
  of	
  a	
  Collec2on	
  of	
  
Droplets	
  is	
  affected	
  by	
  confinement?	
  

! 	
  How	
  to	
  correcty	
  control	
  surfactant	
  
dynamics	
  at	
  the	
  interfaces?	
  

! 	
  How	
  the	
  slip	
  at	
  the	
  liquid-­‐solid	
  interfaces	
  
is	
  affected	
  by	
  roughness	
  and	
  weLability	
  ?	
  

11-­‐13	
  May	
  2015	
  Lavce	
  Boltzmann	
  for	
  Complex	
  Fluid	
  Dynamics	
  

Nanofluids	
  Membranes	
  

Droplets	
  in	
  Microfluidics	
   Soe-­‐Glassy	
  Materials	
  



11-­‐13	
  May	
  2015	
  Lavce	
  Boltzmann	
  for	
  Complex	
  Fluid	
  Dynamics	
  

Spurious	
  (velocity)	
  effects	
  at	
  curved	
  interfaces	
  	
  

Playing	
  with	
  Poten2al	
  Range	
  

M.	
  Sbragaglia	
  et	
  al.,	
  Physical	
  Review	
  E	
  75,	
  026702	
  (2007)	
  

Sta2onary	
  (!!!	
  ???	
  !!!!)	
  velocity	
  distribu2on	
  at	
  curved	
  interfaces	
  

4-­‐th	
  order	
  	
  
6-­‐th	
  order	
  	
  
8-­‐th	
  order	
  	
  
10-­‐th	
  order	
  	
  



X.	
  Shan	
  &	
  H.	
  Chen,	
  Physical	
  Review	
  E	
  47,	
  1815	
  (1993)	
  
X.	
  Shan	
  &	
  H.	
  Chen,	
  Physical	
  Review	
  E	
  49,	
  2941	
  (1994)	
  

A	
  Few	
  Reference	
  Works:	
  

X.	
  Shan,	
  Physical	
  Review	
  E	
  77,	
  066702	
  (2008)	
  

11-­‐13	
  May	
  2015	
  Lavce	
  Boltzmann	
  for	
  Complex	
  Fluid	
  Dynamics	
  

Increasing	
  Complexity:	
  Mul2component	
  LBM	
  

M.	
  Sbragaglia	
  &	
  X.	
  Shan,	
  Physical	
  Review	
  E	
  84,	
  036703	
  (2011)	
  



Highlight	
  1:	
  
Modelling	
  Wedng	
  Problems	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

with	
  LBM	
  



Basics	
  of	
  Capillarity/WeLability	
  

Wevng	
  

θ	
  <	
  90°	
  
hydrophilic	
  	
  

θ	
  >	
  90°	
  
hydrophobic	
  

θ	
  ≥	
  150°	
  
super-­‐hydrophobic	
  

Cohesive	
  forces	
  between	
  liquid	
  molecules	
  	
  
responsible	
  for	
  the	
  Surface	
  Tension	
  
(Minimiza2on	
  of	
  Free	
  Surface)	
  

Laplace	
  Law	
  (Surface	
  Tension)	
  

P0	
  

R	
  

P0	
  

Pin	
  
P0	
  

11-­‐13	
  May	
  2015	
  Lavce	
  Boltzmann	
  for	
  Complex	
  Fluid	
  Dynamics	
  



Non	
  Ideal	
  Forces:	
  Modelling	
  WeLability	
  

Solid	
  Wall	
  

Order	
  Parameter	
  

S=-­‐0.25	
   S=0	
   S=0.25	
  

Non-­‐Ideal	
  Fluid-­‐Solid	
  
Interac2ons!	
  

11-­‐13	
  May	
  2015	
  Lavce	
  Boltzmann	
  for	
  Complex	
  Fluid	
  Dynamics	
  

Hydrophilic	
   Neutral	
  Wedng	
   Hydrophobic	
  



Droplets	
  on	
  Inclined	
  Planes	
  (Sliding	
  &	
  Pearling)	
  

Increasing	
  Capillary	
  Number…..	
  

rounded	
   cusp	
  corner	
   pearling	
  

Podgorsky	
  et	
  al.,	
  Phys.	
  Rev.	
  LeL	
  .	
  (2001)	
  

Bond	
  number	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  (gravity/surface)	
  

Capillary	
  number	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  (viscous/surface)	
  

Mauro	
  Sbragaglia	
   11-­‐13	
  May	
  2015	
  Lavce	
  Boltzmann	
  for	
  Complex	
  Fluid	
  Dynamics	
  

homo	
  



27	
  Marzo	
  2013	
  Lavce	
  Boltzmann	
  for	
  Comples	
  flows	
  

Sliding	
  Droplets	
  on	
  Homogeneous	
  Substrates	
  

Dissipa2on	
  in	
  the	
  perimeter	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  liquid	
  wedge	
  

Dissipa2on	
  in	
  the	
  bulk	
  

Bond	
  number	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  (gravity/surface)	
  

Mauro	
  Sbragaglia	
   18	
  June	
  2013	
  Lavce	
  Boltzmann	
  for	
  Complex	
  Fluid	
  Dynamics	
  

Capillary	
  number	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  (viscosity/surface)	
  

Viscous	
  Dissipa2on	
  at	
  the	
  
contact	
  line	
  is	
  domina2ng	
  !	
  



Sliding	
  on	
  heterogeneous	
  surfaces	
  

Real	
  Surfaces:	
  Heterogeneity	
  &	
  Roughness	
  

(Cassie	
  Equa2on)	
  

Same	
  staIcs….what	
  about	
  the	
  dynamics	
  ?!?	
  

11-­‐13	
  May	
  2015	
  Lavce	
  Boltzmann	
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  Fluid	
  Dynamics	
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