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Research interests 

Turbulence ABC 

•  Thermal convection 
• Wall bounded flows / shear flows 
•  Turbulence modeling 
•  Statistical properties of turbulence 
• Computational micro and nano-fluidics 
•  Lagrangian turbulence 
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Fluid Dynamics Turbulence 

Inertial range  

Energy flux 
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Year 2004 Year 1500 

Turbulence: yesterday & today 

River Arno (Toscana, Italy) IBM SP4 (CINECA, Italy) 
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Thermal convection: Nu=Nu(Ra) 
Lyon - Nikon D70Pisa - APEmille

D. Lohse and F. Toschi. Ultimate state of thermal convection. Physical Review Letters, 90:034502, 2003
R. Benzi, F. Toschi, and R. Tripiccione. On the heat transfer in rayleigh-bénard systems. Journal of Statistical Physics, 93(3-4):901, 1998.
L. Biferale, E. Calzavarini, F. Toschi, and R. Tripiccione. Universality of anisotropic fluctuations from numerical simulations of turbulent flows. Europhys. Lett., 64(4):461–467, 
November 2003.
E. Calzavarini, C. R. Doering, J. D. Gibbon, D. Lohse, A. Tanabe, and F. Toschi. Exponentially growing solutions in homogeneous rayleigh-bénard convection. Physical Review E, 
73:035301, 2006.
E. Calzavarini, D. Lohse, F. Toschi, and R. Tripiccione. Rayleigh and prandtl number scaling in the bulk of rayleigh–bénard turbulence. Phys. Fluids, 17:055107–1, 2005.
E. Calzavarini, F. Toschi, and R. Tripiccione. Evidences of bolgiano-obhukhov scaling in three dimensional rayleigh-bénard convection. Physical Review E, 66(1):016304, 2002.
.
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Non homogeneous, non isotropic flows 

Wall bounded flows / shear flows 

Major result, change of RKSH

R. Benzi, G. Amati, C. Casciola, F. Toschi, and R. Piva. Intermittency and scaling laws for wall bounded turbulence. Physics of Fluids, 11(6):1284, 1999.
F. Toschi, G. Amati, S. Succi, R. Benzi, and R. Piva. Intermittency and structure functions in channel flow turbulence. Physical Review Letters, 82(25):5044, 1999.
E. Leveque, F. Toschi, L. Shao, and J.-P. Bertoglio. Shear-improved smagorinsky model for large-eddy simulation of wall-bounded turbulent flows. J. Fluid Mech., 570:491–502, 2007.
F. Toschi, E. Leveque, and G. Ruiz-Chavarria. Shear effects in non-homogeneous turbulence. Physical Review Letters, 85(7):1436, 2000.
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Fundamental statistical properties of turbulence 

Multifractal  
prediction 

K41 
prediction 

Multi-fractal model 
Parisi-Frisch 1995 

The “standard model”



ORNL 2008 Federico Toschi 9 

Lagrangian turbulence 

For a review: 

Lagrangian Properties of Particles in Turbulence
 Federico Toschi, Eberhard Bodenschatz
Annu. Rev. Fluid Mech. 2009. 41:375–404
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Lagrangian turbulence: few examples 
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Particles with                (Kolmogorov scale) 
Particle Reynolds: 
Dilute suspensions (no collisions),  
no gravity 

η<<a
1vRe a <<= νaa

(essentially: Maxey & Riley Phys. Fluids 1983, T.R.Auton et al. JFM 1988) 

2a 

Model for particle’s equation of motion 
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k-5/3 Spectral flux 

N Reλ η L TL τη T δx Np 

512 183 0.01 3.14 2.1 0.048 5 0.012 0.96 106 

1024 284 0.005 3.14 1.8 0.033 4.4 0.006 1.92 106 

Lagrangian database 
(x(t),v(t),a(t)=-∇p+ν∆u) 
with high temporal resolution 

Energy spectrum 

CINECA keyproject 10243 DNS+tracers 

Pseudo spectral code - dealiased 2/3 rule - normal viscosity - 

2 millions of passive tracers- code fully parallelized with MPI

+FFTW - Platform IBM SP4 (sust. Performance 150Mflops/

proc) - 50000 cpu hours -  

duration of the run: 40 days 



ORNL 2008 Federico Toschi 21 

N Reλ η L TL τη T δx Np 

2048 400 0.0025 3.14 1.8 0.02 5.9 0.003 2 109 

Lagrangian database (x(t),v(t),u(t),∂iuj (t)) at high resolution 

Energy spectrum 

DEISA 20483 DNS with tracers & heavy 

Pseudo spectral code - dealiased 2/3 rule - normal viscosity 

- 2 billions of passive tracers & heavy particles- code fully 

parallelized with MPI+FFTW - Platform SGI Altix 4700 - 

400000 cpu hours -  

duration of the run: 40 days over 3 months. 
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Small scale bottleneck and vortex filaments 

Centripetal 

Longitudinal 

Centripetal and longitudinal acceleration 
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Acceleration p.d.f., DNS results 

Multifractal  
prediction 

K41 
prediction 

Multifractal Statistics of Lagrangian Velocity and Acceleration in Turbulence,  
L. Biferale, G. Boffetta , A. Celani, B. J. Devenish, A. Lanotte and F. Toschi, 93, 6 PRL  2004 
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Lagrangian velocity statistics 

How to estimate          ? 

Let us introduce some observables 

We do not have much fantasy! So we “copy” from Eulerian turbulence: structure functions 

In Eulerian turbulence we have 
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Local scaling exponents 

DNS and experiment show a very good agreement 

L. Biferale, E. Bodenschatz, M. Cencini, A. S. Lanotte, N. T. Ouellette, F. Toschi, and H. Xu. 
Lagrangian structure functions in turbulence: A quantitative comparison between experiment and direct numerical simulation. 
Physics of Fluids, 20(6):065103–12, 2008.
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Universality of Lagrangian Turbulence 

A. Arneodo, R. Benzi, J. Berg, L. Biferale, E. Bodenschatz, A. Busse, E. Calzavarini, B. Castaing, M. Cencini, L. Chevillard, R. T. Fisher, 
R. Grauer, H. Homann, D. Lamb, A. S. Lanotte, E. Leveque, B. Luthi, J. Mann, N. Mordant, W. C. Muller, S. Ott, N. T. Ouellette, J. F. Pinton, 
S. B. Pope, S. G. Roux, F. Toschi, H. Xu, and P.K. Yeung 
Universal intermittent properties of particle trajectories in highly turbulent flows. Physical Review Letters, 100(25):254504–5, 2008.
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St=0

St=0.16
St=3.31

trajectories of particles 

Starting inside a vortex, but with different inertia 
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Heavy particle’s 
acceleration

Filtered
acceleration

Fluid acceleration at 
particle’s position -20%

Acceleration at varying Stokes 

J. Bec, L. Biferale, G. Boffetta, A. Celani, M. Cencini, A. Lanotte, S. Musacchio, and F. Toschi. 
Acceleration statistics of heavy particles in turbulence. J. Fluid Mech., 550:349–358, 2006.
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Comparison of three extreme cases 
β = 0, heavy 

β = 1, tracer 

β = 3, bubble 

Poisson distribution 

St=0.6 

tracer bubble heavy 

105 particles 
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Correlation dimension D2 
P2(r) Probability to find a couple of particle whose distance is below r. 

At    r << η     P2(r) = A r 
D2 

r 

Same features as 
DKY 

More accessible in 
experiments 

fractal dimension hierarchy: D2 ≤ D1 = DKY 
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Put balls                   with radius r around each     
particle i
Let r increase
Measure total volume, surface, mean curvature and 
Euler characteristic of the emerging structure

Morphological analysis of point clouds 

-

-

-

Minkowski functionals provide complete morphological 
characterization of point cloud! 

E. Calzavarini, M. Kerscher, D. Lohse, and F. Toschi. Minkowski functionals: Characterizing particle and bubble clusters in 
turbulent flow. J. Fluid Mech., 607:13–24, 2008.
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Visualization of Ar 

radius = 0.5 η 

radius = 3 η 

radius = 10 η 

2•104 particles with β=3 and St=1 

r 
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•  Neutrally buoyant case 
–  Smaller that the dissipative scale of turbulence and with same density of advecting field 

•  Heavy particle case 
–  Smaller that the dissipative scale of turbulence but with density much higher that advecting field 
–  One way coupling  
–  Two way coupling 

•  Generic density contrast case 
–  One way coupling 
–  Two way and four way coupling (collisions) 

•  Non idealized particles 
–  Finite particle size, non spherical geometry case 

•  Thermal effects (both stable and unstable conditions) 
•  Intrinsic dynamics (i.e.droplest in clouds) 

–  Radii growth 
–  Coalescence 

Program for the future, towards real world: 
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iCFDdatabase 


