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Turbulence in Clouds

Buoyancy
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Nuclei (CCN)
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Clustering of inertial particles
Vortices

Strain Region
Maxey (1987); Squires & Eaton (1991); Wang & Maxey (1993)
Shaw, Reade, Verlinde & Collins (1997)
Falkovich, Fouxon & Stepanov (2002); Zaichik & Alipchenkov (2003); Chun, Koch, Rani, Ahluwalia & Collins (2005)



TOPICS
--Inertial and fluid particles : Lagrangian measurements

--The Lagrangian pdf and its dependence on Reynolds 
and Stokes number

--The radial distribution function
--Pair dispersion
--Anisotropy at high Reynolds number
--Impact on environmental flows



Typical Run

QuickTime™ and a
Motion JPEG OpenDML decompressor

are needed to see this picture.



Experimental Specifications

Makita active grid 
• Rλ= 253
• τη = 12.7 msec
• ε = 0.093 m2/sec3

• ν = 1.5 x 10-5 m2/sec 

• Frame Rate = 8000 fps
• τη = 103 frames
• Tracking time = 0.125 sec = 10 τη

• ρpart = 1000 kg/m3 and ρair = 1.26 
kg/m3

QuickTime™ and a
YUV420 codec decompressor

are needed to see this picture.



Parameters:

• Parameters:

– Reynolds number

– Stokes number

– Froude number

Rλ =  uλ
υ

St  ≡  
τ p

τη

 =  βd2 / 18υ
(υ /ε)1/ 2  ,  β  =  

ρp

ρ

Frinertial  =  gSt a2 1/ 2



Movie of inertial particles
(length of movie 8 τη)

• Frame rate of 8000 
fps with resolution of 
512 x 512 pixels.

• Laser at 40000 fps.
• Multiple shots per 

frame to increase 
visibility.

• Light sheet at 40 
degrees, forward 
scatter.

• Sheet thickness about 
2 mm.

• Projected area viewed 
1.6 cm x 1.6 cm.

QuickTime™ and a
Cinepak decompressor

are needed to see this picture.



Tracks

• Mean speed 1.9 m/s
• Rλ ~ 250
• St ~ 0.09 and 0.15 
• Kolmogorov length-scale 

0.433 mm and time-scale 
12.5 ms.

• Spatial resolution at least 
37 μm (1/12th of η)

• Temporal resolution 
0.125 ms (1/100th of τη)

• Integral scale 22 cm and 
integral time scale 1 sec

• Tracking distance 40 cm 
and tracking time 
approximately 0.2 sec 



Sample Tracks



Particle size distribution



Inertial Particle and Fluid Acceleration PDFs

PRL Oct. 2000



Acceleration Probability density function



Lagrangian Acceleration variance ---
behavior with Reynolds number



aia j = a0ε
3 / 2ν −1/ 2δij

aia j ∝ L /η( )3μ / 8 = R0.14

Acceleration variance vs Reynolds number



Inertial Particles--Preferential Concentration

From Shaw, Reade, Collins and Verliade J.A.S ,55,1998

(Evenly distributed inertial particles concentrate in regions of high strain)



Radial distribution

η r( )=
ρp r( )

ρp

−1 where  ρp r( )  is  the  particle  density  at  a

 distance  r  relative  to  each  particle  
averaged  over  all  particles  and  ρp  is  the
global  particle  density



Shaw et al. Radial Distribution Measurements in Cornell tunnel
with active grid



Radial Distribution Function. R Shaw et al

Cornell wind tunnel 
plus active grid



R A Shaw et al 2006

(Cornell wind tunnel with   
Active Grid)

Stokes Number Similarity: St = 0.001- 0.3 (circles) and St = 0.7- 1.1(triangles)

(Reynolds number is varied)



.MIXING

For mixing need to know separation rate
of pairs of fluid elements: 
Classical Richardson-Obukhov:
Mean square separation proportional to t3
Batchelor considers initial separation:

  

r 
Δ t( )−

r 
Δ 0[ ]2

=
11
3

C2 εΔ0( )2/3t2 for t < t0 =
r 
Δ 0

2

ε

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

1/3

(Turbulence is super-diffusive--Brownian~t)



Lagrangian
measurements.
Bourgoin et al
Science,311

835,2006



Eulerian line sources in Grid Turbulence
Warhaft JFM 1984



Line sources continued



Line sources continued.

Strong dependence on initial conditions in both
Eulerian and Lagrangian frameworks



Bodenschatz ” washing machine “

Anisotropy measurements

zz is axial , yy and xx are radial



Measurements of Lagrangian statistics of fluid particles 
at high Reynolds number

δui τ( )= ui t + τ( )− ui t( )
Lagrangian Structure Function:

Dij
L τ( )= δui τ( )δuj τ( ) = C0ετδij

C0  should be universal and Dij
L

 should be isotropic



Ouellette et al NJP 8 (2006),102.
Lagrangian Structure functions.



Anisotropy ratio  - Lagrangian

Note : the Lagrangian
structure function
scaling exponents 
Saturate (H. Xu et al
PRL ,2006).

As for passive scalar.



C0 from Lagrangian Structure Functions. Ouellette et 
al (2006)



Homogeneous Shear Experiments

y,v

x,u
U

For isotropy,  skewness should tend to zero at high Re

S∂u /∂y≡
(∂u /∂y)3

(∂u /∂y)2 3 / 2

What about 5th and 7th moments.
Here, separating the effects of intermittency we define,

H∂u /∂y≡
(∂u /∂y)5

(∂u /∂y)4 5 / 4
SH∂u /∂y≡

(∂u /∂y)7

(∂u /∂y)6 7 / 6

How do they vary with Re?





A new high Re tunnel
Taylor Reynolds number ~ 10,000



Environment vs. Laboratory 
studies

Atmospheric measurements were first to tell us 
about :

-sharp fronts (ramp-cliffs), scalar anisotropy,
Kolmogorov scaling……………….

Observations were refined by experiments and 
computations

Laboratory measurements have yielded structures, 
new statistics (pdf’s, radial distributions etc) and 
details on small scale structure, reactions and 

mixing.

The atmosphere and oceans will remain the
ultimate high Re lab but its non stationarity and lack

of repeatability necessitate lab experiments.



FIN



Eulerian structure function 
exponents





S Ayyalasomayajula and Z W

40 ≥ Rλ ≤ 470

High Reynolds Number Axi-symmetric strain







A Closer Look at the PDFs



Comparison with DNS



Spray Characteristics

• Spray injected directly behind turbulence 
generating grids.

• Spray injected approximately at mean 
velocity of the flow.

• Mass loading can be varied between 10-4 -
10-3 (kg of water / kg of air)

• Number density 30 - 300 per cc for 20μm 
water droplets

• Particle size distribution log-normal.
• Distribution can be varied by changing

atomizing air and water pressures.



Spray System

• 4 air atomizing nozzles generate
narrow distribution water droplets.

• Closed loop electro-pneumatic 
valves maintain accurate 
atomizing pressures.

•Spray injected directly behind turbulence generating grids.
•Spray injected approximately at mean velocity of the flow.
•Mass loading can be varied between 10-4 - 10-3 (kg of water / kg 
of air)
•Number density 30 - 300 per cc for 20μm water droplets
•Particle size distribution log-normal.
•Distribution can be varied by changing atomizing air and water 
pressures



Conclusions

• There is significant progress in Lagrangian 
turbulence experiments.(Lyon, 
RISO,ETH,Marburg,Max-Planck,Cornell…..).

• We look forward to new results on passive as 
well as inertial fluid particles . High Re and
high Stokes numbers…..

• Lagrangian experiments pose significant new 
problems: High Re asymptotes appear to be 
higher than for the Eulerian.Need for “super “
high Re with all its technical challenges


