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Provide	  inspira2on	  for	  models.	  	  	  
	  
Make	  the	  next	  genera2on	  of	  design	  tools	  possible.	  	  	  

Objec2ves	  
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Dynamical	  mechanisms	  

Parameteriza2ons	  	  
of	  non-‐ideal	  flows	  

Sta2s2cal	  analysis	  	  
of	  idealized	  flows	  	  
(e.g.	  Kolmogorov)	  



Find	  useful	  parameteriza2ons.	  	  	  
	  
	  
	  
	  
	  
	  
	  
Understand	  specific	  mechanisms.	  	  	  

Reconnec2on:	  	  	  
	  	  	  	  arises	  from	  collisions	  between	  vor2ces	  and	  enables	  dissipa2on	  
	  
The	  sling	  effect:	  	  	  
	  	  	  	  produces	  collisions	  cloud	  droplets	  that	  enable	  rain	  

The	  Reynolds	  number:	  	  
	  	  	  	  its	  influence	  on	  the	  decay	  rate	  	  
	  	  	  	  its	  influence	  on	  scaling	  
	  
Anisotropy:	  	  
	  	  	  	  systema2cs	  in	  the	  large-‐scale	  measures	  of	  turbulence	  
	  
Unsteadiness:	  	  
	  	  	  	  its	  influence	  on	  scaling	  coefficients	  
	  
	  



GRID	  TURBULENCE	  
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AFTER	  MIXING	  LIQUID	  HELIUM	  WITH	  A	  GRID	  

1.	  	  	  

2.	  	  	  

Dryden	  (1941)	  Q.	  Appl.	  Maths	  
Speziale	  and	  Bernard	  (1992)	  J.	  Fluid	  Mech.	   Bewley	  et	  al.	  	  (2007)	  	  Phys.	  Fluids	  	  



e.g.	  Davidson	  (2011)	  Phys.	  Fluids	  

ó	  

ó	  

(Saffman)	  

(Kolmogorov)	  

Is	  it	  possible	  to	  imprint	  desired	  long-‐range	  correla2ons?	  	  	  
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e.g.	  	  Speziale	  and	  Bernard	  (1992)	  J.	  Fluid	  Mech.	  

Bewley	  et	  al.	  	  (2007)	  	  Phys.	  Fluids	  	  

Kistler	  and	  Vrebalovich	  	  (1966)	  	  J.	  Fluid	  Mech.	  

Many	  other	  experiments	  

THE	  VDTT	  
OUR	  EXPERIMENT:	  	  

Kurian	  and	  Fransson	  	  (2009)	  	  Fluid	  Dyn.	  Res.	  	  



THE	  VARIABLE	  DENSITY	  TURBULENCE	  TUNNEL	  	  (VDTT)	  

Bewley,	  Nobach,	  Sinhuber,	  Xu,	  Bodenschatz	  	  (2013)	  	  in	  prep.	  	  	  
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THE	  VDTT	   THE	  NSTAP	  

HOT	  WIRE	  
PROBES	  	  
ON	  TRAVERSE	  

30	  –	  60	  micron	  

Vallikivi	  et	  al.	  (2011)	  	  
Expt.	  Fluids	  

~18	  meters	  

Princeton	  University	  
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assuming	  a	  low	  Reynolds	  number	  exponent	  of	  -‐1.2	  

OUR	  DATA	  



Motion of gas bubbles in active-grid-generated turbulence 133

(a)

(b)

Figure 1. The active grid. (a) Overview, showing some of the DC motors. (b) Details of rods and
agitator wings; the wings are mounted in staggered orientation.

Mydlarski & Warhaft (1996) report that the periodicities remain with the single-
random asynchronous mode of operation. Note that the probability distribution
function of the rotation speed ⌦ of such a protocol is

pdfSR(⌦) = 1
2�(⌦ � ⌦m) + 1

2�(⌦ + ⌦m),

and so has two spikes, i.e. at �⌦m and ⌦m. This means that the flow is still forced
predominantly with a single frequency. By contrast, the double-random asynchronous

54 H. Makita / Turhulence field in a small wind tunnel

and Ling and Wan (1972) and Sato and Saito (1974) developed vibrated grids. It seems difficult
for the jet grid to keep good uniformity of the turbulence field. The vibrated grid could hardly
attain a fully developed state of turbulence in the test section of the wind tunnel, because it
agitated the flow field in a two-dimensional manner.
The author developed a new type of turbulence generator which stirred up a flow field

randomly in a three-dimensional manner. A rough sketch of the device has already been given
in Makita and Miyamoto (1983). The present work aims to describe its performance in more
detail and to show some basic characteristics of the homogeneous, quasi-isotropic turbulence
induced in a conventional laboratory wind tunnel.

2. Experimental procedure

The wind tunnel employed in the present study is shown in fig. 1. It has a test section of
0.7 X 0.7 rrr' in cross section and 6 m in length. The cross-sectional area is slightly enlarged
downstream to minimize the streamwise pressure gradient. Without the turbulence generator,
good uniformity of less than 0.1% in the mean velocity distribution and a low background
turbulence level of less than u'I Uo ::::: 0.04% are attained in the core of the test section at
Uo= 10 mis, where and u' denote the mean velocity and the root-mean-square value of the
velocity fluctuation, respectively.
The turbulence generator was settled upstream of the test section. It is a kind of active

bi-plane grid composed of 15 vertical and horizontal oscillating rods with many agitator wings.
The mesh size of the grid, M, is 46.7 mm. When the wings stand still, the generator acts as a
usual static grid. Each rod is driven by a stepping motor on the outside of the wall as shown in
fig. 2. The oscillating mode of the motor is regulated by feeding two kinds of electric pulses to
each motor's driver circuit; a drive pulse regulates the rotating speed of the motors while a turn
pulse changes the rotating direction. The rotating speed was fixed at 2 cycley's. The random
oscillation of each agitator wing was made by feeding the turn pulse of random frequency with
the recurrence period of about 10500 s. The period is long enough compared with the residence
time of the flow in test section, 1.3 s at Uo = 5 my's, and the data averaging time of 100 s. The
flow was agitated as it passed through the grid and turbulence fluctuations of less than about
30 Hz were directly induced by the grid's random oscillation. The wake of the rods and the
flow separation at the leading or trailing edge of the wings also produced turbulence. The
present turbulence field was endowed from its birth with various spectral components of large
amplitude which helped it to attain a fully developed and self-conservative state rapidly. The
resultant turbulence is called the excited turbulence, hereafter.

Controller
Flow

Test Section

Fig. 1. Experimental setup (unit: mm).

Traverse
unit
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FLOW	  
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-‐for	  high	  Reynolds	  numbers	  
	  e.g.	  	  

	  
-‐for	  control	  

	  e.g.	  	  	  

CONTROL	  OF	  LARGE-‐SCALE	  STRUCTURE	  



25	  cm	  

We	  (uniquely)	  have:	  	  
	  -‐independent	  paddles	  
	  -‐feedback-‐control	  of	  angle	  

OUR	  GRID	  

129	  PADDLES	  

M	  =	  163	  mm	  



THE	  VDTT	  

THE	  PRANDTL	  TUNNEL	  

THE	  ACTIVE	  GRID	  
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Mechanisms	  

reconnec2on	  

rain	  forma2on	  

e.g.	  	  Kerr	  (2013)	  Phys.	  Fluids	  
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QUANTIZED	  VORTEX	  

m	  –	  mass	  of	  a	  helium	  atom	  F	  
Force	  from	  (dissipa2ve)	  interac2on	  	  
with	  a	  background	  viscous	  normal	  fluid.	  	  	  

~1	  ångstrom	  

Onsager, L. Proc. Intern. Conf. Theor.  Phys., Kyoto and Tokyo, 

Science Council of Japan, Tokyo, 877-880 (1953).  



VORTEX	  TANGLE	  

RECONNECTION	  

DISSIPATION	  

Feynman, R.P. Progress in Low Temp. Phys. I, C.J. Gorter, ed.,

 North-Holland Publishing Co., 17-53 (1955).  

Mechanisms	  	  
for	  decay	  
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RECONNECTION	  

Bewley	  et	  al.	  
(2007)	  	  PNAS	  

TIME	  in	  50ms	  increments	  
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Bewley	  	  (2009)	  
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DROPLET	  DYNAMICS	  

...what	  happens	  when	  droplet	  iner2a	  first	  starts	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  to	  become	  important?	  	  	  
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d	  

parXcle	  in	  a	  turbulent	  flow:	  	  

droplet	  response	  2me	  

turbulence	  2me	  scale	  

For	  intermediate	  St…	  



PARTICLE	  FIELD	  IS	  “SOFT”	  

Monchaux,	  Bourgoin,	  Cartellier	  
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BUT	  ALSO	  INTERPENETRATING…	  	  	  

Maxey	  	  (1987)	  	  JFM	  



CAUSTICS	  

Wilkinson and Mehlig   
                              (2005)  EPL 

Falkovich, Fouxon and Stepanov  
                            (2002) Nature 

PARTICLE	  FIELD	  IS	  INTERPENETRATING	  

CAUSTICS	  IN	  LIGHT	  AT	  THE	  BOTTOM	  OF	  A	  POOL	  OF	  WATER	  

Berry  (1980) 
    Les Houches, Session XXXV 



gradient	  of	  (simplified)	  droplet-‐momentum	  equa2on:	  	  

fluid	  velocity	  

droplet	  velocity	  



can	  dominate	  when	  

causes	  unbounded	  growth	  when	  

Falkovich, Fouxon and Stepanov (2002) Nature 



Falkovich, Fouxon and Stepanov (2002) Nature 

unbounded	  growth	  leads	  to	  	  
caus2cs	  (singulari2es)	  



unbounded	  growth	  leads	  to	  	  
caus2cs	  (singulari2es)	  



smooth	  field	  
singularity	  

CAUSTICS	  AMONG	  PARTICLES	  

Wilkinson and Mehlig   
                              (2005)  EPL 
 
Salazar and Collins   
                              (2012)  JFM 
 

NUMERICAL	  MODEL	  



+	  history	  +	  Basset	  +	  added	  mass	  +	  …	  

Maxey	  and	  Riley	  (1983)	  Phys.	  Fluids	  

History	  suppresses	  causXcs:	  	  

Daitche	  and	  Tél	  (2011)	  PRL	  



	  
1	  m	  	  Acrylic	  ball	  

32	  Independent,	  random-‐	  
	  	  	  	  	  	  	  	  	  	  	  amplitude	  jets	  

Chang, Bewley and Bodenschatz  
                           (2012) J. Fluid Mech.   

1	  meter	  

CRYSTAL	  (SOCCER)	  BALL	  



loudspeaker	  

turbulent	  jet	  

isotropic	  turbulence	  

Hwang	  and	  Eaton	  (2004)	  Exp.	  Fluids	  



Control	  of	  anisotropy	  

Bewley,	  Chang	  and	  Bodenschatz	  	  (2012)	  	  Phys.	  Fluids	  



	  

60,000	  rpm	  spinning	  disk.	  

Droplets	  ejected	  from	  disk	  edge	  

	  	  

40%	  ethanol	  –	  60%	  water	  

Liquid	  

Droplets	  

ω	  

two	  classes	  of	  par2cles:	  	  
	  	  	  	  Class	  1:	  	  9μm	  mean	  diameter	  
	  	  	  	  Class	  2:	  	  18μm	  mean	  diameter	  

Spinning	  Disk	  Droplet	  Generator.	  



3D	  droplet	  tracking	  

	  
3	  μm	  /	  pixels	  	  <	  	  η	  /	  50	  	  	  	  resolu2on	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  2	  mm3	  	  	  	  	  	  view	  volume	  
	  	  	  	  	  	  	  	  	  	  15	  KHz	  	  >	  	  30	  /	  τη	  	  	  	  frame	  rate	  
	  

DROPLET	  IMAGES	  

~1	  millimeter	  



ARE	  THERE	  POCKETS?	  

St	  =	  0.5	  
YES	  



measure	  two-‐droplet	  sta2s2cs:	  	  



−2 −1 0
10−6
10−4
10−2
100

ARE	  THERE	  LARGE-‐ENOUGH	  GRADIENTS?	  	  	  

How	  do	  the	  gradients	  evolve?	  	  	  
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check	  cross	  terms	  later...	  	  	  

measure:	  	  

for	  small	  t-‐t	  	  ,	  small	  r	  1	  

condi2onal	  average:	  	  



−2 −1 0

−4

−2

0

0	  0	  
0	  

0.04
0.06
0.19
0.31
0.50



IN	  THIS	  FRAMEWORK:	  	  

NUMBER	  OF	  COLLISIONS	  

NUMBER	  OF	  COLLISIONS	  WITHIN	  POCKETS	  

NUMBER	  OF	  POCKETS	  

CHARACTERISTIC	  VOLUME	  OF	  A	  POCKET	  



A	  MORE	  STANDARD	  APPROACH:	  	  

NUMBER	  OF	  COLLISIONS	  

RADIAL	  DISTRIBUTION	  FUNCTION	  

RELATIVE	  VELOCITY	  DISTRIBUTION	  

Sundaram	  and	  Collins	  	  (1997)	  	  JFM	  



gradient	  of	  (simplified)	  droplet-‐momentum	  equa2on:	  	  

fluid	  velocity	  

droplet	  velocity	  
IS	  THIS	  MODEL	  ADEQUATE?	  	  

STOKES	  DRAG	  
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INCREASING	  SEPARATION	  

Lines:	  	  
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Symbols:	  	  
Experiments	  
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Saw,	  Bewley,	  Bodenschatz,	  Ray,	  Homann,	  Bec	  	  in	  preparaXon	  
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For	  the	  extreme	  events:	  	  

Gustavsson,	  Mehlig	  (2011)	  	  Phys.	  Rev.	  E	  



gradient	  of	  (simplified)	  droplet-‐momentum	  equa2on:	  	  

fluid	  velocity	  

droplet	  velocity	  WHAT	  IS	  THE	  ROLE	  OF	  GRAVITY?	  	  	  

GRAVITY	  



SETTLING	  VELOCITY	  MODIFICATION	  

Biased	  path:	  Enhances	   Unbiased	  path:	  Can	  reduce	  

Nielsen	  	  (1993)	  	  J.	  Sediment.	  Petrol.	  Wang,	  Maxey	  	  (1993)	  	  JFM	  



Parameter	  space	  
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ParIcles	  

�  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  sub-‐Kolmogorov-‐scale	  water	  droplets	  

�  at	  different	  Reynolds	  numbers	  
�  Volume	  frac2on	  

	  

φV ≈10
−6

~1.5mm

md µ15015−≈

Ultrasonic	  droplet	  generator	  

Single-‐camera	  2D	  	  
ParXcle	  tracking	  
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REVIEW	  OF	  PARTICLE-‐TURBULENCE	  WORK	  

The	  sling	  effect	  happens!	  	  	  
	  
Can	  we	  model	  the	  onset	  of	  rain	  through	  the	  sling	  effect?	  	  	  
	  
Linear	  drag	  alone	  does	  not	  quan2ta2vely	  predict	  extreme	  events.	  	  	  
	  
Turbulence	  both	  enhances	  and	  retards	  gravita2onal	  seHling!	  	  	  
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