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Motivation: Cloud entrainment.

Entrainment from above,
sides and at base. 
Effects of gravity vary.

Stratocumulus:
Entrainment mainly 
from the top

Isolated cumulous:
Entrainment throughout
the cloud
depth



Warm Cumulous

Issues:

Turbulence at the cloud scale: sources, entrainment

Effects of small scale turbulence on droplet growth

Effects of entrainment  on droplet growth

Linking fluid dynamics and thermodynamics



Are small scale turbulence characteristics in clouds similar to laboratory turbulence?

Does clustering enhance droplet growth? DNS: show clustering---may enhance collision rates, but
not guaranteed in real clouds Conflicting results (eg.Pinsky & Khain ‘04; Riemer & Wexler ‘05)………  

What are the other effects of turbulence? E.g. droplet relative velocity effects on collision
efficiency. What are the relative effects of turbulence on collisional growth and condensation
growth? (Shaw, Collins, Wang, Malinowski and others)?

What are the relative effects of buoyancy and shear?---shear layer instabilities, convection

How do the different entrainment mechanisms in cumulous (rising plumes) and
stratocumulous clouds (plumes impinging on a density interface) affect droplet growth
(Grabowski…)?

What affects the width of the droplet spectrum?  Instrumental issues. Positive tail of rare, 
large drops not well measured (Kosinski & Shaw, Brenguier) .Hence effects of small scale
turbulence still not clear.

What are the effects of entrainment the droplet distribution and on droplet growth?

What are the effects of gravity on droplet distribution?

Questions:



from Shaw, Particle-turbulence 
interactions in atmospheric clouds, 
ARFM, 35, 183, 2003

Note the very sharp interface with dry
air, the relatively constant droplet size, 
and the existence of shear across the 
interface in some cases.

Field experiments: 
measurements in clouds



Some turbulence characteristics

Taylor scale Reynolds number: 

Taylor microscale defined:  

Energy dissipation rate :

In isotropic turbulence: 

Smallest scales of turbulence:

Acceleration variance:

If intermittency taken into account: 



Velocity Kurtosis
vs. scale

Variance of ln (dissipation)
yields mu = 025

All turbulence measurements in a stratocumulous are consistent with laboratory expts
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Particle parameters. 
Note, particles are small (sub-Kolmogorov) , and heavy (density ratio, 840) 



e.g, epsilon

Siebert, Shaw et al.



Clouds

Stratocumulous Cumulous

Cumulous Cumulous



Wind tunnel Experiments:
(a) homogeneous region 
(b) entrainment region 



Cornell

Goettingen



Cornell Wind Tunnel. Grid system may be rotated 90 and 180 degrees:
Gravity can aid, inhibit or not affect entrainment. 

TNI
Turbulent-
Non turbulent 
Interface

TTI
Turbulent-
Turbulent 
Interface

No Shear.



Smoke visualization 

Jayesh & Warhaft, JFM, 277, 23, 1994

TNI : Turbulent-non turbulent interface

g+  homogeneous turbulence at the top.

Particles always injected into turbulent region

g-

g0
No convection, no phase changes, no collisions

g

Homogeneous region

Entrainment region



Same as (a) but with
an inversion cap

Jayesh & Warhaft,
JFM, 277, 23, 1994



(a) Homogeneous region (g+, spray side).
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Settling particle velocity enhancement and reduction in turbulence with gravity.

Sprays & active grid

Acceleration of inertial particles:

Bodenschatz, Xu, Mordant, Ayyalasomayajula, Qureshi….

Clustering: Shaw, Collins, Bec, Vassilicos, Hunt…… 



Droplet pdf at the measurement section



Experimental parameters

~

This experiment: 

Atmospheric measurements: Seibert, Shaw….

Kolmogorov length  in experiment ~ 0.4 mm; comparable to atmosphere 



Inertial Particle and Fluid Acceleration PDFs

Cornell Wind Tunnel, Ayyalasomayajula et al. PRL. 2006



Armann Gylfason



Wood et al. 2005. Glass 
(20 micron)   St =1.33 , 



Cornell wind tunnel



From Kawanasi and Shiozaki,
J. Hydraul. Eng. 134 (2008)

Wang and Maxey  1993

Tooby et al 1977

Settling velocity in turbulence



Nelisen 1993Loitering

Occurs for heavy particles
in week turbulence.

Longer residence time of particles 
in upward moving regions of 
the flow



Settling velocity vs. Settling parameter

Enhancement

Reduction



Comparisons with other studies







(b) Entrainment region

g+  homogeneous turbulence at the top.

Particles always injected into turbulent region

g-

g0

Entrainment region



RMS velocity profiles

Kurtosis

TNI

TTI





Velocity Spectra



Concentration profiles for small and
large particles WITHOUT GRAVITY
Upper curves: TTI, lower, TNI

An error function is observed for the TTI
concentration profiles.
For the TNI, an error function is not observed

Without gravity, concentration profiles are insensitive to particle size.
See Gerashchenko et al. JFM, 617 (2008); Lavesso, JFM, 658 (2010)

Normalized particle concentration profiles



Particle concentration at the test section:

TTI: Turbulent-Turbulent Interface

TNI: Turbulent-Non Turbulent Interface

Circles and stars: Small and large
droplet groups
g+, filled symbols; g-, open symbols

Insert: curves shifted to converge 
asymptotically



Particle rms diameter for the TTI, TNI g+, g0, g- cases

y/L1/2

Red:  g+
Blue: g0
Black: g-

Squares , TTI; circles, TNI

Insert: Particle size distributions,
TNI, g+ case. y/L = 2.4 (open circles),
y/L = -1.14 (filled circles)



Top, TTI, 

Bottom TNI.

Circles, small 
droplets;
Stars, large 
droplets

Mean Velocity Profiles

Large particle velocity diminished in entrainment region: Abscissa shift plus possible loitering.



Intermittency factor: ratio of burst time to total time

Turbulent
Non Turbulent 
Interface. TNI

Velocity field



Particle velocity time series.
(a) seeded region, (b) bursting region

(a)

TNI case



Conditioned & unconditioned concentrations, no gravity



TNI. Comparison of hot wire
(fluid velocity) and PDPA 
(Particle velocity) measurements.

Particles mainly 
associated with bursts. 



Mean droplet velocity as fn of local droplet 
separation distance



RMS profiles of particle velocity---small particles only.

Upper curves are TTI, 
Lower curves are the TNI.



Kurtosis of the particle velocity.

Filled stars, full line: TNI, large drops, g+
Filled stars, dashed line (lower curve): TTI, large drops, g+ 

Open stars, blue dashed line, : TTI, large drops, g-



Conclusions
A reductionist approach!

Have isolated the effects of gravity and particle size.
We are attempting to add shear. ………

Results  may have significance to other areas: pollution, mixing…..

Note: Ireland, P. J. & Collins, L. R. 2011 ” Direct numerical simulation of inertial particle entrain-
ment in a shearless mixing layer.” in final preparation, confirms many of the results presented 
here.
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