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Very large ....... 

cloud masses is almost certainly indicated. This fact should 
possess much value in connection with cloud study and other 
meteorological work, because it enables us to quite certainly 
determine the presence or absence of such thick cloud masses 
within the various segments of storms, when their existence 
can not otherwise be ascertained by direct vision, owing 
either to the presence of dense masses of low clouds, or to 
the thickness of the rainfall. 

V. STUDY O F  THE INITIAL RAINFALL. 

The first rainfall or precipitation that occurred from newly 
formed or forming showers received particular attention, be- 
cause it must reveal the character of the rainfall resulting 
from the initial efforts of the rain-producing agencies and 
also because of its unusually large percentage of very large 
and large drops. These large drops give ample demonstra- 
tion of the unusual vigor with which these initial rain-making 
operations are carried on. For photographs of typical sets of 
raindrops of newly formed thundershowers see figs. 8 and 11. 

~ ~ _ _ _ _  

15 81 38 
61 67 70 
64 63 67 
68 23 22 
23 3 1 

Fig. 6.-Large thundershower raindrops of September 20, 1904. There 
were dense, low, nimbus olouds throughout this shower. Duration, 
one hour. One sample taken every seven minutes. 

The unusual character of such rainfalls is well shown in 
Table 4, and by the photographs. The large and medium 
sized drops appear in even larger numbers than do those of 
smaller denominations. The “ very large ” ones occur in one- 
third of all samples, while the ‘‘ very small ” ones are almost 
unrepresented. 

TABLE 4.-&lative frequency of the appearance and distribution of the 
within the variolle aqmenta of newly formed ehozoers. B g h t  d@krent 

raznfalk, 45 eamplee. 

Ve small ............................. 1 
S m 3 .  
Medium :. 

.................................. 
..... ......................... 
.............................. Large:. 

VerJ 4 

Size of drops. 

0 3 1  6 
6 8 8 3 6  
8 8 8 8 9  
8 6 5 81 
2 6 1 16 

Segment of storm. 

East 1 East I Central I West 1 West1 
edge. portion. portion. portion. edge. 
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VI. LIQETNINQ AND RAINDROPB. 

The character of the rainfall in connection with the occur- 
rence of lightning received, during our study, a large measure 
of attention. The endeavor was made to  ascertain whether 
any connection actually exists between the raindrop dimen- 
sions, the copiousness of the rainfall, and the presence or ab- 
sence of lightning, 

60-2 

The first column of Table 5 gives the general character of 
the rainfall, as shown by the 76 samples obtained during the 
progress of 25 thundershowers. It is to be noted that when 
these samples were taken the lightning occurred directly over- 
head, as distinguished from that occurring at a distance. 

The unusually large percentage of the numbers of occur- 
rences of “ large ” and ‘‘ very large ” raindrops will be noted, 
and is very significant and instructive. It was frequently 
noted that whenever the electric discharges were unusually 
frequent and powerful the rainfall was unusually thick and 
heavy, and consisted of raindrops of all sizes, the larger ones 
predominating. 

It was thought best, in view of the importance of this sub- 
ject, to compare this with similar data from other rainfalls 
unaccompanied with lightning and also with data from thunder- 
showers in which the electric discharges occurred at  some 
distance away from that portion of the shower that furnished 
the raindrop samples. To this end, a similar number of 
samples, i. e., 76, from each of these kinds of rainfall was ex- 
amined, and this data is also shown in Table 5. 

TABLE 5.--Size of raindrops during lightning. 

Storms with Storms with Storms 
Sieeofdrops 1 lightnin 1 distant I without 

overhed lightning. lightning. 

The data here given afford good ground for the belief that 
a connection actually does exist between the dimensions and 
relative frequency of the raindrops and the occurrence of 
lightning. It may be added that, irrespective of direct rain- 
drop testimony, this conclusion is very strongly supported by 
a number of independent observations of the portions of the 
clouds wherein the electric discharges originate. In general 
the latter were observed to originate within (as distinguished 
from merely passing through) the thickest and densest por- 
tion of each shower under observation, and it was quite cer- 
tain that from this portion the heaviest rainfall and largest 
drops were being precipitated. Lightning seems rarely to 
occur when the raindrops fall scatteringly; although in such 
cases the drops are almost invariably of very large size. 

Fig. 7.-Samples from general rainstorm. Taken in 1899. 

Touching this point (thickness or thinness of the rainfall) 
the testimony of the raindrops of the 76 samples secured,whea 

Bentley (1904)
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Drop size distribution

from ligaments in the spray

P (X = d/〈d〉) =
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Γ(n)
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Fast withdrawal

Marmottant & Villermaux, Phys. Fluids (2004)



Fast withdrawal

Marmottant & Villermaux, Phys. Fluids (2004)
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Accelerated thin film
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Accelerated thin film

Bremond & Villermaux, JFM (2005)



Accelerated thin film

Bremond & Villermaux, JFM (2005)



Accelerated thin film

Dombrowski & Frazer (1954)Bremond & Villermaux, JFM (2005)



Blowing on Soap Films

Acceleration ∼ !

τ2

10−2m
(10−2s)2

= 102 m s−2

= 10 g !



E = −
∫ ξ

0
(p1 − p2)dz

=
∫ ξ

0
(ρ1 − ρ2)gzdz

=
1
2
(ρ1 − ρ2)gξ2 < 0 if ρ2 > ρ1

ρ1

ρ2g

Mechanism:

Energy:
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with surface tension:

E =
1
2
(ρ1 − ρ2)gξ2 + σ{

√
1 + ξ′2 − 1}

≈ 1
2
(ρ1 − ρ2)gξ2 +

1
2
σξ′2

ξ(x, t) ∼ eikx−iωt

kc =
√

∆ρg

σ

Re(−iω) ∼
√

gkc

Mode selection:

Growth rate:



Layer with finite thickness

ρ1

ρ2g

x

z

ρ2

ξ+

ξ−

ξ± ∼ eikx−iωt

E =
∫

dx
{∫ h/2+ξ+

−h/2+ξ−

ρgzdz

+σ

(√
1 + |ξ′2+ |− 1 +

√
1 + |ξ′2− |− 1

) }
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Energy:
(ρ2 = 0 ; ρ1 ≡ ρ)

E<0 if:



if: kh! 1

kh! 1

then no coupling (Taylor 1950)

if: let ξ+/ξ− ∼ 1− kh

then km ∼ k2
ch

√
gkm ∼

√
ρg2h/σGrowth rate



Full dispersion equation 
(Keller-Kolodner (1954))

ω2 = k3 coth(k)




1±
[
1−

(
1−

(
kc

k

)4
)

tanh2(k)

]1/2





k ≡ kh

ω ≡ ω
√

ρh3/σ

For kc ! 1 , then ω2 = k3{1− (kc/k)2}

For kc ! 1 , then ω2 = k4/2{1− (kc/k)4}



kch = 0.001

kch! 1

= k/kc

√
ρg2h/σ
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Accelerated thin film
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Accelerated thin film

Bremond & Villermaux, JFM (2005)



Different incoming wave Mach numbers
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Impacted cavities
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Impacted cavities

Antkowiak & al., JFM (2007)
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Liquid sheets (Savart 1833)
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spray

Bremond & al., JFM (2007)



P (X = d/〈d〉) =
nn

Γ(n)
Xn−1 e−nX

Drop size distribution

n ! 5
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Villermaux, Annu. Rev. Fluid Mech. (2007)





Coalescence cascade of a drop

Thoroddsen & Takehara, Phys. Fluids (2000) 
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Villermaux & al., PRL (2004)

(ν ≡ n)
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Rocket engine (SNECMA)



Sultan & Boudaoud, PRL (2006)




