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556 Z.LEVIN AND P.V.HOBBS

1. INTRODUCGTION

The break-up of liquids under various conditions has been studied by many workers since the
middle of the nineteenth century. Some of these investigations have dealt with the hydro-
dynamics of the break-up, while others have been more concerned with the electrical charges
separated by the disintegration of the liquid. These studies, in addition to being of inherent
interest, have important applications to such problems as soil erosion, erosion in steam turbines
by water drops, damage to aircraft by raindrops, and atmospheric electricity.

The main objective of the work described in this paper was to study the separation of electrical
charges produced by the splashing of water drops on solid surfaces and into thin layers of
water. However, the charges separated by splashing are intimately connected with the nature
of the splash itself. In the following section, therefore, we consider the hydrodynamics of
splashing onto solid surfaces and into thin layers of liquid. In §3 the results of an investigation
into the charges separated by splashes of this kind are described. Finally, in §4 the role of
splashing in separating electrical charges in the atmosphere is considered briefly.

2. THE HYDRODYNAMIGCS
2.1. General features of splashes

Most studies of splashing have been concerned with the impact of drops on deep liquids. In
this case, as shown by the original work of Worthington & Cole (1897, 1900), the following
sequence of events takes place. After the drop has collided with the surface a flared film of
liquid is thrown upward and outward from the periphery of the drop. The height of this film
increases as the drop penetrates further into the liquid and small jets of liquid are shot out from
the upper rim of the film giving it the appearance of a crown. These jets break up into numerous
small liquid fragments. At the same time, the cavity which forms beneath the surface of the
liquid, due to the impact of the drop, is enlarged. As the wall of the crown begins to subside and
thicken, the cavity collapses. The combined effects of the collapse of the cavity and the subsi-
dence of the crown cause a relatively large column of liquid, known as the Rayleigh jet, to rise
above the surface. The Rayleigh jet may pinch off to form one or more large drops.

As the depth of the liquid into which the drop splashes is decreased the features of the splash
described above undergo changes (Hobbs & Osheroff 1967; Macklin & Hobbs 1969). For
example, if a drop of liquid water 2.3 mm in diameter falls through a distance of 75 cm in air
before it impacts on liquid water, the crown that is formed becomes increasingly unstable as
the depth of the water is decreased below about 5 mm. Also, as the depth of the water is de-
creased from 25 to 7 mm the maximum height to which the Rayleigh jet rises increases and more
drops break away from the Rayleigh jet. However, for depths of water less than 7 mm, both the
height of the Rayleigh jet and the number of drops which break away from it fall off sharply.
No drops break away from the Rayleigh jet for depths of water less than about 3 mm. These
variations in the nature of the splash with depth of liquid have been explained by Macklin &
Hobbs in terms of the interaction of the subsurface cavity with the solid boundary beneath the
shallow liquid.

Studies of splashing on solid surfaces were initiated by Worthington (1876, 1877). He investi-
gated the patterns left by drops of various liquids after they had fallen onto horizontal smoked
glass plates. Most of the recent work which has been done on splashing on solid surfaces has
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WATER DROPS ON SURFACES 557

been concerned with the erosion caused by the impact. Consequently, attention has been
directed at the pressure developed on impact and the spread of the liquid over the solid surface
(Engel 1955 ; Savic & Boult 1955; Bowden & Field 1964; Bowden & Brunton 1967; Heymann
1969). Comparatively little work has been done on the crown which develops when a drop
splashes on solid surfaces. It will be shown later in this paper that the charge separation which
takes place when drops splash on solid or wetted surfaces is caused by the break-up of jets which
form on the crown. Therefore, the emphasis in our study of the hydrodynamics of splashing was
on the crown and its break-up.
2.2. Experimental

The interval of time from the initial impact of a drop on a solid surface to the end of the
splashing event is of the order of 1 ms. (The corresponding time interval for splashing into
liquids is about 10 ms.) Therefore, in order to photograph the sequence of events high-speed
photographic techniques must be used.

white
I styrofoam

background

N \ 8!

N \
~ \
\\
N \ infrared
N ~ filter
~ ~ \
<N \
< \
~

target

sphere N
lighe ihnli:}:xsity
shicld light
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high speed
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Ficure 1. Plan view of the experimental arrangement for obtaining high-speed photographs of drop splashing.

A sketch of the experimental arrangement that was used for obtaining these photographs is
shown in figure 1. The splash was illuminated by light from a 1 kW lamp reflected from a white
styrofoam sheet. The camera was generally operated at speed of about 5000 frames per second
and Kodak 4 X negative 16 mm film was used. Drops from about 0.4 to 3 mm in diameter were
produced using the technique described by Reil & Hallett (1968). Measurements on individual
drops showed that for the larger drops (> 1.2 mm) there was a variation of about 3 %, in the
diameters, and for the smaller drops a variation of about 8 9%,. The average diameter of the
drops used in any one experiment was determined from the weight of 100 drops. The target
generally consisted of a copper hemisphere 2.5 cm in diameter which was either dry or covered
with a thin layer of water. In some cases the hemisphere was replaced by an ice sphere of the
same radius.

45-2
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558 Z.LEVIN AND P.V.HOBBS

2.3. Results
(a) General observations

Figure 2, plate 13, shows a sequence of photographs of the splash produced by a water drop,
2.94 mm in diameter, after it had fallen through a vertical height of 45 cm and collided with the
dry copper hemisphere with an impact velocity of 2.8 m s=. These photographs reveal the
main features of splashing on rough solid surfaces. After impact the liquid flows radially out-
ward from the underside of the drop to form a thin liquid layer on the solid surface, on the
periphery of this layer a liquid crown extends upward (figure 2¢). As the drop collapses, the
liquid layer increases in area and the crown increases in height (figure 2f). Radial distur-
bances develop on the growing wall of the crown; these appear as light and dark bands in
these photographs (figure 2f). As the wall of the crown increases in height long jets of liquid form
along its upper periphery (figure 2g). These jets become unstable and break up into many small
fragments which are shot out from the crown (figure 25 ) with a high velocity and are thrown a
considerable distance. It is clear from the photographs that instabilities develop on the crown
before it reaches its maximum height, and these cause many droplets to be thrown off within
0.2 to 0.7 ms after impact. The wall of the crown eventually decreases in height and collapses
back onto the surface. We have observed on some occasions that even during the collapse of the
wall of the crown jets may form and break up into droplets. However, during this stage the
velocities of ejection of the droplets are comparatively small so the droplets do not travel far.
It should be noted that a Rayleigh jet is not formed by splashing onto a solid surface. When
water drops impact onto a very smooth solid surface a crown is not formed; the drop simply
spreads out radially over the surface. The discussion in this paper will be restricted to splashing
on comparatively rough solid surfaces and wetted surfaces.

The effect of the speed of impact on splashing on solid surfaces was investigated by allowing
the water drops to fall through various distances before colliding with a copper hemisphere. A
summary of the results is shown in table 1. The term ‘disappearance of drop’ in this table refers
to the point on which the curvature of the original drop jet disappears (e.g. figure 2j), that is,
when there is no pressure head of water remaining.

Figure 3 shows how the diameter of the base of the crown varies with time measured from the
moment of impact. The diameter initially increases rapidly but then the velocity of spread over
the solid surface gradually decreases. It is interesting to compare the speed of impact of the drop
on the surface with the radial flow speed of the base of the crown. The latter quantity was
obtained at various times from the gradients of the curves in figure 3. Figure 4 shows how the
ratio of the radial flow speed to the impact speed varies with time. It can be seen from these
results that the initial radial flow speed of the base of the crown is about an order of magnitude
greater than the impact speed. This is a consequence of the pressure which builds up in the drop
after impact (Engel 1955; Bowden & Field 1964). However, the initial high velocity of spread
decays very fast and reaches a value comparable to the impact speed within about 1.1 to 1.5 ms
(i.e. before the complete collapse of the drop). Figure 5 shows how the speed at which the top
of the drop approaches the solid surface following impact varies with time measured from the
moment of impact.

DESCRIPTION OF PLATE 13

Ficure 2. Sequence of photographs of the splash produced by a water drop 2.94 mm in diameter which collided
with a copper surface with an impact speed of 2.8 m s~ ¢ is time after moment of impact. (Magn. x 4.7.)
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TABLE 1. SUMMARY OF RESULTS ON EFFECT OF IMPACT SPEED ON
SPLASHING ONTO A SOLID SURFACE

fall distance/cm... 15 30 45 62 110 145.5
diameter of drop/mm 2.9 2.9 2.9 2.9 2.9 2.9
impact speed/m s—! 1.68 2.13 2.81 3.12 3.95 4.8
‘ time from impact to 2.1 1.8 1.5 1.1 0.95 0.8
_ ol disappearance of dropt/
\"/f:];\,\»\ ms
2 diameter of base of crown 9.0 8.91 8.87 8.07 9.73 10.6
at time of disappearance
S E of dropt/mm
(=4 = height of crown at 0.851 1.38 1.935 1.96 2.0 2.65
— time of disappearance
E 8 of dropt/mm
~ o maximum height of 1.1 1.39 2.19 2.45 2.5 2.65
crown/mm
time for crown to reach 2.3 1.9 1.7 1.4 1.0 0.9
maximum height/ms
ratio of height to 0.19 0.325 0.438 0.49 0.42 0.5

diameter of crown at
time of disappearance
of dropt
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Ficure 3. Diameter of the base of the crown as a function of time measured from the moment of impact. (Arrow
indicates the point at which the drop ‘disappeared’.)

DESCRIPTION OF PLATE 14

Ficure 8. Sequence of photographs of the splash produced by a water drop 2.9 mm in diameter which collided
with a layer of water 0.5 mm in depth with an impact speed of 4.8 m s~1. ¢ is time after moment of impact.
(Magn. x 2.82.)
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9; X 15 cm fall height
_ti o 30
F | e 45
__ \ o 62
6k A 145
Y
NN
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0
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Ficure 4. Ratio of the radial speed V of the base of the crown to the impact speed ¥, of the drop with the solid

surface as a function of time measured from the moment of impact. The drops were 2.94 mm in diameter in
each case.

g

speed/m s~1
=

o 05 T 10
time/ms

Ficure 5. Speed at which the top of a drop approaches a solid surface following impact as a function of time
measured from the moment of impact. The drop was 2.94 mm in diameter and the impact speed was 2.81 m s~

(b) Measurements on the droplets from the crown

Estimates were made of the number and size distribution of droplets ejected from the crown
in the following way. The copper hemisphere was placed on a clear glass plate and water drops
2.50 mm in diameter were allowed to splash onto the hemisphere with an impact speed of
4.2 m s~*. The fragments thrown off from the crown fell onto the glass plate where they were
photographed within 10 s of landing. The size distribution of the droplets was then determined
by measurements on the photographs under a microscope. This procedure was repeated several
times and an average size distribution determined. The results are shown in figure 6. In figure 7
the same results are plotted on log-normal probability paper, the fact that the results fall on a
straight line on this plot indicates that the drop size distribution is log-normal. It should be
noted, however, that these measurements do not include droplets less than 50 um in diameter.
These droplets, which are ejected from the crown at relatively high velocities, were not col-
lected on the glass plate. Moreover, droplets less than 50 pm in diameter probably evaporate
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WATER DROPS ON SURFACES 561

soon after leaving the crown. To obtain information on these very small droplets, large prints
were made from the 16 mm film and carefully examined. They revealed that a large number of
droplets less than 50 um in diameter are ejected from the crown, but it was not possible to
count their number directly. However, the photographs showed that about twenty jets form on
a crown. If it is assumed that while a jet is initially very narrow it ejects two droplets less than

0.21

0.1

(1/N) (dN/dD)

0 100 500 300 400 50
droplet diameter/um

F1icure 6. Normalized average size distribution of the droplets ejected from the crowns of splashes produced by
drops 2.5 mm in diameter after falling a distance of 1.5 m and impacting on a solid surface. Total number
of droplets was 110.

5001

w

(=]

(=]
T

D

[=]

(=]
T

100

diameter, D/um
()

[0'e]
()

50

051 3 5 1020 46 60 80 90 95 98
percentage of droplets with diameter less than D

Ficure 7. Cumulative plot on log-normal probability paper of the size
distribution of droplets shown in figure 6.

50 um in diameter (as a jet thickens it ejects larger droplets) then about 40 droplets less than
50 um in diameter will be ejected in a splash. These small droplets are unlikely to disturb the
log—normal distribution noted above but they will lower the median size of the droplets below
that indicated in figures 6 and 7.

(¢) Splashing on thin layers of water

High-speed photographs were also taken of water drops splashing into layers of water about
0.5 mm in depth. Figure 8, plate 14, shows the main features associated with splashing into
such thin liquid layers. There is little difference between the splash produced under these
conditions and that produced by a drop impacting on a solid surface. In both cases a crown is
formed, jets develop on the periphery of the crown, and the jets become unstable and break up
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562 Z.LEVIN AND P.V.HOBBS

into fragments. However, the time-scale of the events associated with splashing on a solid
surface is much shorter than for splashing into shallow liquids. For example, whereas the crown
collapses in about 1.6 ms after impact for splashing on a solid surface, for the same size drop and
impact speed it takes more than fives times longer to collapse when splashing occurs on a
shallow liquid. The reason for this is that once the crown forms the smoother the surface on
which it rides the longer it persists. Figure 9 shows the diameter of the base of the crown and its
radial velocity as a function of time for splashing on shallow water and on a solid surface. It
can be seen that the radial velocity of the base of the crown is similar for these two cases. Hence,

15 -
-6
. i
£10 .
(5] -
8
5 Irs
5 1=
g5
3 do
0

time/ms

F1Gure 9. Diameter of the base of the crown as a function of time measured from the moment of impact for
splashing onto (@) a layer of liquid 0.5 mm in depth and (O) splashing onto a solid surface. Also shown is
the ratio of the radial speed V of the crown base to the impact speed V,. The impact speed in both cases
was 4.8 m s~

the presence of a thin layer of water does not help in the conversion of the kinetic energy of the
drop to the kinetic energy of motion of the base of the crown. The height of the crown wall
formed by splashing into a shallow liquid is greater than that which results from splashing on a
solid surface. This is because in the former case a small cavity is formed beneath the surface of
the liquid, and the liquid displaced by this cavity is incorporated into the wall of the crown.

In §3 of this paper the electrical charges separated by water drops splashing on melting ice
are considered with reference to the electrification of natural clouds. Many photographs were
taken of splashing on melting ice, however, there were no detectable differences between these
splashes and those produced by water drops splashing into thin layers of water resting on other
solid materials.

(d) Formation and break-up of the crown

We now consider in more detail the mechanism by which the crown is formed during
splashing.

When a cylindrical jet of liquid impacts on a solid surface the liquid flows radially outward
from the jet over the solid surface (figure 104). This flow continues as long as the pressure-head
from the vertical jet is maintained. Water droplets may be shed from the perimeter of the
liquid sheet which spreads over the solid surface but a crown does not form. When a drop
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WATER DROPS ON SURFACES 563

impacts on a rough solid surface the fluid moves both radially outward over the surface and
also upward to form the crown. In fact, a small crown is formed even before appreciable radial
motion ensues. To explain the differences between the splashing of a jet and a drop it is necessary
to consider in more detail the region near the solid surface at the moment of impact of a drop.

When a drop impacts on a solid surface a shock front is formed which moves outward from
the initial point of contact into the collapsing drop. Hence, portions of the drop which are moving
downward are diverted radially outward (i.e. parallel to the solid surface) by the advancing
shock front. Once some radial motion has been established a narrow neck with a very high
convex curvature will be formed (figure 104) and in this region the resultant of the surface
tension forces is directed at an angle to the horizontal. If the solid surface is very smooth the

@

|
C 7N D)
- —— - N ——

Frcure 10. Schematic diagram of (a) radial flow due to impact of a jet of liquid on a solid surface and (5) flow due
to impact of a drop on a solid surface (full arrows indicate resultant forces due to surface tension at the neck
of the drop).

initial energy can easily be converted into a radial flow on the surface and in this case a crown
fails to form. However, on a rough surface the energy conversion into the radial flow is not as
efficient and the upward component of the surface tension at the neck and the excess pressure
in the drop force the fluid radially outward over the surface but with an upward velocity
component. Similar effects of curvature and excess pressure occur in the coalescence of two
drops (Bowden 1966).

The outward movement of the fluid across the solid surface creates vorticity the vector of
which is parallel to the solid surface. This vorticity is undoubtedly one of the driving forces in
the creation of the crown. However, a similar vorticity is present when a jet of liquid collides
with a solid surface but a crown is not formed in this case, hence this vorticity alone is apparently
not sufficient to create the crown.

We have seen that a rough surface is conducive to the formation of a crown during splashing
but irregularities on the surface of the target also initiate disturbancies in the fluid which grow
rapidly and cause the crown to break up in a shorter time than for splashing on a liquid sur-
face. More detailed inspection of the crown (figure 11, plate 15) reveals that these disturbances
are in the form of waves on the wall of the crown. Taylor (19594) has discussed the develop-
ment of similar waves on the surfaces of thin sheets of liquid. He observed that these capillary
waves could generally be classified into two groups: symmetrical and antisymmetrical. In the
symmetrical waves the displacements of the walls of the sheet are in opposite phase and in the
antisymmetrical waves they are in phase. During the propagation of symmetrical waves the
thickness of the liquid varies so they can be observed in transmitted light. Since the thickness of
the liquid does not vary during the propagation of antisymmetrical waves they are best viewed

46 Vol. 26g9. A.
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564 Z.LEVIN AND P. V.HOBBS

in reflected light. The photograph shown in figure 11 was taken with transmitted light which
indicates that the waves are symmetrical. Since high-speed photographs in reflected light could
not be obtained, the presence of antisymmetrical waves cannot be ruled out. However, Taylor
(19595) observed that symmetrical waves dominate in liquid cones from a swirl atomizer;
these cones look very similar to the crowns discussed here. It is reasonable to assume therefore
that symmetrical waves dominate on the wall of the crown produced by splashing.

As the crown increases in size a thick cylinder of liquid forms along its upper perimeter which
eventually becomes unstable and breaks up into jets. The following argument indicates the
manner in which the jets may form. In addition to the symmetrical waves which form parallel to
the base of the crown, other waves probably propagate perpendicular to the base of the crown.
In fact, streaks could often be seen extending from the solid surface to the top of the crown. In
this case, a two-dimensional mesh of waves results which produces variations in the thickness of
the crests of the symetrical waves parallel to the base of the crown. As fluid flows into the wall
of the crown and is incorporated into the thicker portions of the waves, even larger bulges will
form on the top of the crown wall and these may develop into jets. Considerations of the energies
involved also reveal a preference for the formation of jets since the surface area of the jets is less
than the surface area of the same volume of liquid in the wall of the crown.

The criterion for the break-up of the jets into fragments is not identical to that given by
Rayleigh (1879) because the jets which form on the crown are turbulent and the fragments
which are thrown off are not spherical. However, to a first approximation, Rayleigh’s criterion
probably applies to the jets which form on the crown.

Observations of the crowns ;which form when water drops splash on rough solid surfaces have
revealed their similarity to ‘water bells’. A ‘water bell’ is formed when a laminar jet of liquid
impinges on a small conical-shaped object. Taylor (1959¢) derived the following equation for
the meridional cross-section of a ‘water bell’:

X = cos 0[cosh~1(sec 0) —cosh—{(1—T) sec 6}], (1)

where 6 is the initial half-angle of the water bell and X and Y are non-dimensional coordinates
which are related to the dimensional coordinates by

X Y  dwo,

x y  pQuy’

(2)

where, o, is the surface energy of the liquid-air interface, p the density of the liquid, @ the
rate of flow of liquid in the jet, and #%, the velocity of the jet.

Figure 12, plate 15, is a composite photograph obtained by superimposing successive high-
speed photographs of the growth of the crown produced by a splash so that the base of the
crown in any one frame was made coincident with the upper part of the crown in the preceding
frame. The appearance of the crown in this photograph is very similar to a ‘water bell’.

The initial half-angle of the crown shown in figure 12 is found by extrapolation to be about
60°. From the total time for disappearance of the drop (A¢ = 1.5 ms), the total volume of the
drop (¥ = 13 x 10-3 cm3), and the growth velocity of the crown, the values of @ and u, were
found to be 8.5 cm3 s~ and 77 cm s, respectively. The shape of the ‘water bell’ obtained by
substituting these values into equation (1) is shown in figure 13 where it is compared with
measurements on the crown which have been taken from the photograph shown in figure 12.
The similarity between the two curves is striking. They begin to deviate significantly when
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x exceeds 3 mm which is the point at which the crown becomes unstable and large jets form on
its upper periphery. This analogy between the crown formed by splashing and the ‘water bell’
aids our understauding of the mechanism involved in the formation of the crown.

4
X
)Q\ g i /4
&
]
3 2r
7
N i /
N\

1 (] 1 L 1 1 1 )
-4 -2 0 2 4
y/mm
Ficure 13. Comparison of (x -- x ) the observed shape of a crown with (——) the theoretical

curve for a ‘water bell’.

3. THE CHARGE SEPARATION
3.1. Review of previous work

Interest in the electrical charges separated by the splashing of water drops started with the
work of Lenard (1892), who observed that there was a negative space charge in the air in the
vicinity of waterfalls. In laboratory experiments he was able to produce similar space charges
by splashing water drops onto solid surfaces covered with water. Lenard suggested that the
small fragments of water produced in a splash carry negative charges while the large fragments
carry positive charges. Thompson (1894) carried out similar experiments using different
target materials covered with water. He found that the charging was independent of the nature
of the material on which the water rested but it varied with the impurities in the drop and the
nature of the gaseous environment. In a later paper Lenard (1915) suggested that negative and
positive layers of charge (now known as the ‘electrical double layer’) are present near the
water—air interface and that when a mass of water breaks up charges are separated as a result
of the disruption of this layer. Lenard estimated that about 2 pC of charge are separated for
each square centimetre of new water surface created by a splash. Nolan & Enright (1922) found
that charges of the order 0.60 pG cm™2 can be separated when water is broken up by air currents.

The concept of the electrical double layer has been developed theoretically by Gouy (1910)
and it has received support from experimental work on the motion and the bursting of bubbles
in liquids (Coehn & Mozer 1914; Alty 1924, 1926; Bach & Gilman 1938; Blanchard 1963;
Irbarne & Mason 1967), the atomization of liquids (Frumkin & Obrutschewa 1931; Chapman
19384, b) and the break-up of liquid jets (Jonas & Mason 1968). According to present ideas
this layer is composed of a compact region of negative charges at the surface of the water—air
interface and a diffuse region of positive charges at the surface of the water—air interface and a
diffuse region of positive charges immediately below the negative charges. About one in every
thirty molecules is oriented normal to the water—air interface and the potential difference across
the interface is about 0.26 V.

46-2
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566 Z.LEVIN AND P. V.HOBBS

It is believed that the diffuse layer can move past the compact layer under the action of
suitable forces. The current that results from such a mechanism is called the ‘streaming current’.
We have shown in §2 that the jets which form on the crown produced by a splash develop
instabilities which grow and finally result in the break-up of the jet. As the disturbances grow
on the jet, liquid is forced outwards from the narrow necks past the compact layer. As a neck
decreases in radius a point is reached, just before break-up, when it contains only the negative
charges of the compact layer. Jonas (1968) has shown that the total charge separated by the
streaming current depends on the size of the fragments which break away from the jet. For the
large jets the streaming current can carry a positive charge of about 3 fC provided that the
concentration of impurity in liquid is greater than about 10~4 mol 1-. The charge is reduced for
lower concentrations of impurity and for smaller jets. If the liquid is conducting, reverse bulk
and surface currents will be established and these will reduce the maximum possible charge
which can be separated by the streaming current.

In addition to the disruption of the electrical double layer, several other mechanisms can
contribute to the separation of charges when liquids break up. For example, in the bulk of a
liquid the ions are distributed at random and when the liquid is disrupted any one fragment may
carry quite a large net charge of either sign. However, the charges on the fragments produced
by this mechanism will be statistically distributed and the mean charge should be close to zero.
If a liquid is in contact with another material the charges produced when the liquid is broken
up may be affected by the contact potential between the liquid and the material. However,
contact potentials are relatively small and under normal circumstances probably do not
contribute greatly to the charging. When liquids break up in the presence of electric fields the
fragments which are produced may carry appreciable charges of one sign due to polarization
effects (so called ‘induction charging’). Finally, in the particular case of water drops splashing
on ice, which will receive some attention in this paper, the possible effects of freezing on the
charge separation must be considered. Workman & Reynolds (1950) have shown that potential
differences of the order several hundred volts can develop across the ice~water interface during
the freezing of aqueous solutions. Ice also exhibits a thermoelectric effect (Latham & Mason
1961) which might affect the charges separated in a splash.

The role of the above mechanisms in separating charges during splashing under various
conditions are considered in relation to the experimental observations in §3.3.

3.2 Experimental

The purity of the water drops was a critical factor in obtaining consistent experimental
results on the charges separated by splashes. In order to prevent contamination of the water
drops by impurities in the air, a system was constructed so that the water did not come into
contact with air after it had been purified. A schematic of the purification system is shown in
figure 14. The water was initially distilled in an all-glass vessel, after which it was passed through
two ion-exchange columns. The water then passed into vessel G, which was flushed with nitro-
gen, and after further distillation was collected in reservoir A. If pure water was desired, the
water from A was then transferred via a conductivity cell into vessel D from which it was fed
into the drop generator. However, when known concentrations of impurity were needed in the
water, a measured amount of solute was placed in vessel B and mixed in a nitrogen atmosphere
with a measured quantity of water from A. The solution was then transferred via the conduc-
tivity cell to vessel D and the drop generator.
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WATER DROPS ON SURFACES 567

The apparatus in which the splashing took place (figure 15) was constructed solely of glass,
stainless steel and polyethylene and it was filled with nitrogen gas. Water drops from the drop
generator fell through the Pyrex tubes and as they entered the cylindrical stainless steel case they

under normal air under pure nitrogen
nitrogen J,
‘gas in
— ==
Corning cooling
distillation) water
unit vessel C.

T condenser
r tap water
‘ heater
' nitrogen-
gas out

reservoir A

l
|
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|
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———
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stirrer
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Ficure 14. Schematic diagram of the apparatus for purifying the water and the drop generator.

passed through an induction ring (4.8 cm in diameter and 2.4 cm high) connected to an
electrometer which we will refer to as the ‘ring electrometer’. This electrometer was similar to
the one described by Scott & Levin (1970); the circuit diagram is shown in figure 16. If the
drops were charged they generated a pulse in the ring electrometer which was recorded on a
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fast response oscillograph. These pulses were proportional to the charge on the drops. The
charge on the falling drops could be controlled by applying a potential between the drop
generator and ground. A negative potential of about 0.900 V had to be applied to the needle
in order to reduce the charge on the drops to zero.

After passing through a grounded shield, the drops entered a region between two parallel
plates where controlled vertical potential gradients could be applied. The drops then collided

nitrogen under

pressure
¥
N\
needle water container
valve
thermocouple F}: < nitrogen pulse
galvanometer drop generator
- .
f— «—]—nitrogen.
m F, gas in
constant = biased voltage
temperature T to needle
bath
Pyrex tubes
to Osci]lograph ] induction ring 'E&?;lrgg
— ; thermometer
ring electrometer read out
[ | of infrared
thermometer
-
to oscillograph P .
_ - =1 d.c. high
sphere target sphere voltage supply
electrometer
/ ~—metal shield
/ / <+
high voltage plates

Ficure 15. Schematic diagram of the splashing apparatus.

2N3904

+
¢ =
Siliconix ou — 9V
Mos-Fet l‘ -
M103 I 1uF —
in =% ¢ I
10YQ

Ficure 16. Circuit diagram of the ring and sphere electrometers.
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Ficures 17 and 19. For legends see facing page
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with a sphere (copper or ice) 2.5 cm in diameter which was placed midway between the two
parallel plates. The sphere was connected to an electrometer (called the ‘sphere electrometer’)
which had the same type of circuit as the ring electrometer. The electronics of the ring and
sphere electrometers were shielded for the prevention of magnetic and electric noise, and they
were rigidly mounted in a solid sheath of fused quartz. This arrangement, together with the
outside metal shield around the splashing apparatus and the use of batteries throughout the
system, resulted in high signal to noise ratios. Both electrometers could detect charges down
to 0.3 fC.

The electrical pulses produced by the splash of a water drop on the sphere appeared on the
oscillograph as an abrupt transfer of charge followed by a slow bleed-off of this charge through
the 10 Q resistor (figure 16). The charge @ transferred to the sphere was determined from the
relation @ = CV where, C is the effective capacity of the sphere electrometer and ¥ the peak
value of the voltage output from this electrometer. The capacity C was measured by noting the
attenuation of a 1000 Hz signal when a precision 2.2 pF capacitor was placed in series with the
input to the sphere electrometer. The value of C' was 4.7 pF. The signal output from the ring
electrometer was calibrated relative to the sphere electrometer in the following way. The metal
sphere was replaced by a wooden cup filled with steel wool and the capacitance of the sphere
electrometer was remeasured. The signals from the ring and sphere electrometers were then
recorded as water drops carrying various charges passed through the ring and were caught in
the wooden cup. Measurements of the heights of the pulses from the ring electrometer showed
that its effective capacitance was 6.2 pF.

In some experiments to be described below a signal representing the voltage output from the
sphere electrometer was superimposed on high-speed photographs of the splash. This was
accomplished by connecting the electrometer to an oscilloscope situated behind the camera and
projecting the image of the oscilloscope trace onto the back side of the film strip on the front of
which the image of the splash itself was recorded. To obtain a good recording of the oscillo-
scope trace it was necessary to replace the ordinary cathode-ray tube (P-2) by a higher intensity
tube with a fast decaying phosphor. A P-11 tube was found to be very suitable since its colour
spectrum peaks near the blue and matched the peak in the colour spectrum of the film (Kodak
4 x N) which was used. Before each experimental measurement a square wave signal generator
was used to calibrate the photographic image of the oscilloscope trace.

The equipotential lines between the two parallel plates were not horizontal over the whole
volume between the plates because of the hole in the upper plate and the presence of the sphere
(figure 15). The equipotential surfaces, in two-dimensions, were determined by drawing the
apparatus on graphite paper with high conductivity silver paint. A potential difference was
then applied between the two simulated plates and the equipotential surfaces were traced using
a galvanometer. These measurements demonstrated that in the vicinity of the sphere the
equipotential lines were uniform and parallel.

DEScRIPTION OF PLATE 16

Ficure 17. Superimposed photographs of the splashing of a water drop 2.9 mm in diameter on a melting sphere of
ice and the signal representing the charges received by the sphere in the absence of an applied electric field.
Time interval between frames is 0.2 ms. (Magn. x 2.7.)

Ficure 19. Superimposed photographs of the splashing of a water drop 2.9 mm in diameter on a copper sphere
and the signal representing the charges received by the sphere in the presence of an applied electric field of
—1kV m-1. Time interval between frames is 0.2 ms. (Magn. x 2.6.)
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The entire apparatus was either located in a laboratory with a high ceiling, to allow the
distance of fall of the water drops to be varied, or in a cold room to permit measurements at
different temperatures. The temperature of the ambient gas was recorded throughout an
experiment. In addition, a thermocouple was connected to the needle of the drop generator for
measurements of the temperatures of the water drops at the moment of their release. The tempera-
ture of the surface of the sphere could not be measured directly with a thermocouple since this
would have interfered with the charge measurements. However, this temperature was measured
approximately by pointing a Barnes infrared thermometer at it through a special opening in the
cylindrical case (figure 15).

The sequence of steps associated with a normal experimental measurement was as follows.
The splashing apparatus was flushed with dry nitrogen gas for about 10 min before an experi-
ment. The water (or solution) sample was connected to the drop generator which was adjusted
to produce about one drop per second. The copper sphere, which between experiments was
stored in a dichloroethane solution, was carefully washed in deionized water and then mounted
in the apparatus. Ice spheres were prepared by filling hollow glass balls with deionized water
and placing them in a cold box. When the water had frozen the glass shells were broken off and
the surfaces of the ice washed with deionized water. To prevent contamination the metal and
ice spheres were handled with clean dry forceps. Since we were generally interested in measuring
only the charges produced by splashing, any initial charges on the drop were eliminated by
varying the bias voltage to the needle of the drop generator until the falling drops produced
zero output from the ring electrometer. The speeds of impact of the drop with the sphere were
measured by noting the time interval between the signals from the ring and sphere electrometers.

3.3. Results and discussion
(a) Relation between the splash and charge separation

Superimposed high-speed photographs of a splash and the electrical signals representing the
charges produced by the splash revealed the relation between the charge separation and the
details of the splashing event. Figure 17, plate 16, shows a sequence of such photographs in the
case of a water drop 2.9 mm in diameter splashing onto a melting sphere of ice with an impact
speed of 4.8 m s~1. After leaving the drop generator the drop carried a positive charge of about
3.3 fC. The surface temperature of the ice was close to 0 °C and the thickness of the liquid layer
was not more than 0.25 mm. There was no applied electricfield. The electrical signal generated
by the splash is indicated by the broad white line on the photographs. A deflexion of this line to
the left indicates that the sphere is becoming positively charged and a deflexion to the right that
is becoming negatively charged. Similar signals to those shown in figure 17 were generated by
splashing onto metal surfaces.

On (or just before) collision, the electrical signal rises quickly (figure 174). This is due to the
charge carried on the drop; in the case of uncharged drops this initial fast-rising signal is not
seen. Most of the photographs showed a double hump on this initial signal, the first occurring at
about 10 us and the second at about 30 us from the time at which the signal first began to rise.
The first hump may be due to the transfer of charge to the sphere through the air before the
drop actually makes contact with the sphere. Atkinson & Paluch (1966) have shown experi-
mentally that electric sparks can jump between two charged drops separated by a small dis-
tance. The second hump would then represent the charge transferred when the drop collided
with the sphere. This explanation is reasonable since as soon as conduction begins between the
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sphere and the approaching drop the electric field between them would decrease and quickly
fall below that required to continue the discharge. Hence, it is unlikely that the drop would losé
all of its charge due to the discharge. After impact, the initial rising signal quickly decays to a
small, but not zero, value within about 200 us (figure 176, ¢). This is probably due to the
deformation of the drop which causes an increase in the mutual capacitance between the drop
and the sphere and therefore a decrease in the measured potential resulting from the charge
communicated to the sphere.

100,
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Ficure 18. Variations in the ratio of the potential V of the sphere to the charge ¢ on the sphere produced by the
ejection of charged droplets as a function of the distance between the sphere and the first droplet ejected for:
(@) one droplet 100 um diameter, (b) 40 droplets 100 um diameter separated by 50 um, (¢) 90 droplets
100 um diameter separated by 50 um.

Following the decay of the initial signal, a slower rising signal starts at the same time as
fragments begin to be ejected from the jets on the crown (figure 17¢). This signal continues to
move to the left (i.e. the sphere is receiving increasing positive charge) as long as fragments are
being ejected from the crown. When no more fragments are ejected the signal returns to zero
within a time interval corresponding to the time constant of the sphere electrometer (0.5 s).
The rise time of the slower rising signal is about 1.7 ms for splashing into thin layers of water and
1.2 ms for splashing on solid surfaces. These times correspond closely to the time interval
between the breakup of the first jet and that of the last jet (hereafter referred o as the total
contact time of the jet and the fragment).

If it is assumed that m small non-conducting droplets of equal size, each carrying a charge
q/m, are ejected from the crown and that the distance between the individual droplets is large

47 Yol. 269. A,
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enough that their mutual capacitance may be neglected, it may be shown that the net charge ¢
left on the sphere due to the ejection of the droplets is given by

_ Cs3(Cyy + Cyp +2C55) — mC(Z)] Q
‘VL” Cot Cag T CalCot 17 ®)

where V is the potential of the sphere, Cy, is the mutual capacitance between the electrometer
and the sphere, Cy;, Gy, and Cyg are the capacitances of the electrometer, the sphere and the
water drop respectively, C;, the mutual capacitance between each droplet and the sphere, and
@ the initial charge on the sphere. Values of V/q as a function of the distance between the sphere
and the first droplet ejected from the crown calculated from equation (3) are shown in figure 18.
It has been assumed that each of the droplets is 100 um in diameter and that they are
ejected one at a time so that they are separated by a distance of 50 um. The values of @ has been
taken as zero. Curve (), (b) and (¢) are for m = 1, m = 40 and m = 90 respectively. The
curves resemble closely the slower rising electrical signal in figure 17 and they provide con-
firmation that the charging which produces this signal is a result of the ejection of charged
droplets from the crown.

Since the time constant of the sphere electrometer was about 100 times greater than the time
taken for the droplets to escape from the crown, the peak output voltage Vi from the sphere
electrometer corresponds to the potential of the sphere when the droplets are far removed from
it. Hence, the total charge ¢ separated by the splash can be found from the relation

q = Vi Cnm, (4)

where, Cn, is the effective capacitance of the sphere and electrometer system.

Superimposed photographs of a splash and the electrical signal representing the charges
produced by the splash in the case when a vertical electric field of —1.0 kV m~! (minus sign
indicates that the potential of the upper plate was negative with respect to the lower plate) was
applied are shown in figure 19, plate 16. The water drop was 2.9 mm in diameter and it splashed
onto a copper sphere after falling through a distance of 145 cm. After leaving the drop generator
the drop carried a negative charge of about 3.3 fC. A fast rising electrical signal (figure 195)
moving to the right is seen on these photographs at, or just before, impact. A double hump on
this portion of the signal is not discernible but this is simply due to the fact that the gain of the
amplifier on the oscilloscope was set at a comparatively low value. Following the initial signal a
slower rising signal, also moving to the right, appears at the same time as fragments are ejected
from the jets of the crown. The charge received by the copper sphere due to the ejection of
fragments from the crown was one hundred times greater in this case than that shown in
figure 17, and the sphere received a negative rather than a positive charge. These results
demonstrate the effectiveness of applied electric fields in determining both the magnitude and
the sign of the charge separated by splashing.

In the measurements described below, unless it is stated otherwise, the drops were initially
uncharged and an electric field was not applied.

(b) Effects of impurities
The mean charges separated by drops, 2.5 mm in diameter, containing various concentra-

tions of sodium chloride after impacting with copper and ice spheres with a velocity of 4.1 m s~
are shown in figure 20. The measurements were made at 0 °C. The bars on each experimental
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Ficure 20. Mean charges transferred at 0 °C to: (a) a copper sphere, and (b) an ice sphere by the splashing of
drops 2.5 mm in diameter containing various concentrations of sodium chloride. Curve (c) is based on
theory (see text).
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F1cure 21. Mean charges transferred to (a) an ice sphere at + 1 °C, (b) a copper sphere at 0 °C, and (¢) an ice
sphere at —1 °C by drops 2.5 mm in diameter containing various concentrations of ammonium hydroxide
which impacted on the surfaces with a speed of 4.1 m s~1.
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point represent the maximum error in measuring the individual charges. It can be seen from the
two experimental curves (a and b) that the magnitude of the charges separated increases with
decreasing concentration of ions in the solution. The spheres were generally left with a positive
charge so that the liquid fragments ejected in the splash carried off a net negative charge. For
higher concentrations of sodium chloride about the same amount of charge is separated for
splashing on copper as on ice. However, for lower concentrations of sodium chloride more charge
is separated when splashing occurs on ice than on copper.

The results of experiments carried out at different temperatures for drops containing different
concentrations of ammonium hydroxide which splashed onto ice and copper are shown in

0.3
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mean charge, @/10~4 C

Ficure 22. Normalized distribution of the charges transferred to an ice sphere at —1 °C due to the splashing of
drops containing 5 umol 11 of ammonium hydroxide solution. The drops were 2.5 mm in diameter and they
collided with the sphere with a speed of 4.1 m s,

figure 21. For splashing on ice at +1 °C and copper at 0 °G, the positive charges left on the
spheres tended to increase in magnitude with decrease in solute concentration. However, for
splashing on ice at — 1 °C: the charges received by the sphere were positive for high concentra-
tions of ammonium hydroxide, reaching a maximum for concentrations of about 10~ mol 1-1,
but it was negative for low concentrations. In this case the ice increased in thickness by 0.5 mm
in about 100 s. These results can be partially explained in the following way. Workman &
Reynolds (1950) found that when aqueous solutions of ammonium hydroxide were frozen,
high potential differences developed across the ice-water interface due to the preferential
incorporation of NH{ ions into the ice lattice. This selective incorporation left the solution with
a negative charge. Pruppacher, Steinberger & Wong (1969) found that for spontaneous freezing
a maximum potential difference was developed when the concentration of ammonium hydr-
oxide was 104 mol 1-. Now in the experiments described above a thin layer of solution resided
on the ice surface at —1 °C, as this slowly froze the solution would have become negatively
charged with respect to the ice. When a solution drop splashed into this layer, fragments from
the drop and the layer would be ¢jected carrying a net negative charge. The ice sphere would
then be left with a positive charge, as observed for drops containing more than 2.5 x 105
mol 1-! of ammonium hydroxide (figure 21, curve ¢). The reason for the reversal of the charging
at lower concentrations of ammonium hydroxide in the case of drops at —1 °C splashing onto
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ice is not clear. However, it is possible that the thermoelectric effect in ice is beginning to play a
role and to charge the ice negatively as observed by Latham & Mason (1961) when super-
cooled water drops impact on ice.

Figure 22 shows the distribution of charges left on an ice surface at — 1 °C due to the splashing
of drops containing 5 umol 171 of ammonium hydroxide solution. This distribution, like many
others (see below), was found to be log-normal. The median charge left on the sphere was
—0.0133 pC and the geometric standard deviation was 0.31.

It has been shown above that most of the charge separation in splashing results from the
ejection of the small fragments (about 10 um in radius) which are released from the jets during
their early stages of growth. When a fragments breaks away from a jet it will tend to carry a net
negative charge due to the electric double layer. If it is assumed that the jets are formed from a
layer of thickness 0.3 um near the surface of the crown it may be shown that the total charge
Q carried by n fragments (assumed spherical and of radii , 7,...7,) due to the effect of the
double layer is given by

n
Q = —9.5x10%} exp [~} —10%H] 3173, (5)

where ¢ is the concentration (mol 171) of the aqueous solution. A similar equation to (5) was
derived by Iribarne & Mason (1967) for the charge released by the bursting of bubbles of air in
aqueous solutions. Hence, if the separation of charge which occurs on splashing were due en-
tirely to the disruption of the electric double layer, (5) should give a good approximation to the
actual charges observed. The charge separation predicted by this equation for the case when one
droplet is ejected from a jet of diameter 20 um is shown in curve (¢) in figure 20. The theoretical
curve resembles the experimental curves, but the measured charges are obviously much less
than those predicted by (5). This discrepancy could be due to the streaming currents which will
tend to offset the charging produced by the electrical double layer. However, since the mean
charges received by the surface on which the splashing occurred were positive, the charging due
to the disruption of the electrical double layer apparently dominates over that due to the stream-
ing current.

It has been shown in §2 that the sizes of the droplets ejected in a splash are log—normally
distributed. When a size distribution is log—normal all parameters which depend on the radius
raised to some power also follow a log—normal distribution (Herden 1960). Hence, if the charge
separation were described by (5) the charges carried on the fragments from a splash would
follow a log-normal distribution. Similarly, if we assume that the mean sizes of the droplets from
splashes follow a log-normal distribution, then the mean charges received by a surface due to
the splashing of drops would be log—normally distributed as found experimentally.

(¢) Effects of impact speed and size of drop

The average charges separated by the splashing of water drops 2.5 mm in diameter on a
copper sphere at various impact speeds are shown in figure 23. Curve (a) is for drops consisting
of dilute solutions of sodium chloride (2x 10~ mol1-! and conductivity 2.8 mS m~1), and
curve () is for doubly distilled water (conductivity 16 xS m~1). It can be seen that the charges
separated by splashing increase with increasing speed of impact. It should be noted that the
terminal speed for a drop 2.5 mm in diameter falling through air is about 6.5 m s~

These results support the conclusion that the charge separated during a splash is caused by
the ejection of the fragments from the crown. As the speed of impact is increased the number of
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FIcure 23. Mean charges transferred to a copper sphere as a function of the impact speed of drops 2.5 mm in
diameter consisting of (a) 2 x 10-* mol 1-1 of sodium chloride, and (b) pure water. Temperature was 20 °G
in both cases.
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Ficure 24. Normalized distribution of the charges received by a copper sphere due to the splashing of drops 2.5 mm
in diameter and containing 2 x 10 mol 1-! of sodium chloride which impacted at a speed of 4.5 m s™2.
Temperature was 20 °C.
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Ficure 25. Cumulative distribution of the positive charges shown in
figure 24 on a log—probability plot.
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fragments ejected also increases and hence more charge is separated. However, beyond a
certain point a further increase in impact speed does not cause an appreciable increase in the
number of fragments but merely increases the speed with which they are ejected. Consequently,
the rate of increase in the charge separated is reduced as the impact speed increases above a
certain value as seen in figure 23.

The results shown in figure 23 also demonstrate that more charge is separated by the splashing
of pure water than by the splashing of dilute solutions of sodium chloride. This result is attri-
buted to the difference in electrical conductivity between the sodium chloride solution and the
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F1cURrE 26. Mean charge produced by the splashing of drops on a copper sphere as a function of the product of
the speed (V) of impact and radius (r) of the drop.

TABLE 2. SUMMARY OF CHARGES SEPARATED BY DROPS OF DIFFERENT SIZES IMPACTING AT DIFFERENT
SPEEDS ONTO A COPPER SPHERE (DROPS CONTAINED 2 x 1074 moll~! OF SODIUM CHLORIDE)

mean charge  median charge

radius of drop electrical conduc- M number of transferred to transferred to
mm tivity/mS m-? ms! events recorded  sphere fC sphere fC
0.27 2.5+0.2 4.5 94 3.76 0.666
1.25 2.44+0.2 3.65 75 8.57 7.33
0.50 2.4+0.2 4.0 79 7.33 6.66
0.90 2.4+0.2 2.65 104 5.00 6.00
0.75 2.8+0.2 2.88 111 3.83 9.66

pure water. As charge is separated in the jets, reverse currents in the bulk of the liquid will tend
to counteract the charging mechanism. Since the total time for a fragment to break away from a
jet is small, the higher the electrical conductivity of the bulk liquid the more charge will be
carried by the reverse currents and the less charge will be carried away on the fragments.

The results obtained with pure water showed considerable variability and a large number of
individual measurements were needed in order to obtain a reliable average value for the charg-
ing. This was probably due to the presence of random traces of impurities, which were not
removed by the purification system, and to statistical charging.

Figure 24 is a normalized histogram of the charges received by the copper sphere due to the
splashing of the sodium chloride solution drops at an impact speed of 4.5 m s~1. Both positive
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and negative charges were observed but over 90 9, of the charges were positive. The cumulative
distribution of the positive charges are plotted in figure 25 on log—probability paper. The
experimental points lie approximately on a straight line which indicates that the distribution is
log—normal. The median charge 0.019 pC and the geometric standard deviation 2.2.

A series of measurements were made of the charges separated by drops of various sizes
splashing onto the copper sphere. The results are summarized in table 2. In figure 26 the mean
charges are plotted against the product of the speed of impact 7 and the radius 7 of the drop.
It can be seen that the mean charge transferred by splashing increases approximately linearly
with V7. Since an increase in either V or r will generally cause an increase in the number of
fragments ejected this result is understandable. Rupe (1950) found that water drops splash
in paraffin when Vr exceeds 0.94, where 7 is in mm and 7 in m s~1. The trend of the data in
figure 14 indicates that the cut-off value of Vr for splashing to occur on a metal surface is
less than 0.94, however, this can be attributed to the difference in the target surfaces used in
the two cases.

(d) Effect of temperature

The effect of temperature on the charges separated by splashing was investigated by taking
measurements at 20, 10, 5 and 0 °C for drops 1.25 mm in radius impacting at aspeed of 4.1 m s~
onto a copper sphere. Both dilute solutions of sodium chloride and doubly distilled water were
used. A consistent variation of the mean charge separated by splashing with charge in tempera-
ture was not observed, although the charge appeared to decrease slightly as the temperature was
lowered from 10 to 0 °C.

The parameters involved in charge separation by splashing which vary with temperature are
the surface tension of the liquid and its electrical conductivity. As the temperature decreases
from 20 to 0 °C, the surface tension increases slightly and the electrical conductivity decreases
slightly. An increase in surface tension will tend to reduce the number of fragments ejected in a
splash, while a decrease in conductivity will increase the charge separated. It appears that as far
as charge separation is concerned these two effects cancel each other out as the temperature is
decreased from 20 to 0 °C.

(¢) Effect of applied electric fields

It has been pointed out already that the application of an electric field in the region of a
splash can change dramatically the charge separated by the splash. In this section we present
more detailed measurements on this effect and interpret the observations theoretically.

Figure 27 shows the mean charge left on a copper sphere by the splashing of drops (2.5 mm in
diameter) of dilute sodium chloride (2 x 10~* mol 1-1) for various values of the applied electric
field and for four different values of impact speed. In addition to demonstrating the increase in
charge separation with increase in applied electric field the results show that, in the presence of
an electric field of a given magnitude, as the speed of impact is increased from 1.5 to 4.1 m s-1
the charges separated increase but a further increase in the impact speed from 4.1 to 5.9 m s~
decreases the charge separation. It can be seen from figure 28 that in the presence of applied
electric fields the charge separation reaches a maximum for impact speeds around 3.5 to
4.5 ms L

The charge separation was zero when no fragments were ejected from the crown formed by
the splash. In the case of drops of diameter 2.94 mm this occurred when the impact speed fell
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Ficure 27. The effect of an applied electric field on mean charges transferred to a copper sphere at 20 °C by the
splashing of drops 2.5 mm in diameter containing 2 x 10—% mol I-? of sodium chloride, at impact speeds of
(0) 1.5, (O) 4.1, (x) 5.4 and (@) 5.9 m s,
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Ficure 28. Mean charges transferred to a copper sphere as a function of impact speed in the presence of various
electric fields by the splashing of drops 2.5 mm in diameter containing 2 x 10~% mol 1-! of sodium chloride.
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below 0.4 m s~%. The dashed lines in figure 28 represent extrapolations to an approximate
impact speed below which no charges were separated by the splashes.

Figure 29 (a) is a normalized histogram of the charges left on a copper sphere after drops,
2.6 mm in diameter and containing 2 x 10~* mol 17! of sodium chloride, had splashed on it in
the presence of a positive (i.e. downward directed) electric field of 230 V m~*. In this case most
of the charges were positive. Figure 29 (5) is the corresponding histogram when a negative
electric field of 230 V m~! was applied. In this case all of the charges were negative.

mean charge 1071 C

10

" —800

1. L

_12:00 _4(‘)0 +— electric field V. m™

F1GurE 30. Mean charges transferred to a copper sphere due to the splashing of drops of pure water (electrical
conductivity 12 xS m~1) and dilute sodium chloride solutions (electrical conductivity 2.8 mS m~1) in the
presence of applied electrical fields. () pure water, impact speed 5.4 ms~1, (b) sodium chloride solution,
impact speed 5.4 m s~1, (c) pure water, impact speed 4.1 m s~%, (d) sodium chloride solution impact speed
4.1 m s-1, (¢) theoretical from equation (6), (/) theoretical from equation (8). Drops were 2.5 mm in diameter
in all cases.

In figure 30 a comparison is made between the charges left on a copper sphere due to the
splashing of pure water and dilute solutions of sodium chloride. The charges separated by the
pure water are generally smaller in numerical magnitude than those separated by the sodium
chloride solutions under the same conditions.

Polarization is undoubtedly responsible for the increase in the charge separated by a splash
when an electric field is applied. A positive electric field will polarize the incoming drop and the
target so that their upper and lower halves have net negative and positive charges respectively
and during contact positive charge will be transferred from the drop to the target. A further


http://rsta.royalsocietypublishing.org/

. |
/I

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Y |

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

WATER DROPS ON SURFACES 581

polarization will occur during the growth of the crown in such a way that the upper portions of
the crown will carry a net negative charge and the lower portions a net positive charge. Conse-
quently, in the absence of other effects, in the presence of an applied positive electric field the
fragments produced by a splash will carry negative charges and in a negative electric field they
will carry positive charges as observed experimentally. Gordon (see Latham & Mason 1962)
has shown that in the case of two rigid and perfectly conducting spheres of radii R and r (R > 7)
which collide and separate in an electric field £, the total charge @ carried off by the largersphere
is given b

8 Y Qs = v1Er?cos B+ﬁ%ﬂ/1?2)’ (6)
where, v, and 7y, are weak functions of 7/R, 0 is the angle between the electric field £ and the
lines of centres of the two spheres during contact, and @ is the original charge carried by the
larger sphere. Curve (¢) in figure 30 shows the values of @, calculated from (6) for the case of a
drop of diameter 2.5 mm with no initial charge (@ = 0) which collides and rebounds from a
larger sphere (R > r), 0 has been taken as 45°. The theoretical curve is in surprisingly good
agreement with the experimental measurements shown in figure 30. However, the application
of (6) to splashing is obviously not strictly correct; some of the shortcomings of this approach are
considered below.

Equation (6) applies to conducting spheres. This assumption will be valid for charge separa-
tion during the splashing of a water drop only if the relaxation time of the charge carriers is
short compared to the time of ejection of the fragments. The relaxation time 7, is given approxi-

mately by Tr = Deyfk, (7)

where, D and « are the dielectric constant and the electrical conductivity of the drop, and ¢,
the permittivity of free space. For the drops used in our experiments « varied from 10~5 to
10-3S m~L. For a solution drop D = D,+2dc, where D, is the dielectric constant of pure
water, ¢ the molar concentration of the solution and for sodium chloride § = 5.5 (Robinson &
Stokes 1959). For ¢ = 10~® mol 1%, D = D,. Hence, 7 varied from 7 x 10~ s (for pure water)
to 7 x 107 s (for the aqueous solutions). For an impact speed of 4 m s, the average time for the
ejection of the initial fragments from the crown is of the order 10~*s. Therefore, some of the
fragments will have a contact time of the order of the relaxation time for pure water, and
greater than the relaxation time for the aqueous solutions. Consequently, the assumption of a
conducting sphere is incorrect for pure water and it may be questionable for the aqueous
solutions when the speed of impact is high. The fact that the sphere cannot be considered as a
good conductor will reduce the amount of charge @, below that predicted by (6).

Another important assumption leading to (6) is that the two spheres are rigid. However, we
have seen that in a splash a crown forms from which charged fragments are ejected. As a result
of this effect alone, the charges separated in a splash would tend to be greater than predicted by
(6) because the capacitances of many fragments is greater than that of a single rebounding drop
and also there will be a significant enhancement of the electric field near the highly curved
surface of a fragment.

To allow for the above effects we write (6) in the form

Qs = nzzll')/lnEnr'rzt COs en [1 —€Xp (Tcn/TR)] + n§1 T,yan(Tg/ﬁ?) (8)

where, n is the number of fragments (assumed spherical) of radius 7y, 75. . .7,, E, is the local

electric field near fragment »n as it breaks away from the crown, ¢, the angle between the
48-2
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direction of E, and the line of contact between the nth fragment and the crown, and 7, is the
contact time between the crown and the nth fragment.

In the light of the above discussion we can attempt to interpret the experimental results on the
effects of applied electric fields on the charge separation by splashing. Figure 27 shows the effect
of an applied electric field on the mean charge left on a copper sphere by the splashing of drops
for four different speeds of impact. The drops consisted of a solution of 2 x 10~4 mol 1-1 of
sodium chloride which had an electrical conductivity of 2.8 mS m~2. The relaxation time 75 was
therefore about 10~¢ s. The mean charge separated by a splash increased rapidly as the electric
field was increased, however, for a given electric field, the mean charge increased with in-
creasing impact speed up to about 4 m s, but as the speed of impact was increased above this
value the mean charge decreased (figure 28). These results confirm the idea that the relaxation
time is of the same order of magnitude as the contact time, and that when the contact time is
decreased below a certain critical value (owing to an increase in the speed of impact) there will be a
reduction in the mean charge separated by a splash. It appears therefore that for drops 2.5 mm in
diameter the average contact time of the fragments with the crown is greater than the relaxation
time for speeds of impact less than 4 to 5 m s, but the reverse holds for high impact speeds.

We have seen (figure 30) that in the presence of an electric field there is a tendency for the
mean charge separated by a splash to be greater for sodium chloride solutions than for pure
water. This supports the argument that the higher the electrical conductivity of a drop the more
charge is separated when splashing occurs in the presence of an electric field.

The fact that the theoretical curve (¢) in figure 30 predicts much lower charges than those
observed experimentally implies that the larger number of fragments which are produced by
splashing (rather than the simple rebound assumed in (6)), and the enhancement of the local
electric fields by the fragments, have a greater affect on the charging than does the fact that the
drops cannot be considered perfect conductors. Curve (f) in figure 30 shows results obtained
from (8) when it is assumed that the drop has no initial charge (@ = 0), the fragments consist of
100 droplets of equal size (60 um) ejected at an angle 0, = 45°, 7., = T, and E, = 10 E. Itcan
be seen that in this case the theoretical curve lies closer to the experimental results than does (6).

It should be noted that the charges separated in a splash in the presence of an electric field
reside primarily on the larger fragments ejected from the crown rather than the very small
fragments which carry most of the charge in the absence of an applied field. This is because the
contact time of the smaller fragments is much less than that of the larger fragments, and the
enhancement which they cause in the local electric field due to their higher curvature is not
sufficient to overcome their smaller surface area which has the dominant effect in equation (6).

4. APPLICATIONS TO CHARGE SEPARATION IN THE ATMOSPHERE
4.1. Splashing on solid hydrometeors in clouds

In the region of natural clouds just below the 0 °C isotherm, water drops and large melting
ice particles (hailstones, graupel, etc) can coexist. Collisions between these particles should
result in splashing and the separation of charge as described in this paper.

If there is initially no electric field present in the cloud, the small liquid fragments produced
by a water drop splashing on a melting ice particle should carry predominantly negative
charges leaving the ice particle with a positive charge. If an updraught exists in the cloud, the
gravitational separation of the small fragments and the large ice particles will result in the build-
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up of a negative atmospheric electric field. Once such an electric field is created, the charge
separation resulting from further collisions between water drops and ice particles will be domi-
nated by the induction mechanism. In a negative electric field this will increase the positive
charge received by the ice particle. Hence, a positive feedback mechanism will operate in which
the charges separated by splashing will increase as the electric field increases. The magnitudes of
the charges separated by this mechanism are quite sufficient to explain the region of positive
charge which is often observed just below the freezing level in thunderclouds (Simpson &
Robinson 1940). It is also interesting to note that the splashing of drops in clouds will result in
the production of large numbers of small droplets and hence intrude upon the development of
the spectrum of cloud droplet sizes. Berry (1967) has shown theoretically that starting with a
narrow cloud drop size distribution (produced by condensation) growth by coalescence will
produce a bi-model distribution in the size of the cloud droplets. However, relatively few drop-
lets with radii about 40 um result from the coalescence mechanism. Splashing provides a
mechanism by which droplets of this size can be formed. Further growth of these small droplets
by coalescence can lead to raindrops.

4.2, Splashing of raindrops on the ground and over the ocean

It has already been mentioned that Lenard observed a large concentration of negative space
charge near waterfalls. This observation has been confirmed by Pierce & Whitson (1965).
Negative space charge near the ground during heavy rain has been reported by Adkins (1959)
who suggested that the fragments produced by the splashing of the raindrops on the ground
might be responsible for this effect.

If we assume a logarithmic wind profile near the ground and an eddy viscosity Km propor-
tional to height Z then Bagnold (1941) has shown that

Kn = kyuye (Z+2,), (9)

where, k, is von Karman’s constant (= 0.4), Z; is the roughness height, and u, the frictional
velocity. If we further assume that under steady state conditions the gravitational settling of the
small fragments produced by raindrops splashing on the ground is just balanced by their
upward turbulent transfer, then ws = K,(0502), (10)

where, w is the settling velocity, s the concentration of fragments in the air, and K the eddy
diffusivity. If, as is often done, we take K = K; then from equations (9) and (10) we obtain

s = 5,(Z[2Z,) ko (11)

where the subscript 1 refers to any reference level.

In order to estimate the effectiveness of this process in suspending the liquid fragments from
the splashing of raindrops in the air we will consider a simple example. For a rainfall rate of
1 mm min~?! consisting of uniform drops 2 mm in diameter falling at their terminal velocity of
7 m s~1, 103 m3 of water will reach the ground in 1 min from 420 m3 of air (i.e. 2.4 g of water
per cubic metre of air). Since the mass of each drop is 4.2 mg, 2.4 g of water is equivalent to 570
raindrops. We will assume that the fragments ejected by a raindrop when it splashes on the
ground follows a log-normal size distribution similar to that observed in the splashing of
a drop in the laboratory, namely, 11.5 droplets 20 um in diameter, 21 droplets 40 um in
diameter, 18.5 droplets 80 um in diameter, 16.5 droplets 120 um in diameter, 13.5 droplets
160 um in diameter, 9 droplets 200 um in diameter, 6 droplets 240 um in diameter, and
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4 droplets 280 um in diameter. We will also assume that %, = 0.53 m s~ and Z, = 0.05 cm,
which are the values found by Summerfeld & Businger (1965) for snow particles in the air.

With the above assumptions equation (11) gives the results shown as curves (), () and (¢)
in figure 31. It can be seen from these results that small droplets are readily suspended in the
air by turbulence, however, droplets greater than about 80 um in diameter are difficult to
suspend by this mechanism. However, Businger (1965) has shown that for the larger particles
in blowing snow K # Km. Solving (9) and (10) for such a case, we obtain

§ = Sl(Z/Zl)WKm/Kskou*. (12)

Curve (d) in figure 31 shows the results predicted by (12) for droplets 80 um in diameter when
K, = 1.3Kyn. This shows the effectiveness of increasing the value of K in suspending larger
droplets.

[ —80 pm 40 pm 20 pm
diameter
F droplets
20F
ﬁ d
= b a
0
,.g r- K5=1.3Kn1 KsKn KSSKm
10F
0 + + i |
0.1 1 10 102 10° 10*

number of suspended droplets

Ficure 31. The suspension of droplets in the air ejected from the splashing of raindrops on the ground. Curves
(a), (b) and (¢) were calculated from equation (11) and curve (d) from equation (12).

Finally, it is interesting to speculate on the effects of raindrops splashing on the oceans. In
this case the liquid in the crown comes mainly from the target liquid. Hence, due to the high
concentration of sodium chloride in sea water, the streaming currents may initially be the
dominant mechanism for separating charges during the break-up of the jets (see §3.1). In this
case, the droplets ejected from the crown would carry a net positive charge into the air. How-
ever, after a long period of heavy rain a layer of fresh rainwater accumulates at the surface of the
ocean (Katsaros 1969) so the splashing of raindrops into this layer would result in the ejection
of negatively charged particles into the air.
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Ficure 11. Symmetrical waves on the wall of the crown viewed with
transmitted light. (Magn. x 11.5.)

'igure 12. Composite photograph illustrating the growth of the crown.
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