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Since there appears to be no rule without its exceptions, we conclude this section by mentioning also the findings of Marshall and Rust (1991), who studied 12
thunderstorms in Oklahoma, Alabama, and New Mexico. None of these storms
appeared to fit the traditional tri-polar structure. Instead, four to ten electric
charge regions were present in the clouds which generally had positive anvils with
a negative screening layer at the upper boundary (Byrne et al., 1989; Marshall et
al., 1989).
18.5 Cloud Charging Mechanisms
18.5.1 REQUIREMENTS FOR A CLOUD CHARGING MECHANISM

Based on the observational evidence given in the previous sections, we may follow
Mason (1971, 1972, 1988), Gardiner et al. (1985), and Latham and Dye (1989) by
listing some of the major requirements a cloud charging mechanism has to fulfill:
(1) A single mechanism has to produce a tri-polar electric cloud structure with a
negative charge center at a temperture level near –20°C, a positive charge center
above that level (i.e., below this temperature), and a positive charge center at a
temperature level between –10 and 0°C. (2) Alternatively, if the mechanism only
produces a di-polar structure involving the two upper charge centers, a separate
mechanism is required to explain the lower charge center. (3) Sufficient electric
charge has to be generated and separated so that a thunderstorm cell maintains
a cloud to ground current of 1 Ampère during 25 minutes, requiring that within
this time about 1500 C are produced and separated. Assuming a cloud volume of
this is eqivalent to a charging rate
Since about
30 C are destroyed per lightning flash, a flash rate of
has to be maintained
during 25 minutes (this value is consistent with our estimate in Section 18.1 which
suggests a global flash rate of
and 1500 storms maintaining the electric
charge on the Earth’s surface over time). (4) Sufficient electric charge has to be
generated and separated to produce a breakdown electric field of 100 to
within about 20 minutes. The electric field is to grow slowly initially but explosively if
(5) The regions with strong electric fields have to coincide
with regions of high radar reflectivity and thus with regions of precipitation sized
particles. The development of precipitation particles has to precede any significant growth of the electric field by several minutes. (6) The precipitation particles
involved in significant electric activity have to be solid, consisting of ice crystals
and graupel present in regions with significant amounts of supercooled water. (7)
The regions with a high electric field generally should have a charge density of 1 to
(8) The electric charges carried by precipitation particles of 1 to 3 mm
diameter must range between 10 and 100 pC and be present in concentrations of
about
Particles inside the upper positive cloud region must consist of
positively charged ice crystals, particles inside the lower negative charge regions
consist of negatively charged graupel, and particles inside the lower positive cloud
regions consist of positively charged graupel or raindrops.
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18.5.2 T HE M AJOR C LOUD C HARGING M ECHANISMS

We shall now briefly describe the major charging mechanisms of atmospheric clouds.
Most of the mechanisms are illustrated schematically in Figure 18.4.
18.5.2.1 Charging by Diffusion of Ions

We have shown in Section 18.3.2 that generally diffusion charging win weakly electrified clouds leads to a symmetric charge distribution on cloud droplets which
is centered near zero charge with
and that the individual charges of either sign on the drops is small. Thus, from (18-20)
and, therefore,
e.s.u.
for
and 0°C.
In order to estimate the magnitude attained in diffusion charging, Beard and Ochs
(1986) considered the root-mean-square charge, which for a zero centered distribution is
This result was interpreted by Beard and Ochs
as a balance between the stored electric energy on a droplet
and
the thermal motion energy of the ions (kT). For these conditions
and
e.s.u.
a very small charge considering the
observed charges in strongly electrified clouds.
Initially, the rate of charging
of a drop by ion diffusion is given
by (18-21c,d). Soon thereafter, when the charge on the drop must be considered, the rate of charging is given by (18-21a,b). At equilibrium,
so that from (18-34) we have, for the mean charge of the distribution,
The charge distribution is symmetric about zero charges if
For
and 0°C the mean charge of the distribution at equilibrium is
e.s.u.
For the case that
is not too different from
Gunn (1954) obtained an approximate expression for
from which he determined that the charge on a drop as a function of time
is given by
In other words, the characteristic time
after which 63% of
has been reached is
Thus, for
e.s.u.,
at the Earth’s surface, showing that the equilibrium charge is reached
fairly rapidly.
Although the magnitude of diffusion charge on drops is small and can only
account for the charges at the very early stages of cloud development, we have
pointed out in Section 18.4.1 that charging by diffusion of ions does indeed lead to
the usual observed electric polarity of weakly electrified clouds.
18.5.2.2 Convection Charging

Grenet (1974) and, independently, Vonnegut (1955) proposed that a convective
cloud may operate as an electrostatic energy generator according to the following
scenario. Initially, an updraft carries positive space charge from the lowest levels
of the troposphere into the growing cloud; the electrified cloud soon acquires a
negative charge screening layer at its top and edges due to cloud particle capture of
negative ions drifting from the conducting clear air to the cloud under the influence
of the main positive charge; finally, downdrafts are envisioned to carry the negative
charge close to the cloud base, thereby enhancing the (reversed) electric field at the
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Earth sufficiently to initiate positive point discharge which enhances the positive
charge entering the cloud via updraft. The continuance of this positive feedback
cycle can thus provide for the strong buildup of electrostatic energy at the expense
of organized cloud convective motions.
We see that, according to the above picture, the cloud in its early stages is
predicted to have a positively charged base and core, which is in conflict with the
reasoning and the bulk of the the evidence presented in Section 18.4.1. The cause
of the disagreement is evident: In Section 18.4.1, we ignored the expected upward
covection current of positive space charge; on the other hand, the convection model
ignored the net upward conduction current of negative charge. However, a simple
estimate shows that the latter should dominate the former. Thus, if we assume
fair weather conditions, the negative conduction current density is approximately
from Section 18.1. Assuming a cloud base at 1 km
altitude, we have from (18-3) an expected positive charge density of
Therefore, even with a rather strong updraft speed of
the ratio
of convection to conduction current densities is
Hence, it
appears that the neglect of the field driven deposition of negative ions into the base
of a young cloud constitutes a significant flow in the convection charging model.
This conclusion is supported by numerical simulations of the convective electrification process (Ruhnke, 1970, 1972; Chiu and Klett, 1976). These studies
show that, for usual conditions of cloud formation, a charge distribution in general
qualitative agreement with that discussed in Section 18.4.1 is produced, namely a
negatively charged cloud core capped by a relatively thin positively charged upper
layer. However, Chiu and Klett also found that convective transport of positive
charge may dominate the conductive transport of negative charge, and thus produce
a cloud of polarity opposite to the usual case, if the cloud forms near ground level.
This happens primarily because higher concentrations of positive space charge are
then available to be carried aloft into the cloud. (Incidentally, this last result may
conceivably have some bearing on the fact that drop charge measurements such as
Twomey’s (1956), which were taken on a mountain summit imbedded in the base
of stratocumulus clouds, have often revealed a predominance of positive charge.)
Additional unrealistic features of the convective charging theory under later
stages of cloud development have been pointed out by Latham (1981), Beard and
Ochs (1986), and Williams (1989). Thus, based on recent measurements (Standler
and Winn, 1979), it appears that earlier estimates of the point discharge current
from the Earth’s surface beneath thunderstorms were substantially exaggerated.
According to Standler and Winn (1979), the total current may be less than 100 mA
and is small in comparison with the (time-integrated) lightning current. Furthermore, observations by Standler and Winn (1979), Chauzy and Raisonville (1983),
do not show a deep vertical column of positive space charge from the Earth’s surface, as required for convective transport, but rather a layer confined to the Earth’s
surface with 100 to 200 m thickness. It has not yet been established whether this
finite thickness is the result of the capture of small ions by aerosol particles or
charge relaxation in the finitely conductive atmosphere, or some other cause. Earlier theoretical studies (Moore et al., 1983) had already identified the problem of
the long transport time of the convected positive charge in accounting for the first
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lightning in a developing cloud.
Another flaw in the convective charging mechanism is related to the negative
charge transport downward from the cloud top, invoked by Vonnegut (1953) and
Wagner and Telford (1981). Thus, there are reasons to question whether this
negative charge descends to levels of the cloud where the main negative charge
is consistently observed. According to Wagner and Telford (1981), the negative
charge descends within the central portion of the cloud; this seems unlikely in light
of Doppler radar observations showing upward air and particle motions throughout
the central region of the cloud during the early stage of development and into
the mature stage (Lhermitte and Williams, 1985; Comez and Krehbiel, 1986).
According to Vonnegut (1953), the negative charge is carried down in screening
layers at the cloud boundary. While negative screening layers around the upper
portions of clouds appear to be commonplace (Winn et al., 1978; Byrne et al., 1983),
there is some question as to whether their descent can account for the apparent
‘pancake’ shape of the main negative charge.
In addition, updrafts and downdrafts may disorganize their associated charges
through mixing. In their study, Chiu and Klett (1976) showed that single cell
convection with eddy diffusion diminishes the electric field within a cloud. Thus,
if one pictures cloud turrets as convective cells with interspersed updrafts and
downdrafts, a disorganization by mixing between adjacent charge regions would
appear probable.
18.5.2.3 Inductive Charging Mechanisms

In Section 18.1, we have pointed out that our atmosphere is characterized by a
permanent fair weather electric field (18-1). Under the influence of this field, cloud
particles become polarized such that a positive charge is induced on the lower
hemisphere of a cloud particle and a corresponding negative charge on the particle’s
upper hemisphere. This polarization effect is the basis for several cloud charging
mechanisms.
1. Charging by selective ion capture (Figures 18.4a,b)

Wilson (1929) described how an electrically polarized cloud particle may selectively
capture ions of one sign as it falls. This happens because, while the lower surface
of the particle may attract and capture ions which carry a sign opposite to the
local surface charge, the upper surface is not as effective in this respect, since
ions attracted to it must first catch up with it in order to be captured. The
net effect of this selective process is a large-scale separation of charge, due to the
sedimentation of the charged cloud particles. This reinforces the existing field,
so that its occurrence in clouds would cause a field enhancement in qualitative
agreement with what is expected for thunderstorms (recall Figure 18.3).
A mathematical model for the ‘Wilson process’, based on spherical particles in
Stokes flow (and thus of restricted validity), has been worked out by Whipple and
Chalmers (1944). As might be expected, the equilibrium charge for this process is
proportional to the ambient field strength and particle surface area.
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The fundamental condition for selective ion capture, and thus for cloud charging,
is given by the inequality
where
is the terminal fall velocity of the
drop and
is the mobility of the positively charged ions. Would it be otherwise,
i.e.,
(see Figure 18.4a), the fast positive, downward-moving ions would
become attached to the rear of the drop, while the slow and fast upward moving
ions would become attached to the lower (front) side of the drop. Therefore, little
net charging would result. However, if
(Figure 18.4b), the positive ions
in the rear of the drop will not catch up with the drop, and will be repulsed by the
positive induced charge on the lower side of the drop. In contrast, both the fast
and slow negative ions will be attracted to the lower side of the drop, imparting to
the drop a net negative charge. An experimental verification of the condition for
selective ion capture has been provided by Gott (1933) who showed that when drops
fall through a region of ions of both sign in an external electric field, selective ion
capture occurs only if
Setting
and an upper
value of
for the terminal fall velocity of a drop, we find that selective
capture can only occur if
which is still considerably below
characterisitic values for the initiation of lightning in thunderstorms.
2. Drop breakup charging (Figure 18.4c)

From (18-24), we see that an uncharged drop polarized in the fair weather electric
field carries a surface charge density
being the polar angle measured from the lowest point on the drop. Thus, the
lower hemisphere carries a positive charge of
and an equivalent negative charge on the upper hemisphere. Thus, if a
drop of radius 3 mm were sliced at the equator on breakup in an external field of
each fragment would carry a charge of about 0.1 e.s.u., or a charge
density of about 1 e.s.u. per gram of ruptured water. This is equivalent to a cloud
charge density of about
assuming a large liquid water content of
In verification of this, Matthews and Mason (1964) studied the charging of single
drops, breaking up in the bag breakup mode in vertical external electric fields up to
They found that with increasing field, the average charge on the drops
increased also, reaching 5.5 e.s.u. per gram of ruptured water. They concluded that
drop breakup in external electric fields could contribute significantly to the charging
of the lower positive charge pocket of a cloud, because the large drop fragments
were found to carry positive charge while the smaller drops carried negative charge.
However, a severe criticism of this mechanism is the simple observation that large
drops generally do not break up as envisioned above but rather as a result of
collision with other drops (see Section 14.5.4.2). The various drop breakup modes
involved in collisional breakup obviously do not provide an ideal partitioning as
considered above for the bag breakup mode of single drops, and so they result in
a much lower charge separation. Unfortunately, no studies on this problem have
been carried out.

818

CHAPTER 18

3. Particle Rebound Charging (Figures 14d-f)

Collisions between polarized cloud particles and their subsequent bounce may provide an additional mechanism for cloud charging. Thus, if such a cloud particle
were to experience on its lower hemisphere a momentary electrical contact with,
and subsequent separation from, a similarly polarized smaller cloud particle in a
fair weather field, there would result a net negative charge on the larger particle, and a net positive charge of equal magnitude on the smaller one. Separation
of these charges under gravity would serve to reinforce the existing field leading
to a positively charged upper portion and a negatively charged lower portion of
the cloud. The actual amount of charge transferred depends on the contact angle
relative to the direction of the external electric field, the contact time, the separation probability, the charge relaxation time, the net charge on the drops, and the
magnitudes of the polarization charge.
Elster and Geitel (1913) were the first to point out that such a process of inductive charge transfer, occurring throughout a cloud and followed by the large scale
separation of charge through relative sedimentation under gravity, would serve to
increase the in-cloud electric field in the sense normally observed in thunderstorms.
Elster and Geitel also provided a simple estimate of the maximum charge transfer
that could occur for the case of a sphere of radius which contacts the lowest point
of a sphere of radius
In this case, the smaller sphere will acquire
a charge with average density equal to
times the density of the charge on the
larger sphere at the point of contact, since the curvature of the larger sphere can
be ignored (the capacitance of the small sphere in contact with a conducting plane
is
see also Appendix A-18.6.3). Thus, the maximum charge than
can be acquired by the small sphere is approximately
This is generally a very large charge (for example, it is ten times
larger than the equilibrium charge expected from ion attachment by conduction
under conditions of strong electrification (recall Section 18.3.3 and Figure 18.1)),
and suggests that induction charging may be powerful enough to produce strong
cloud electrification.
However, any quantitative assessment of the efficacy of induction charging must
take into account several other factors as well. For example, let us first consider
the more realistic situation where contact occurs for
and the drops initially
carry charges
and
Then, by a simple extension of the arguments given
above, the charges after contact and separation will be
and
where
On writing
and
we
thus find that the charge transferred is given by

where

(the problem of finding
for arbitrary on the interval
is discussed in Appendix A-18.6.3). This expression shows that induction
discharging may also occur; i.e.,
may be negative for sufficiently large and
Since represents the polar angle between the point of contact and the
electric field, and since the latter may have a large horizontal component in some
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cloud regions (recall Figure 18.1), we see that even collisions restricted to the lower
hemisphere of the large drop may result in
On the other hand, if we use (18-45) to estimate the equilibrium charge
to
be expected on the larger sphere after many induction charging events with smaller
spheres of radius
we find, by setting
for equilibrium and neglecting
relative to
that
(here
denotes the expected
value of
under the assumed equilibrium conditions). This rough calculation
implies the equilibrium charge on the large drop will have a large negative value,
in spite of possibly frequent discharging events, if
is sufficiently large.
Consideration of the expected value of the electrical contact angle brings several additional problems into focus (assuming they have not been obvious from the
outset!). Thus, to find
we must in effect solve the fairly difficult collision
efficiency problem with the inclusion of electrostatic forces (see Section 18.6.5).
Furthermore, we must determine the
of the probability that separation actually occurs after contact is made. From our discussion in Chapter 14, we
expect that coalescence generally follows a collision between drops of radii less than
even if the drops are uncharged and no external electric field is present.
Collisions between drops of opposite electric charge, or collisions in external electric fields should reduce the separation efficiency even more. Thus, we suspect
that the effectiveness of inductive charge transfer must be quite small for colliding
water drops. We also expect a tendency for this charge separation mechanism to
be ‘shorted out’ as large drops rapidly acrete smaller, oppositely charged droplets
(e.g., Colgate, 1972; Moore, 1975a,b).
An even more severe rebound problem appears during the collision of ice particles and supercooled drops (Paluch and Sartor, 1973; Moore, 1975a,b; Colgate
et al., 1977; Sartor, 1981). Thus, laboratory experiments showed that only glancing collisions will result in separation of cloud drop and ice particle (Aufdermauer
and Johnson, 1972; Shewshuk and Iribarne, 1974; Gaskell, 1979, 1981; Gaskell and
Illingworth, 1980).
On the other hand, the experiments of Latham and Mason (1962), Scott and
Levin (1970), Buser and Aufermauer (1977), Takahashi (1978), and Gaskell (1981)
demonstrated that significant inductive charging occurs during collisions between
ice particles, since for these the separation probability is high, except at temperatures near 0°C where the quasi-liquid layer on an ice surface tends to bond two
colliding crystals together.
Nevertheless, during the interaction between such ice particles, an additional
physical barrier to charge separation occurs, namely the relatively long relaxation
time for charge conduction through ice. Gross (1982) determined the relaxation
time for ionic charge transfer during an ice-ice contact as a function of impurities
in ice. He found for pure ice (impurity concentration of
mole
a
value of about
near –20°C, increasing to
near –50°C.
Sartor (1970) gives a value of
near –10°C and
near
–19°C. According to Gross (1982), impurities in ice shorten the relaxation time
considerably, decreasing it at –20°C to
for an impurity concentration
of
and to
for an impurity concentration of
These relaxation times have to be compared with the contact
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times of two colliding ice particles, which turn out to be rather short (Buser, 1976;
Latham and Miller, 1965; Scott and Levin, 1970; Tabor, 1951; Gaskell, 1979;
Sartor, 1970; Caranti and Illingworth, 1980). According to these observations,
the contact time for a particle which collides with a much larger target decreases
with increasing particle size, and ranges between
and
for a particle
of
radius and
radius, respectively. Thus, for smaller particles, it
appears that a substantial charge transfer seems possible only if the ice particles
are considerably contaminated or a liquid surface is involved. Since efficient charge
transfer has been observed experimentally during the collision of relatively pure ice
particles, a transfer mechanism other than the one envisioned above, must have
been operating. One possible mechanism involves the transfer of electrons across
surface states with a relaxation time of less than
Considering now that not all the available charge is transferred during contact,
because the contact time may be shorter than the relaxation time
for charge
transfer, we must extend (18-45) and write

where
and
are the initial charges on the two colliding particles of radius
and
respectively, and
and
are given (Chiv, 1978) by

and
and
are positive numerical constants depending on
(Paluch and
Sartor, 1973; Latham and Mason, 1962; Davis, 1964a,b; see also Appendix 18.6.3).
For
and
as given in (18-45). An experimental
test of (18-46) has been carried out by Latham and Mason (1962). Excellent
agreement between theory and experiment was found.
Assuming
and
we find for the rate of
charging of the large particle

where
is the collisionefficiency,
is the fraction of colliding particles which
rebound, is the angle between the electric field and the line of centers between
the two colliding particles, and
is the number concentration of small particles.
From (18-48), it follows after integration that

with

Therefore, as
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transferred to the smaller particle is

if it is assumed that each small particle during its life time makes only one contact
with the large particle.
18.5.2.4 Non-Inductive Charging Mechanisms Involving the Collision between
Particles

Numerous experimental studies have shown that electric charging of cloud particles
may occur without the intervention of an external electric field. Some of the more
important charging mechanisms of this type are described briefly in this section.
The non-inductive electric charge transferred to a large particle during impact
with a smaller particle can be formulated analogously to (18-46), except that now
the inductive term
is replaced by the observed charge
separated
per collision. Various mechanisms may cause such a charge transfer.
1. The thermo-electric effect (Figure 18.4g)

Reynolds et al. (1957) obtained laboratory evidence that a hail pellet may become
charged as a result of collisions with ice crystals having a temperature different from
that of a pellet. The physical basis of the charge transfer was suggested as being
due to the diffusion of hydrogen ions down the temperature gradient existing in the
region of momentary contact (Brook, 1958). Thus, since
ions have a greater
mobility in the ice lattice than
ions, a temperature gradient maintained across
a piece of ice will result in an excess of positive charge on the colder portion. Mason
(in Latham and Mason, 1961a) formulated a one-dimensional model for this process
on the basis of an ideal ice structure. Assuming a steady state temperature gradient
across the ice species, he computed the steady state potential difference between
the cold and warm ends of the specimen. Using values given in the literature for
the mobilities of
and
ions and for the activation energy for dissociation
of a water molecule into
and
ions, he found

This relation has been verified experimentally by Latham and Mason (1961b). (A
more complex expression for the thermoelectric power which reduces to (18-51)
for pure ice was derived by Jaccard (1963).) Considering that the separated space
charge in the ice specimen could be regaded as equivalent to a surface density of
charge on the ends of the specimen (18-51), Latham and Mason (1961a) found
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where is the static dielectric constant of ice. For two ice rods which are only
temporarily in contact with each other, Latham and Mason (1961a) found, for a
contact time of

For shorter contact times, was less due to insufficient time for charge exchange,
while for longer contact times, was less due to temperature equalization. Applying this result to the collision of a small, cold ice crystal of temperature
grown
by vapor diffusion, and a large, warm graupel particle of temperature
grown
by riming, we find from (18-53) that the negative charge imparted to the graupel,
and the positive charge imparted to the snow crystal is given by

Setting
and assuming that the contact area is
where
is the radius of the crystal, we obtain
e.s.u.
per collision, in agreement with the charges observed on ice crystals of the same size
forced to collide with a probe coated with ice and heated 5°C above the temperature of the surrounding air (Latham and Mason, 1961b). Although these values
substantiate the theoretically derived one, they are considerably smaller than the
values observed during the collision of ice crystals with graupel acquiring supercooled drops by riming. Latham and Stow (1965) therefore suggested that perhaps
one must include in (18-53) a dependence on the impact velocity by multiplying the
right-hand side of (18-53) by
where is the impact velocity. However,
one readily finds that the impact velocities, temperature differences, and contact
areas would have to be unrealistically large in order for the thermoelectric effect
to account for observed charges up to
e.s.u. It follows that thermoelectric
charging, although leading, via gravitational sedimentation, qualitatively to the
observed cloud polarity, cannot account quantitatively for the cloud charging.
2. The contact potential effect (Figure 18.4h)

Laboratory experiments of Marshall et al. (1978), Magono and Takahashi (1973a,b),
Takahashi (1978), Buser and Aufdermauer (1977), Hallett and Saunders (1979),
Caranti and Illingworth (1980, 1983), Gaskell and Illingworth (1980), Jayaratne et
al. (1983), Illingworth (1985), Jayaratne and Saunders (1985), Baker et al. (1987),
Saunders and Zhang (1987), Kumar and Saunders (1989), Caranti et al. (1985),
Saunders et al. (1985), Baker and Dash (1989), and Dong and Hallett (1992),
showed that the early experiments of Reynolds et al. (1957) should not be interpreted in terms of charging due to ice temperature differences only, but rather in
terms of differences in electric surface potential between the two colliding particles.
This conclusion was based on two experimental facts: (1) the ice surface acquires a
positive charge during diffusional growth and a negative charge during evaporation,
except at temperatures between –3 and 0°C. Charges of opposite sign were found
for condensing and evaporating liquid water surfaces. (2) The charge separated
during the collision of an ice crystal with an ice particle growing by collision with
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supercooled drops was found to range between 1 and
to
e.s.u.) per collision, and was not directly correlated to the temperature
difference between the target and the ice crystals. (3) The riming target was found
to become negatively charged below a temperature of –15 to – 20° C, and positively
charged above –5 to –10°C, implying that one and the same mechanism can be
made responsible for the observed negative charge center as well as for the observed
lower and upper positive charge centers in clouds. One may also readily verify that
an observed charge of
e.s.u., transferred during the collision of an
ice crystal with a graupel, would lead to a volume charging rate of

for

and

With

e.s.u./collision, we obtain
Unfortunately, no comprehensive theory is available at present to describe quantitatively the charging mechanism by means of surface potential differences, as these
depend in a complicated manner on the surface texture of the riming graupel, the
impact velocity, impact angle, and temperature difference between the colliding
particles. Nevertheless, Fletcher (1968) showed that such a contact potential is to
be expected. Considering that some water dipoles are aligned at the surface of
ice, he calculated an equilibrium charge carrier density of
as a
result of free ions. An area of
would therefore carry a charge of
Due to differences in the surface states of the charge carriers on the two surfaces
in contact, a contact potential between the two colliding bodies must result.
3. The Workman-Reynolds effect (Figure 18.4i)

In Section 5.10, we have mentioned that during freezing of dilute aqueous solutions,
large potential differences occur at the ice/solution interface due to selective ion
incorporation into the ice lattice. Sign and magnitude of the interface potential
was found to be a sensitive function of the concentration of the ions in solution,
the freezing rate, and the type of ions in solution. Since the interface potential
disappeared once the freezing process was completed, any charge separation mechanism involving the Workman-Reynolds effect must involve either a shedding of
the still unfrozen solution or a tearing-off of unfrozen solution, by splashing during
the collision with large drops. In a limited manner, shedding of unfrozen liquid is
possible from hailstones growing in the wet regime (see Chapter 16). The splashing
mechanism was studied by Latham and Warwicker (1980) and was found to cause
only very small charges to be separated. In addition, the strong dependence of
the Workman-Reynolds effect on the concentration of the ions in solution and on
the type of ions, (e.g.,
in solution would charge the ice positively, while
in solution would charge the ice negatively) make the mechanism unlikely to contribute to cloud electrification. The experiments of Shewschuk and Iribarne (1971)
and Crabb (1973) showed further that the presence of salt ions in the surface of a
graupel does not significantly affect its surface potential.
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18.5.2.5 Non-Inductive Charging Mechanisms Involving the Breakup of Precipitation Particles
1. Breakup of a freezing drop (Figure 18.4k)

Experiments of Mason and Maybank (1960), Evans and Hutchinson (1963), Dye
and Hobbs (1968), Johnson and Hallett (1968), Kolomeychuk et al. (1975), and
Pruppacher and Schlamp (1975) showed that freezing drops may produce an ice
shell which fractures or produce spikes which splinter. If fragmentation of some
type occurred, charges of either sign were observed, although the main ice particle
was often negatively charged and the ice splinters positively. The magnitude of
the charge on the main ice particle ranged between
and
e.s.u.
Considering that the outer portion of the ice shell can be assumed to have the
temperature of the air, while the drop inside is at 0°C, Mason (1971) attempted to
explain the charging on the basis of the thermoelectric effect. Writing (18-54) as
where
is the thickness of the ice shell, and setting
where
mm is the drop radius,
and assuming that only 1/100 of the shell fragments, he obtained a charge of about
e.s.u. produced on the ice residue of the shattered drop, in agreement
with the observed charges. However, we have already pointed out in Section 9.2.6
that only a small and highly unpredictable proportion of freezing drops shatters
or produces spikes which fracture, and that only drops larger than
diameter
were observed to show any tendency to fragment at all. Furthermore, the thickness
of the fragmenting shell as well as the proportion of the shell which disintegrates
are unknown and most likely highly variable. Breakup of freezing drops is therefore
not likely to be a major cause of organized cloud charging.

2. Splintering during riming (Figure 18.4l)

Experiments of Latham and Mason (1961b) showed that small drops of 20 to
diameter, impacting on an ice sphere of 5 mm diameter, eject positively charged
ice splinters while the riming ice sphere becomes negatively charged. A charge of
e.s.u. per drop was found to be acquired by the graupel. Considering
this value and a volume charging rate of
Mason (1971) found
for
e.s.u.,
and
where
are the radius, number concentration, and fall velocities of the graupel particles, and
is the number concentration of drops. We notice from this result that
this mechanism does provide for the observed polarity of a cloud, but contributes
only a fraction of the required charging rate. More seriously, however, later studies of Hallett and Mossop (1974), Mossop (1976, 1978), and Hallett and Saunders
(1979) showed (see Sections 9.2.6 and 16.1.6) that splintering during riming is limited to the temperature range between –5 and –8°C and requires the presence of
drops with a radius of
impacting at a critical impact speed. Therefore, this
mechanism likely contributes only in a very limited manner to cloud charging.
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3. Drop breakup (Figure 18.4m)

In Sections 10.3.5 and 14.5.4.2, we have shown that drops may break up by hydrodynamic instability or by collision. Elster and Geitel (1885), and Lenard (1892)
observed that the small drops produced by a water fall were negatively charged.
Later experiments of Simpson (1909, 1927), Lenard (1921), Zeleny (1933), and
Chapman (1952) confirmed the early observation and showed that drop breakup
causes electrification. During drop breakup, electrons are stripped-off and attached
to air molecules, leaving the main body of water positively charged. Typically,
e.s.u. per gram of broken up water was found to be separated. It is
obvious from the charge sign on the drops and on the air molecules that this mechanism could account only for the positively charged region in the lower portions
of a cloud. However, even if a cloud liquid water content of
is assumed,
and the entire liquid water mass were to breakup three times within a span of
10 minutes, a volume charging rate of only about
could be
achieved (Mason, 1971). This value is too small to account for the charging rates
observed in clouds.

4. Graupel melting (Figure 18.4n)

Experiments of Dinger and Gunn (1946) showed that ice which contains air bubbles (such as found in graupel particles and hailstones) acquires a positive charge
on melting. This finding was later confirmed by Chalmers (1956), Magono et
al. (1963, 1965), Kikuchi (1965), MacCready and Proudfit (1965), Dinger (1965),
Drake and Mason (1966), Iribarne and Mason (1967), Drake (1968), and Martin
and Hutchinson (1977). Dinger and Gunn (1946), Blanchard (1963), and Iribarne
and Mason (1967) showed that the charging is due to the ejection of negatively
charged minute droplets produced by air bubbles bursting at the surface of the
meltwater. The charging was found to be a function of the radius of the escaping
air bubbles, the bubble content of the ice, and the ion content of the meltwater.
The mechanism of charging is assumed to be associated with an electric double
layer at a water/air interface of the air bubble cavity, with an excess of negative
ions near the air/water interface and a diffuse positive space charge extending into
the meltwater. Shearing of the electric double layer during the escape of the air
bubble transfers negative charge to the drops from the bursting bubble cap. Electric charges between a few tenths and about 7 e.s.u. per gram of melted ice was
found, depending mostly on the bubble content of the melting ice specimen. Mason (1972) assumed a value of 2 e.s.u. per gram resulting from the melting of
millimeter-sized graupel particles, and an ice water content of
to obtain
a spatial charge concentration of approximately
sufficient to explain
the positive space charge often found near the 0°C level in a cloud. However, the
mechanism cannot explain the positive space charge often found, even above the
melting level (MacCready and Proudfit, 1965; Marshall and Winn, 1982; Marshall
and Marsh, 1986).
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18.5.2.6 Growth of the Electric Field

In order to test the importance of each of the cloud charging mechanisms just
discussed, numerous cloud modeling studies have been performed by which the
time rate of change of the cloud electric field is computed. Some of the early
studies (Latham and Mason, 1962, later used again by Mason, 1971, 1972, 1988;
Müller-Hillebrand, 1954, 1955; Ziv and Levin,1974; Scott and Levin, 1975a,b) were
based on a one-dimensional or parallel plate capacitor cloud geometry. Considering
the local current density of falling, charged precipitation particles, given by
where the summation is taken over particle categories, and
a total leakage current density
where represents current densities
which are non-linear in the electric field (e.g., point discharge currents), the time
rate of change of the electric field is given by

From measurements of point discharge currents, Mason (1971) has suggested an
empirical representation of the total leakage current density of the form
Evaluating (18-56) for the case of two particle types, namely
large graupel particles and small ice crystals charging by induction during their
collision in the growing electric field, and assuming a constant concentration of
small ice crystals of
of radius
a fall velocity difference of
between the large and small particles, a collision and separation efficiency of unity,
and a graupel precipitation rate initially of 1 mm
and reaching 37 mm
after 540 sec, Mason (1971) found that the electric field grew exponentially and
reached a value of
after 9 minutes.
Illingworth and Latham (1975), however, pointed out that real clouds of finite
extent could not be as easily electrified. The parallel plate capacitor cloud also
completely ignores the effects of the air-motions in a cloud. Therefore, in later
cloud electrification models (Tzur and Levin, 1981; Helsdon, 1980; Chiu, 1978;
Chiu and Orville, 1976; Takahashi, 1978c, 1979, 1983a, 1984; Kuettner et al., 1981;
Illingworth and Latham, 1977; Dye et al., 1986; Rawlins, 1982; Asama and Kikuchi,
1987; Helsdon and Farley, 1987; Ziegler et al., 1991; Norville et al., 1991), the cloud
charging mechanisms were embedded in two- and three-dimensional cloud models.
It would lead us much too far afield should we venture to discuss these various
models in detail, including their advantages and disadvantages, and the results
derived from them. The models are also not strictly comparable, since not all
of them considered the same charging mechanisms. In addition, many different
approaches are used to describe cloud microphysical processes, some of which are
heavily parameterized.
Nevertheless, from the more recent model studies, a few pertinent conclusions
can be drawn: (1) All cloud charging mechanisms mentioned above appear to contribute to some degree at some time to the charging of a cloud. Among these,
however, the non-inductive mechanism involving the collision of graupel with snow
crystals in the presence of supercooled water, dominates all others and is able to
explain the tripolar charge distribution often observed. A secondary, but never-
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theless significant role is played by the inductive mechanism involving the collision
of polarized ice particles with smaller snow crystals. Drop-drop interactions, on
the other hand, tend to produce electric fields which grow little and reach sizeable
values only if heavy precipitation is sustained and large separation efficiencies are
assumed. (2) While the non-inductive ice-ice mechanism tends towards a steady
state electric field, as the same charge is separated during each collision, the inductive ice-ice mechanism causes a continuously building electric field and explains
the often observed exponential increase of the field with time. (3) Both ice-ice
mechanisms together appear to produce, within 20 minutes, an electric field of up
to
a tripolar cloud structure with net negative and positive charge
centers of 1 to
and peak charging rates of
the negative
charge center appearing near – 20° C, an upper positive charge center appearing at
considerably lower temperatures, and a lower positive charge center between –10
and 0°C. These findings meet the major requirements listed in Section 18.5.1.
18.6 Effect of Electric Fields and Charges on Microphysical
Processes

We shall now describe some observed and/or predicted modifications in the behavior of isolated and interacting cloud particles in consequence of the presence of
ions, particle charges, and ambient electric fields.
18.6.1 DROP

AND

ICE CRYSTAL NUCLEATION

Many expansion chamber experiments (for a summary, see Mason, 1971; and Rathje
and Stranski, 1955) have shown that, in the presence of singly charged, negative
small ions, the onset of an appreciable rate of drop formation (J = 1 in the notation of Chapter 7) in otherwise clean moist air, requires critical saturation ratios
of 3.7 to 4.2, i.e., critical supersaturations
of 270 to 320%. For positive ions, the corresponding critical saturation ratio is
Both results
apply to temperatures between –5 and –8°C. Note by comparison with Figure 7.5
that, for the same temperature interval, homogeneous nucleation at the rate J = 1
occurs for 4.6
Thus, we see that the presence of negative ions decreases the supersaturation required for drop nucleation below the value required
under homogeneous conditions, while positive ions raise the critical supersaturation. This electric sign effect was qualitatively explained by Loeb et al. (1938).
They argued that embryonic water drops are in a pseudo-crystalline state in which
the molecules assume a definite structural arrangement. In order to minimize the
surface energy of such an arrangement, the water molecules at the surface tend to
be oriented with their oxygen atoms outward, since the polarizability of an oxygen
atom is considerably larger than that of a hydrogen atom. Thus, the capture of negatively charged ions will enhance the original tendency of the embryonic drops to
orient approaching water molecules with their hydrogen atoms inward and thereby
facilitate drop nucleation; by the same argument, positive ions will hinder nucleation. However, the small differences due to sign aside, the main point to be made
is that since supersaturations in clouds rarely exceed a few percent (see Figure 2.1),
small ions cannot affect the nucleation rate under natural conditions. Studies of
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the effect of net electric charges on aerosol particles and of external electric fields
on heterogeneous drop nucleation are not available in the literature.
Work carried out prior to 1963 suggested qualitatively that electric fields and
charges enhance ice nucleation (Pruppacher, 1963b). Subsequent more quantitative
experimental studies confirmed these effects, but indicated that, under atmospheric
conditions, only charges are likely to affect ice nucleation. Gabarashvili and Gliki
(1967) and Gabarashvili and Kartsivadze (1968, 1969) found that supercooled drops
containing particles of quartz or napthalene were nucleated to ice at significantly
warmer temperatures when the particles carried a net negative charge than when
they were neutral or carried a net positive charge. Abbas and Latham (1969a) and
Morgan and Langer (1973) observed that charged nuclei produced during corona
discharges or by sparks promoted ice nucleation of supercooled drops. The effect
of charge sign was not reported. Pruppacher (1973b) found that the freezing temperature of supercooled water drops of 100 to
radius, freely suspended in
the air stream of a wind tunnel, was considerably raised when contacted by predominantly negatively charged amorphous sulfur particles which, when uncharged
are known to be poor ice forming nuclei.
The effect of external electric fields on ice nucleation has been studied under
essentially two different experimental conditions. Pruppacher (1963c) observed in
laboratory experiments that millimeter-sized drops, forced in an external electric
field to deform and thus to rapidly spread over a solid surface, froze at temperatures
up to 10°C warmer than when the drops were unaffected by the field. These results
are consistent with the observations of Doolittle and Vali (1975), who found that
an electric field had no effect on the freezing of supercooled drops if they remained
motionless with respect to the supporting surface. Other studies have dealt with
drops in free fall. For example, Dawson and Cardell (1973) observed millimetersized drops suspended in the air stream of a wind tunnel at temperatures of –8 to
–15°C and detected no electrofreezing effect for external fields up to
Coalescence between drops did not alter this outcome. In contrast to these studies,
however, Abbas and Latham (1969a) and Smith et al. (1971) found that millimetersized drops falling in air of –5 to –12° C through intense fields froze if disruptions
caused small filaments to be drawn out from or between drops.
18.6.2 DIFFUSIONAL GROWTH

OF

ICE CRYSTALS

Numerous laboratory studies suggest that both the growth mode and the growth
rate of ice crystals are significantly affected by external electric fields. Studies
prior to 1973 have been reviewed by Evans (1973) and by Crowther and Saunders
(1973). From their summaries, it appears that in intense electric fields ice crystals
tend to assume the shape of a needle or spike, independently of temperature, which
is oriented in the direction of the field lines. To understand this behavior, we may
consider a corner of an ice crystal pointing in the direction of the field lines: The
local field enhancement caused by the large curvature of the corner causes the
formation of ions in its neighborhood. Some of these ions are captured by the
polar water molecules, which then move in the field to enhance the vapor flux to
the crystals corner. As the corner grows into a needle or spike, the process is self-
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propagating as side branches which might compete for water vapor are suppressed.
The growth rate of the crystal is further increased by the field enhancement of the
migration distance of water molecules at the ice surface. Both effects have been
observed to enhance the growth rate of an ice crystal by factors of 10 to 1000 over
the rate in the absence of electric fields. For such significant effects to occur, the
field strength has to reach several
No growth enhancement has been
observed if
18.6.3 DROP DEFORMATION, DISRUPTION

AND

CORONA PRODUCTION

It is well-known that a drop in an electric field will elongate along the field direction,
due to the interaction of the field and the polarization charge induced on the drop.
For situations in which gravitational and aerodynamic forces are negligible, the
distorted shape is approximately prolate spheroidal, with an eccentricity which
increases with increasing field strength until, finally, disruption occurs at a critical
field value. Zeleny (1915, 1917) was the first to observe that drops raised to a critical
electric potential would disintegrate if held fixed at the end of a glass capillary. He
pointed out that the disintegration begins as a hydrodynamic instability rather than
the formation of ion currents. Taylor (1954) modeled this situation theoretically for
an uncharged drop by assuming a spheroidal shape, and then setting up equations of
equilibrium between surface tension and electrical stresses at the poles and equator
of the drop. As a result of this analysis, he estimated the critical field
for
disruption (in e.s.u.) to be given by

where
is the undeformed radius of the drop in cm,
is its surface tension,
and
In a more refined numerical study, Brazier-Smith (1971) abandonned the constraining assumption of a spheroidal shape by formulating an iterative method in which the critical electric field for drop instability was computed in
a succession of stages. The drop shape at each stage was based on the deformation
imposed by the external electric field on the shape it had in the previous stage. In
this way, Brazier-Smith found
showing that the spheroidal assumption of Taylor was a good approximation to the true behavior. However, it must be
pointed out that neither Taylor (1964) nor Brazier-Smith (1971) included in their
theory the very important contribution of aerodynamic forces which, as we have
seen in Section 10.3.2, control the shape of a falling drop in the absence of a field.
We are therefore not surprised that the values found experimentally for
deviate
somewhat from the calulated one. Thus, Wilson and Taylor (1925), experimenting
with soap bubbles, found
while Nolan (1926), Macky (1931), Abbas
and Latham (1969b), and Griffiths and Latham (1972), experimenting with drops
falling through an intense vertical electric field, observed
and 1.81, respectively. The experiments of Latham (1965) and of Mathews (1967)
showed that the deviations found result not only from a neglect of the aerodynamic
effects in the theoretical models, but also from differing experimental conditions.
Thus, the drops fell through fields of very limited vertical extent, and allowance
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was generally not made for observations showing that the mass loss of a drop in an
intense electric field was found to increase with increasing time of exposure to the
field.
More realistic experiments were carried out by Dawson and Richards (1970),
Richards and Dawson (1971), and by Rasmussen et al. (1985), who floated drops
at their terminal velocity in the vertical air stream of a wind tunnel in which
the drops were allowed to oscillate freely while being exposed to a vertical electric
field. These studies showed that the electrical instability ensues at the drop’s upper
surface and that
is not constant but increases with increasing drop size. Thus,
was found to increase from 1.63
to 1.92
and
from 1.67
to 1.80
according to Richards and Dawson
(1971), and Rasmussen et al. (1985), respectively.
Richards and Dawson’s (1971) values for the critical electric field for onset of
instability in charged water drops falling in air at terminal velocity are shown
in Figure 18.5. We see that, for
the wind tunnel results are in good
agreement with the simple Taylor limit of (18-57), plotted as curve (1) in the figure.
However, for larger sizes, (18-57) progressively underestimates
The principal
reason for this growing difference is that aerodynamic forces tend to flatten the
drops into shapes resembling oblate spheroids, the more so as the size increases
(recall Section 10.3.2), thereby stabilizing the drops against the vertical field.

It is also interesting to note from Figure 18.5 that, for drops of
the
critical field for breakup remains nearly constant at about
This result
is consistent with the observations of Griffiths and Latham (1972), who showed
that at 1000 mb the onset of corona discharge (which accompanies instability)
from water drops of
in air at 1000 mb occurs in a vertical field of
decreasing to about
at 500 mb.
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The experimental and theoretical studies discussed above show that the critical
electricfieldsnecessary for the disintegration of a single drop, and thus necessary for
dielectric breakdown in clouds, are considerably larger than the maximum electric
fields observed in natural clouds. This conclusion is not altered if the results of
experiments with horizontal instead of verticle electric fields are considered. Thus,
Ausmann and Brook (1967) derived
from experiments with drops falling
through a horizontal electric field of limited extent. Kamra et al. (1993) studied
drops suspended freely for long periods of time in the vertical air stream of a wind
tunnel, and found
This rather low value was explained in terms of the
previously mentioned experimental results of Latham (1965) and Mathews (1967).
Using this result, one finds
and
for drops of
and
6.6 mm, respectively. These values are still larger than the maximum electric fields
observed in atmospheric clouds.
Of course, one may argue that drops in strong electric fields will generally also
carry net charges, which can be expected to affect their stability as well. A combined theoretical and experimental study of the more general problem of charged
drops falling through an electric field was first carried out by Abbas and Latham
(1969b), who attempted to extend Taylor’s analysis by including drop charge and
some terms representing hydrostatic and aerodynamic effects. From their computations (also reported in Latham and Meyers (1970)), they obtained the following
relationship between the critical field for disruption and the drop charge Q (in
e.s.u.):

where
is the Rayleigh charge limit given by (17-46). They also found that (1858), their experimental results, and the experiments of Ausman and Brook showed
agreement to within 3% for
and
It is interesting to note that (18-58) does not yield the Rayleigh limit
for
however, (18-58) was not intended to be applicable for
On the other hand, (18-58) does closely approximate the Taylor limit, (18-57), for
Q = 0. Levine obtained a result similar to (18-58), but with the coefficient 1.5
multiplying
replaced by 1.0, in order to achieve the Rayleigh limit for zero
field.
It is obvious from (18-58) that a drop charge lowers the critical field for instability. For example, from (18-58) we find
for
Q = 2 e.s.u. and
The study of Brazier-Smith (1972), in which
the constraining assumption of a spheroidal shape is abandoned (but which does
not include aerodynamic effects), yields
for the same conditions. Despite the rather unrealistically large charge assumed in the previous
example, we note that the critical field strengths required for drop instability are
still considerably larger than those typically observed in thunderstorms.
Thus far, we have considered only the instability of single drops. One would
expect that pairs of drops in close proximity would behave quite differently. In
this case, a strong enhancement of the field between the drops is expected due to
the mutual interaction of the polarization charges. This effect will be particularly
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strong if the field is nearly parallel to the line of centers of the drops. A theoretical
and experimental study of this problem was performed by Latham and Roxburgh
(1966). They employed the basic calculational procedure of Taylor (1964), described above, along with the theoretical values of Davis (1964a,b) for the local
field enhancement in the gap between two spheres situated in an electric field.
(Davis’s analysis is discussed in Appendix A-18.6.3.) The computations of Latham
and Roxburg showed that the field required to initiate instability in one of a pair of
closely separated drops may be several orders of magnitude less than that needed
to disrupt either drop in isolation. The calculated critical fields for
mm
were also found to agree well with their experimental values.
On the other hand, Brazier-Smith (1971) applied the same numerical method
used for single drops to this problem, and obtained critical field values consistently
higher (by about a factor of 2 for close separations of equal drops, decreasing to
a factor of about 1.1 for a separation of
than those found by Latham and
Roxburgh. Brazier-Smith explained the agreement between the theoretical and
experimental results of Latham and Roxburgh by noting that both actually dealt
with the problem of supported drops, rather than of free drops as proposed and as
studied by Brazier-Smith.
The relevance of these studies to pairs of drops falling under natural conditions
may be somewhat limited, since hydrodynamic forces were ignored. By analogy
with the previous case of studies on isolated drops, we might expect that hydrodynamic forces would tend to suppress the onset of electrical instability for interacting
drop pairs. However, the effect is probably not as great in the present instance,
since the deformations and instabilities occur in the vicinity of closely adjacent
surfaces where air-flow effects may be relatively unimportant.
Crabb and Latham (1974) have made measurements on the critical field required
to produce corona from a pair of water drops, of radii 2.7 mm and 0.65 mm,
colliding with a relative velocity of
which is similar to their difference
in terminal velocities. The critical field ranged from about
for head-on
collisions to about
for glancing collisions; these values are, of course,
considerably less than those required to produce corona from single drops, and
suggest that corona from colliding raindrops may be capable of triggering lightning.
Similar results and conclusions follow from the experiments of Griffiths and Latham
(1974) on corona production from ice crystals or hailstones. They found that the
critical field for sustained positive or negative corona depends on the size, shape,
and surface features of the particle, but may be as low as
at pressures
corresponding to those where lightning is initiated.
In the previous paragraphs, we have been concerned with the electric field at
which a drop becomes distorted to such an extent that disruption follows. We
shall now briefly consider the distortion which a drop experiences when exposed
to external electric fields less than critical. Values for the ratio of the minor to
the major axis
of a drop in an external electric field have been computed as
a function of
by O’Konski and Thatcher (1953), Taylor (1964), Abbas
and Latham (1969a,b), Brazier-Smith (1971), Brazier-Smith et al. (1971), and
Zrnic et al. (1984). With the exception of Brazier-Smith, all authors assumed
that a drop retains its spheroidal shape while being deformed. Also, none of the
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computations included aerodynamic effects.
In Section 10.3.2, we have shown that hydrodynamic forces acting on a falling
drop induce on it an oblate spheroidal shape with a
value that is smaller the
larger the drop. This effect obviously counteracts the prolate spheroidal deformation produced by the electrostatic stress
of a vertical external electric field.
As long as the electric field is relatively small, the flow around the drop and the surface tension stress will dominate drop shape. This situation is expected to change
drastically as the electrostatic stress begins to dominate the other stresses. Thus,
large drops with a small value for
are expected to yield more readily to
the deforming electrostatic stress, and vice versa. The first expectation has been
verified experimentally by Kamra and Ahire (1993), who found that oscillating
drops of
changed their shape (given by the time averaged axis
ratio
only relatively little for
Unfortunately, no larger
electric fields were applied. The second expectation has been verified theoretically
by Chuang and Beard (1990), who computed the equilibrium shape of a drop exposed to an external electric field by means of an extension of the hydrodynamic
drop shape model of Beard and Chuang (1987) (see Section 10.3.2). Their results
are exhibited in Figure 18.6. We note that, as expected, the curves for
vs. E
and for
tend to cross each other when the fields become sufficiently
large, hence, causing larger drops to become more deformed. However, a comparison of these theoretical results with the observed values for the electric fields
for breakup, also shown in Figure 18.5, demonstrates that the theoretical predictions significantly overestimate the electric field required to achieve critical drop
deformation. This discrepancy is a result of the fact that the theoretical model
disregards drop oscillations and assumes all forces on the drop to be in equilibrium
all the time. Freely falling drops oscillate, however, generally in a prolate/oblate
mode (see Section 10.3.3). Since, for a given external electric field, the induced
charge on the drop’s upper-side is the same in both modes, the charge on a prolate
deformed drop is distributed over a much smaller area than on an oblate deformed
drop, causing the electric force per unit area of the drop to be much larger in its
prolate mode than in its oblate mode, and also larger than in its equilibrium shape.
Oscillating drops are therefore expected to deform in an external electric field more
readily than a drop which is prevented from oscillating and is forced to keep an
equilibrium shape. In order to demonstrate the expected drop deformation for an
oscillating drop, we have included in Figure 18.6 the dashed curves which, for low
values of E , are consistent with the computations of Chuang and Beard (1990)
and the experiments of Kamra and Ahire (1993), and for large values of E, are
consistent with the critical electric fields observed by Richards and Dawson (1971).
Note the dashed curves deviate considerably from the equilibrium curves.
The effects of electric charges on drop shape in the absence of an external electric
field, determined by Chuang and Beard (1990), are exhibited in Figure 18.7. We
note that increasing charges enhance the oblate drop deformation, as expected from
(18-58).
It is, of course, expected that electric fields and charges also affect the oscillation
frequency of a drop. This has been verified theoretically by Brazier-Smith et al.
(1971), and recently by detailed theoretical modeling of Feng and Beard (1990,
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1991a,b). These studies show that the oscillation frequency is reduced by charges
and fields.
Weinheimer and Few (1987) showed that electrical fields may also affect the fall
of snow crystals. On comparing the aerodynamic torques due to Stokes flow, using
the solutions of Jeffreys (1922) with the electric torques on falling snow crystals
using the formulations of Stratton (1941) and McCormick and Hendry (1977), they
found that snow crystals with dimensions of 200 to
align in an external
electric field of
In fields of
only crystals with diameters
of less than
would align. Columnar crystals were found to align more easily
than plates, except for dendrites.
18.6.4 DROP TERMINAL VELOCITIES

A drop of mass bearing charge of magnitude and falling in a vertical electric
field E , will experience a combined gravitational and electrical force of
If the drop is small enough to retain a spherical shape, the computational schemes
of Section 10.3.6 for spherical drops may be used to determine its terminal velocity,
the only modification required being merely the replacement of
by
Table 18.1 gives some selected values for drop terminal velocities computed in this
manner by Gay et al. (1974) for water drops in air. Note the pronounced increase
in terminal velocity which charged drops experience in an external electric field.
Experiments carried out by Gay et al. for the same range of drop sizes, drop
charges, and external electric fields, yielded terminal velocities which were in good
agreement with those theoretically predicted.
For deformed drops, the computational schemes of Section 10.3.6 cannot be
used unless the drop deformation is known as a function of drop size, charge, and
field strength. Unfortunately, there are at present no satisfactory experimental or
theoretical descriptions of this functional relationship. However, some information
concerning the electric field dependence of terminal velocities of large uncharged
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drops falling in vertical fields has been obtained by Dawson and Warrender (1973).
As we know from the previous section, a vertical field tends to counter the oblate
spheroidal deformation of large falling drops, induced by hydrodynamic forces.
Therefore, we would expect to see an increase in terminal velocity with increasing
field strength, owing to the resulting decrease in the drop cross-section presented to
the flow. The extent of the increase found by Dawson and Warrender for millimetersized drops was rather small: typically,
for
example, for a drop of
mm they found
if E was
increased from 0 to
18.6.5 COLLISIONAL GROWTH RATE OF CLOUD PARTICLES

We would also expect to see a significant change in the collision and coalescence (or
sticking) efficiencies of cloud particles which are subjected to electrostatic forces
of magnitude comparable to the acting hydrodynamic and gravitational forces.
Several theoretical and experimental investigations of the possible electrostatic influences have been carried out. For example, in a field experiment Latham (1969)
found that the growth rate of
radius drops colliding with
diameter
drops (all carrying negligible charge) was enhanced if the external electric field
strength exceeded
At field strengths of
the growth rate
was about 20% higher than for the case of no field. No further enhancement was
noted until the field reached
in larger fields, the growth rate rapidly
increased again, achieving for
a 100% increase over the rate for zero
field. Qualitatively similar results were obtained in laboratory investigations by
Phan Dong and Dinh-Van (1973). They showed that the number of collection
events for a given time period in a cloud of uncharged drops in air was affected
only by field strengths exceeding
The collection rate increased linearly
with further increasing field strength.
Some effects of drop charge on growth by collision and coalescence have been
studied by Woods (1965). In the absence of an external electric field, oppositely
charged drops of
required a charge
e.s.u. for a discernible
increase in growth. Above this threshold, the number of collection events increased
approximately linearly with increasing charge. Drops of
exhibited a
similar trend, but no clear threshold for the onset of a charge effect could be
detected. Charges of equal sign reduced the number of collection events below that
occurring for uncharged drops if
and inhibited collection completely if
Similar electrostatic effects on the growth rate of ice crystals colliding with
ice crystals have been observed by Latham (1969), Latham and Saunders (1970),
Crowther and Saunders (1973), and Saunders and Wahab (1975). In these experiments, threshold fields of 100 to
were required for a discernible effect.
For larger fields, the growth rate increased rapidly, reaching values 80 to 100%
larger than for the zero field case if
In the absence of a field,
only about 10% of the ice crystals were aggregated, the aggregates consisting of up
to 6 component crystals. In fields of near
100% of the ice crystals
were aggregated, each consisting of up to 10 crystals. In addition, Saunders and
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Wahab (1975) found that aggregation in electric fields was most efficient at temperatures near –8°C, i.e., in the temperature region where columnar crystals are
the favored growth habit. At this temperature, the crystal aggregates consisted of
short columns joined at their basal or prism planes.
The effect of electric fields on the growth rate of ice crystals growing by collision
with supercooled drops was studied by Latham (1969). He found a threshold field
of
for a discernible effect. In the presence of larger fields, the growth
rate increased rapidly, reaching about 150% at
and about 200% near
of the growth rate in the absence of a field. No studies on the effect
of charges on the growth rate of ice crystals colliding with other ice crystals are
available in the literature.
Several theoretical studies of the effect of electrostatic forces on the collision
efficiency of water drops in air have been carried out. For most cases of interest,
very complex hydrodynamic and electrostatic interactions are involved, and the
solutions can be obtained only through numerical integration procedures. However,
a few approximate analytical solutions are also available for special combinations
of drop mass, charge, and electric fields. Two of these asymptotic estimates of
collision efficiencies are especially simple and helpful in providing some additional
physical insight into the more complex situations, and so we shall now turn to a
discussion of them, following Atkinson and Paluch (1968) (similar results appear
in Paluch, 1970).
First, let us consider the case of large drops bearing large charges. If a pair
of such drops has a sufficiently large initial relative velocity, the relative motion
can be described adequately within the theoretical framework of the classical twobody problem, in which two particles approach each other in a frictionless medium
and are subjected to an inverse square law mutual attraction. The solution of
this problem is well-known (e.g., see Goldstein, 1965), and may be expressed as
where
is the impact parameter of the encounter,
is the apsidal (orbital turning point) distance,
is the kinetic energy of the
relative motion for large separations, and
is the decrease in electrical energy
that occurs as the particles are brought from infinity to the minimal separation
at the turning point of the orbit. Considering the definition of the collision
efficiency E (Section 14.4.2), we may view
for
and
as the collision efficiency for two point particles which approach to within the drop
collision distance
In this manner we obtain the estimate

where

is the initial relative velocity,
is the drop charge in e.s.u., and
Numerical computations of the trajectories which evolve when the effects of
polarization (image) charges and drag are included, produce results which can be
fitted within a few percent to the relationship
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for the ranges

and
where K =
Thus, we see that the simple two-body model and (18-61) describe
the essential behavior for this class of interactions.
The other approximate analytical result applies to the case of highly (and oppositely) charged small drops in the Stokes regime
The model in this
case involves the assumptions of negligible drop inertia and hydrodynamic interaction, so that the Stokes drag on each drop just balances the applied forces from
gravity, the Coulomb interaction, and the external electric field thus, for drop
1, we write
where is the center to center distance between the drops and is the unit vector
along the line of centers from drop 1 to drop 2
On subtracting (18-61)
from the similar equation for drop 2 and letting both gravity and the external field
act in the positive
we find the velocity of drop 2 relative to drop 1 has
the components

where
and
is the mobility of drop On eliminating
time from (18-62), the governing equation for the relative trajectories is obtained:

Integration of this equation yields the family of trajectories
where
is the integration constant. We may determine
in terms of the
impact parameter by noting that
for
Furthermore, inspection of
the resulting trajectories reveals that collisions
will occur only for those
trajectories which approach the origin from the
direction: i.e., the criterion
for
is that
as and approach zero. Therefore, we obtain
or

For highly charged drops, (18-64) predicts collision efficiencies two to three orders
of magnitude larger than the geometric value of unity. For example, (18-64) gives
for
e.s.u., and
e.s.u.; and
for
e.s.u.,
e.s.u. Laboratory experiments by Krasnogorskaya
and Neizvestnyy (1973) and Abbott (1975) have shown (18-64) to be within the
range of experimental scatter for
However, for smaller E, Abbott
found that (18-64) progressively underestimates the experimental values. From the
numerical examples given above, we see that
typically corresponds to
drop charges much larger than those found in clouds (recall Figure 17.1). Therefore,
for small drops and realistic charges, it is necessary to employ a more complete
physical-mathematical model and numerical methods of solution.
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A complete description of the electrostatic forces acting on a pair of drops is
available from the work of Davis (1964a,b), who solved the boundary value problem of two charged conducting spheres subjected to a background electric field.
(A description of this solution is given in Appendix A-18.6.3.) For the hydrodynamic forces, the various flow fields and flow-interaction descriptions discussed in
Chapter 14 may be used. The two types of forces may then be superposed and
the drop trajectories integrated numerically to determine the extent of electrostatic
influences on the collision efficiency problem.
Such studies have been carried out by Sartor (1960), Davis (1965), and Krasnogorskaya (1965) using Stokes flow, and by Lindblad and Semonin (1963), Plumlee
and Semonin (1965), and in and Plumlee (1966) using Proudman and Pearson flow
(see Section 10.2.2.3). In all studies, except that of Krasnogorskaya, the electric
force expressions of Davis were used. The results of these studies, applicable to
collector drops of low Reynolds number only, show that for a given charge or field,
the effect on the collision efficiency increases with decreasing size of the collector drop, and that for a given collector drop, the effect increases with decreasing
size of the collected drop. Furthermore, for a given drop pair, a critical charge
and/or field is generally found to be necessary for electrostatic effects to be noticeable. For example, Davis (1965) concluded that in the absence of electric fields
and for
the threshold charge is
with in cm. Similarly, Krasnogorskaya found
e.s.u. for
Semonin and Plumlee
found
e.s.u. for
and
Lindblad and Semonin and Semonin and Plumlee found that the threshold vertical
field for a noticeable enhancement of the collision efficiency for uncharged drops
was
for
and
for
and
for
and
and
for
and
In order to determine the effect of electric fields and charges on the collision
efficiency of larger drops, Schlamp et al. (1976, 1979) employed the superposition scheme (see Section 14.3) in conjunction with numerically determined flow
fields around drops (see Section 10.2.2.4) and Davis expressions for the electrostatic forces. The equation of motion for the
was thus written as

with an analogous equation for the
The electric forces
were those
given by the Davis relations (A. 18-2 to A. 18-4). The computations were carried
out for
and
for the case that the external
electric field was assumed to be parallel to gravity pointing downward due to a net
positive charge in the upper part of the cloud, and for the case that the
was positively charged and initially above the smaller, negatively charged
(Schlamp et al., 1976). The case where the
was negatively charged and
either above or below the positively charged
was treated by Schlamp et al.
(1979). The electric fields assumed ranged between 0 and
while the
charge on the drops was assumed to be given by a relation of the form
(see Equation 18.43) with
implying
e.s.u.).
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Selected results from the collision efficiency study of Schlamp et al. (1976) for
the case of a positively charged
above a negatively charged
in a
negative electric field
are shown in Figures 18.8a,b,c, with legends
given in Tables 18.2 to 18.4.

From these figures, we note that the collision efficiency of small highly charged
drops in thunderstorm fields may be up to
times larger than the corresponding
efficiency for the same drop pairs in weakly electrified clouds. Therefore, studies
of cloud electrification via precipitation charging mechanisms should obviously account for the electrostatic influence on the collision efficiency. On the other hand,
the figures also suggest that the weak charges and fields present in young clouds
will probably not significantly promote the early stages of drop spectral evolution
by collision and coalescence. However, because of the complex non-linear nature
of the collection growth problem, the actual quantitative importance of any colloidal destabilization induced by electrostatic forces can only be determined by
comprehensive simulations of the collection process which include the full coupling
between changes in electrification and in the drop spectrum.
Figures 18.8a,b,c show further that the influence of electrostatic effects decreases
with increasing becoming negligible, even in the presence of the highest electric
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fields and charges observed in clouds if
Also, as expected, for a given
drop pair, the effect of electric fields and charges on the collision efficiency generally
increases with increasing drop charge in the absence of an external field, and with
increasing field strength in the absence of charges. For a given
the effect on
the collision efficiency of either electric charges or an external electric field depends
on the drop size ratio
the effect being largest for
least for
intermediate
and increasing again for
We also note that, for a given
the collision efficiency generally increases with increasing radius of the
i.e.,
with increasing and thus decreasing relative velocity between the drops.
The collision efficiencies computed by Schlamp et al. (1979) for the case of a
negatively charged
colliding with a positively charged
in a negative
electric field (i.e.,
positive), were found to differ considerably from the values
for a positively charged
computed by Schlamp et al. (1976). This is due
mainly to the fact that the relative velocity difference of the drops and, hence, their
interaction time are significantly different for the two cases. In addition, in some
cases, collisions were found to occur both on the front as well as the rear hemisphere
of the
or on the rear hemisphere only. Such rear collisions are exemplified
in Figure 18.9. In contrast, collisions with a positively charged drop in a negative
field occurred only on the front hemisphere of the
These results lead
to the conclusion (Schlamp et al., 1979) that, in the latter case, the electrostatic
forces dominate collision, while in the former case, collision is controlled by the
hydrodynamic forces, which merely become enhanced by the electrostatic forces.
Unfortunately, no experimental verification is available for the collision efficien-
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cies computed by Schlamp et al. (1976, 1979), except for the study of Barker et al.
(1983) who determined the collection efficiency of
of 40 to
radius
colliding with
of
radius. The small drops were uncharged while
the drops of radii between 40 and
and between 80 and
were either
uncharged or carried a charge of
and
e.s.u, respectively. While
the collision efficiency obtained with uncharged drops was near 0.8, agreeing well
with the values computed by Schlamp et al., the efficiencies obtained with charged
were up to twice as large as those for uncharged
Unfortunately,
Schlamp et al. (1979, 1976) did not apply their model to the case of charged
and uncharged
so that no comparison with theory can be made.
Some quantitative support for curves 3 and 5 in Figure 18.8a was provided by the
analytical study of List and Freire (1981).
In addition to increasing the collision efficiency, electric fields and charges may
raise the growth rate of cloud drops by increasing the fraction of ‘colliding’ drops
which coalesce. In Section 14.5.4.1, we pointed out that drops of
are
likely to rebound from each other rather than coalesce, due to the presence of an
air film temporarily trapped between their deformed surfaces as they collide. We
would expect that this barrier to coalescence would be weakened by the forces
of electrostatic attraction, and also by the local surface deformations which may
result. These expectations have been verified by Lindblad (1964) and Semonin
(1966), who found that, for millimeter-sized drops, the apparent delay time between
collision and coalescence was strongly reduced if the potential difference across the
colliding drops was raised to several Volts. Also, Goyer et al. (1960) observed that
~ 34% of
radius drops colliding with 300 to
radius drops coalesced
if the electric field across them was raised to
while 95% of the
colliding drops coalesced if the field was raised to
Jayaratne and
Mason (1964) found that a critical electric field of
was required to
affect the coalescence of
radius drops impacting on a large essentially flat
water target. Freier (1960) observed that the probability of coalescence between
drops began to be affected when the electric field exceeded
In agreement with this result, Jennings (1975) found that colliding drops always
coalesced if
Generally, the studies performed so far show that the
larger the colliding drops, the higher the field required to enhance the efficiency with
which the drops coalesce. This is expected from our discussion in Section 14.5.4.1,
where we pointed out that the larger the colliding drops, the more pronounced is the
deformation which the drops experience on collision, and thus the more extensive
the air film trapped between the drops.
The effect of charges of opposite sign on the coalescence of water drops in air
has been studied by Jayaratne and Mason (1964), Park (1970), Whelpdale and List
(1971), and by Brazier-Smith et al. (1972). From these studies, it appears that for
drops of
coalescence is affected only if the charge on the drops
is larger than
e.s.u. For charges of magnitude
to
e.s.u., the two
colliding drops were found always to coalesce.
A very detailed study with freely falling drop pairs of
and
were carried out by Czys and Ochs (1988) with drops charged to
and
Their study showed that,
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regardless of charge, collisions which occurred at impact angles less than 43° always
resulted in coalescence. Coalescence at larger impact angles depended critically on
For
e.s.u.) no coalescence occurred.
For
temporary coalescence was observed.
Coalescence occurred always if
e.s.u.). A
glance at Figure 18.1 shows us that the charge requirement for 100% coalescence is
met only in highly electrified thunderclouds. In all other clouds, the charge residing
on drops of
is probably less than that required for no rebound.
Unfortunately, no theoretical studies of the electrostatic enhancement of ice
particle collision efficiencies are available in the literature. However, some related
studies have been carried out. For example, the force expressions of Davis (1964a,b)
for the case of two electrically conducting spheres have been extended by Hall and
Beard (1975) and by Grover (1976a) to include the case of electrical interaction
between a conducting sphere and a dielectric sphere, and by Davis (1969) for the
case of electrical interaction between a conducting plate and a dielectric sphere. The
results of these studies show that the calculated force constants are not sensitive
to the dielectric constant of the sphere if
and agree essentially with the
values found for
taken to represent a conducting sphere. Only for sphere
separations smaller than
are there noticeable deviations from the conducting
case. According to Halmbey and Harrott (1956), the static dielectric constant
for water as a function of temperature is given by

with T in °C, for
at –35°C, according to Hodge
and Angell, 1978). The static dielectric constant of ice has been determined by
Gränicher (1963). His values are plotted in Figure 18.10. Since, for 0°C
and
(parallel to the
the conducting sphere assumption and thus
the solution of Davis (1964a,b) may be taken to represent reasonably well the forces
of interaction between either charged water spheres or charged ice spheres in an
external electric field.
The effect of ice crystal shape on the force of interaction has been studied experimentally by Latham et al. (1965), and Latham and Saunders (1970) for the
case of two uncharged metallic ice crystal models of various shapes arranged in
various configurations. The measured forces could be made to agree closely with
the force expressions of Davis merely by introducing a simple shape factor which
was essentially independent of the direction and strength of the background field,
and of the separation of the crystals. Depending on the combination of crystal
shapes, was found to range between ~ 0.5 and ~ 6; thus, in most cases, the
forces between ice crystals are greater than between drops of the same volume as
the crystals and separated by the same distance. Shape factors for the electrical
interaction between a sphere and an ice crystal-shaped body were not determined.
If charge resided on the crystal model, no corresponding simple modification of the
Davis expressions was found to be adequate, since then the shape factor depended
in an undetermined manner on the amount of charge present.
Martin et al. (1981) considered the effects of electric charges on the efficiency
with which supercooled drops collide with planar snow crystals, which they ideal-
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ized as thin oblate spheroids. Using the trajectory method, they solved

to determine the trajectory of a drop around the crystal, and by switching the
subcripts d and c to determine the trajectory of a crystal around the drop. The
flow fields and
around the crystal and drop, respectively, were numerically
determined (see Section 10.2.2.4). The electric force
acting on a drop
was assumed to result from an interaction between the charge
on the drop and
the electric field around the ice crystal carrying a surface electric charge
They
assumed the ice crystal is a perfect electric conductor satisfying the condition
where
is the electric potential for the crystal. Taking this potential to
be zero far away from the crystal and assuming no background electric field and no
electric charges outside the ice spheroid, they solved
in oblate spheroidal
coordinates (see Happel and Brenner, 1965, p. 513) to determine
and, thus,
and
The force
exerted on the crystal by the spherical symmetric charge
on the drop was assumed to be given by the Coulomb force
where is the center to center distance between the interacting drop and crystal,
and
is the unit vector along this line. In determining the trajectories, it was
assumed that the effects due to mutally induced charges could be neglected, and
that the electric force on the crytal would not tip the crystal so that its largest
dimension was always oriented horizontally. Computations were carried out for
with
and for
with
equivalent to
e.s.u., and
e.s.u. The results of this computation are displayed
in Figure 18.11. We note from this figure that electric charges of opposite sign on
drops and crystals considerably enhance the efficiency with which a planar crystals
collide with drops. Of course, this enhancement becomes more pronounced the
larger the charges on the drop and crystal.
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OF

AEROSOL PARTICLES

As would be expected from the discussions of the previous sections, the efficiency
with which aecosol particles are scavenged by cloud and raindrops can be strongly
enhanced by the presence of drop charge and external electric fields. Grover and
Beard (1975) and Grover (1976b) demonstrated this behavior through theoretical
studies of the effect of charges and fields on the inertial impaction of aerosols.
Grover et al. (1977) have carried out similar computations, including also the effect
of phoretic forces. They studied the efficiency of scavenging of aerosol particles
by water drops in air by means of the particle trajectory method discussed in
Section 17.4.2.3, using an expanded version of (17-35), viz.,

where the thermophoretic force
and the diffusiophoretic force
were computed from (17-19) and (17-27), respectively, using numerically determined vapor
density and temperature fields around evaporating water drops in air, and where the
electric force
on the aerosol particle due to the charge
on the drop of radius
was determined from the Davis (1964a,b) expressions in (A.18-3) and (A.18-4).
The dynamic and electric effects of the aerosol particle on the drop were neglected.
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As we have already pointed out in Chapter 17, the trajectory method can only
be used to determine the efficiency with which relatively large particles of
are captured by cloud drops, since effects due to Brownian diffusion are not
included in this method. Wang et al. (1978) extended the ‘particle flux’ described
in Section 17.4.2.5 to the case for electrically charged drops and aerosol particles.
Although this method includes the capture due to Brownian diffusion and phoretic
forces, it neglects particle capture by inertial impaction. Including the electric
force, the current density of aerosol particles moving toward a stationary water
drop is then, from (17-37),

where
are the number concentration, diffusivity and mobility of the
aerosol particles, respectively, and where
and
are given by (17-19) and
(17-27). For simplicity, Wang et al. (1978) assumed
where
is the center to center distance between drop and aerosol particle. Analogously
to (17-43a), the collision kernel for a moving drop becomes

however, now

with

and

A combination of the flux model and the trajectory model of Grover et al. (1977)
has been given by Wang et al. (1978), assuming a variety of radii for the aerosol
particles and drops. As an example, the collision efficiency as a function of particlesize is given for drops of radii
and
in Figures 17.17a,b. We note that the flux and trajectory
method combined give a consistent description of the Greenfield gap, and the sensitivity of the depth, width, and position of this gap to phoretic and electric forces.
We note that the presence of opposite electric charges on drop and aerosol particles
causes a pronounced filling-in of the gap, while the effects of electric charges on
particle capture becomes negligible for
and
We also note
that a complete ‘bridging’ of the Greenfield gap is achieved neither through the
effect of phoretic forces at typical atmospheric humidity nor through the effects
of electric forces due to electric charges, as they are found in thunderstorm conditions. The results given in Figures 17.17a,b also show that, for given
and
relative humidity, the collision efficiency increases with increasing electric charge
(for drops and particles bearing charge of opposite sign). Also, for given and relative humidity, the electrostatic influence on the collision efficiency increases with
decreasing drop radius. Similarly, for
a given drop radius and relative
humidity, the efficiency increases with decreasing particle radius.
These theoretical trends were confirmed experimentally by Wang et al. (1983),
who showed that the collision efficiency increased: (1) as
increased from 1.6 ×
to
for
(2)
as decreased from 300 to
for
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and (3) as decreased from 0.10 to
for
and
A quantitative verification of the predictions of the trajectory model of Grover
et al. (1977) was given by Wang and Pruppacher (1977b) for a few selected drop
sizes and charges and aerosol particle of radius
carrying charges of either
or
Their results are tabulated in Table 18.5.
Additional experiments have been carried out by Byrne and Jennings (1993),
Barlow and Latham (1983), Lai et al. (1978), and Adam Semonin (1970). Unfortunately, most of these experiments were carried out for a variety of combinations
of
and so that a quantitative comparison is neither possible among
the experimental results themselves nor between the experimental and theoretical
results. We nevertheless found it instructive to follow Barlow and Latham (1983)
and plot the experimentally determined collision efficiencies available in one graph
for
and for submicron particles
of opposite charge. This is illustrated in Figure 18.12 which demonstrates that
the collision efficiency increases with increasing drop charge, although with a wide
scatter of values being the result of the wide range of combinations of
and
An additional reason for the scatter lies in the fact that for electrically
charged drops and aerosol particles, rear collision are possible, and may or may
not have been considered in computing the experimental collision efficiency (see
Figure 18.13).
In evaluating the trajectory method (Grover and Beard, 1975), one may assume
that the electric interaction between drop and aerosol particle is given by a simple
Coulomb force between point charges rather than by the Davis (1964a,b) forces.
In dimensionless form, (18-67) is then given by
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and

are given by
and
respectively,
and
being
the center to center distance between the interacting drop and aerosol particle, and
where
with
According to Grover and Beard (1975),
we may define the electric force by

so that (18-71) becomes

where
Grover and Beard (1975) analyzed (18-73) and compared the
results with those obtained by using the Davis (1964a,b) forces. The comparison
showed that the point charge model is sufficiently accurate for the charges found
in atmospheric clouds as long as
Kraemer and Johnstone (1955) defined a dimensionless Coulomb force parameter
by the relation

Assuming free streaming flow all the way to the drop surface, Kraemer and Johnston found that the efficiency with which charged drops collide with charged aerosol
particles is given approximately by
This prediction was experimentally verified by Wang et al. (1983) for
and
Martin et al. (1980c) applied the trajectory method of Grover et al. (1977)
and the flux method of Wang et al. (1978) to plate-like snow crystals which were
idealized by thin oblate spheroids of axis ratio
Using the flow fields around
thin oblate spheroids, Martin et al. (1980c) analyzed the trajectories of aerosol
particles by determining the electric force on the particle from
where
and
is the electric potential around the crystal computed in oblate
spheroidal coordinates. In Figure 18.14, a plot of typical trajectories is given. We
note that aerosol particles are preferentially deposited near the rim of falling platelike snow crystals. In fact, we notice that rim deposition is even possible in the rear
of the crystal. Using the flux model, Martin et al. (1980c) found for the collision
kernel

where

and
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From (18-75), the collision efficiency
may be
found. Examples for the variation of the collision efficiency with particle radius
are given in Figures 18.15a,b where the results of the trajectory and flux models
have been combined. We note from these figures that electrical charges on crystal
and aerosol particle significantly raise the collision efficiency above their uncharged
values. Particularly, we note that electrical effects allow collision between crystals
and particles, even for crystals which are sufficiently small, so that they are not
able to capture aerosol particles above a certain size by hydrodynamic effecs alone.
Miller and Wang (1989) extended the model of Martin et al. (1980c) to columnar
snow crystals. Their results are given in Figure 17.19 in the previous chapter. We
note again the significant increase of the collision efficiency due to the effect of
charges.
A qualitative experimental verification of the results of Martin et al. (1980c) has
been given by Murakami et al. (1985c) who studied the effect of electric charges on
planar snow crystals of 1.3 mm diameter. Their results are given in Figure 17.25a
in the previous chapter. We note that electric charges on the snow crystals raise the
collection efficiency by up to one order of magnitude above the efficiency observed
for uncharged crystals.

