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ABSTRACT 

Considering the theories proposed to explain thun

derstorm charge separation, it is difficult to find a 

satisfactory explanation of lightning originating from 

clouds which do not extend above the zero degree isotherm. 

The influence mechanism appears as the most likely source 

of the necessary charge separation. This need for a 

charging process which will be active in all-water clouds 

has stimulated interest in drop interactions in an 

electric field. The present work is an investigation of 

the general charge separation mechanism of collision and 

subsequent separation of drops in an electric field. 

A vertical wind tunnel was designed and built 

which would stably support water drops. A voltage was 

applied between horizontal electrodes bounding the test 

region, establishing an approximately uniform vertical 

electric field in the region where the collisions occurred. 

Drops were injected into the'air column, one reaching a 

stable position and the second falling from above to col

lide with the first. The resulting interactions were re

corded photographically, and the non-coalescing drops were 

collected. The charge on these drops was measured 

x 



directly with an electrometer amplifier whose output was 

recorded. The collisions were photographed at an effec

tive framing rate of 6 0 per sec, allowing determination 

of the type of event responsible for the charging. The 

collisions producing charge separation varied from mildly 

glancing with little distortion o.f the drops to tempo

rary coalescences creating gross distortion. The type of 

interaction taking place varied with electric field? 

those involving temporary coalescence occurred much more 

frequently at higher values of field. The charge separa

tion observed increased approximately linearly with 

-13 electric field to about 50 V/cm (1.0 x 10 coul separated 

at 30 V/cm). From about 50 V/cm to 90 V/cm the rate of 

charge separation with electric field was considerably 

-13 
larger than below 50 V/cm (13 x 10 coul/ separated at 

90 V/cm). Above 90 V/cm the charge transferred in the 

collisions increased with electric field at approximately 

the same rate as below 50 V/cm. 

It was found for the drop size used in the experi

ment, radius 1 mm, the dynamics of the individual colli

sions were more important than the electric field in 

determining permanent coalescence. Interactions were 

photographed at a rate of 370 frames/sec so that the en

counters could be seen in detail. Collisions were record

ed in which the drops collided head-on, flattened and 

coalesced, then oscillated and elongated vertically. In 
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some cases the drops separated after about one half cycle; 

in other similar events the drops remained coalesced. A 

model was developed based on the excess surface energy of 

the distorted drop shapes over that of the equivalent 

volume spherical shape. It described the observed oscil

lation and predicted separation of drops initially flat

tened beyond a limit. 

The drop charging observed in the experiment is 

compared to that recorded for naturally occurring rain and 

found to agree well with the features exhibited by this 

phenomenon. 

The overall coalescence efficiency found for the 

1 mm drops supported in the wind tunnel did not show an 

appreciable variation with electric field. A scatter of 

values about 50 per cent was found. 



CHAPTER I 

INTRODUCTION 

Research directed toward explaining the charging 

of hydrometeors has long occupied the interest of workers 

in atmospheric electricity and cloud physics. The domi

nant objective has been to determine the mechanism 

responsible for charge separation in thunderstorms and, 

to a lesser extent, to explain the charge found 011 rain. 

The processes effecting the charging in these two cases 

may or may not be the same. The fundamental importance 

of thunderstorm charge separation mechanisms is that the 

commonly accepted theory of the maintenance of an essen

tially constant potential between the earth and the 

ionosphere relies on thunderstorms to supply negative 

charge to the earth. 

The work to be presented is a study of perhaps 

the simplest method of hydrometeor charging, the influence 

mechanism. As will be seen, the results do not give infor

mation on the thunderstorm charge separation mechanisms 

presently considered dominant, although some effects are 

found which can be applied to all-water processes of 

electrification. Nevertheless it is appropriate here to 

determine as far as is possible the relative importance of 

1 
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the influence charging mechanism by a discussion of the 

theories of thunderstorm electrification that have been 

proposed. 

All the theories suggested can account for charge 

generation; however there is still some dispute as to 

whether any can fulfill the necessary requirements of 

separating enough charge sufficiently rapidly to account 

for the observed thunderstorm electrification. It would 

be rash to assume that only one of the various processes 

postulated is responsible for the charging in any one 

cloud; rather many may be operative with possibly one or 

two dominating in a particular type of cloud. 

In most of the proposed theories the bipolar struc

ture of the cloud, positive at the top and negative at the 

bottom, is the result of two distinct effects. Charge 

separation on a microscopic scale must be occurring during 

processes such as phase change, particle-particle inter

actions, or particle-ion interactions. A macroscopic 

separation must also be occurring to spatially redistribute 

the charged particles. In most theories this separation is 

accomplished by gravitational sorting in such a way as to 

intensify the already existing electric field in the cloud. 

For a cloud in its initial stage of electrification, this 

is the fair weather electric field of the earth; its magni

tude varies from 100-300 y/m near the surface, and it is 
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directed so that positive charges are attracted toward the 

earth. For gravitational sorting to cause an increase in 

the electric field in the cloud, it is clear that large 

particles, falling to the base of the cloud must carry a 

net negative charge; and conversely, the smaller particles, 

carried to the upper regions of the cloud must acquire a 

net positive charge. 

With the exception of the convection theory of 

charging, the various cloud electrification mechanisms 

which have been proposed differ only in the microscopic 

charging processes and not in the spatial redistribution, 

all appealing to gravitational sorting. 

The convection theory was first advanced by 

Grenet (1947) , and in somewhat different form by Vonnegut 

(1955). It explains thunderstorm charging by means of 

vertical convective motion in and around a cloud. Vonnegut 

has postulated that the positive space charge which exists 

in the lower atmosphere in fair weather is carried up with 

the moist air into the growing cloud. As the positive 

charge moves toward the top of the cloud it attracts nega

tive ions from the region above the cloud. These negative 

ions become attached to the precipitation particles which 

are then caught in downdrafts theorized to exist at the 

outside edge of the cloud. The negative particles are 

carried to the bottom, establishing an increased potential 
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gradient. This causes more positive ions, some possibly 

produced by point discharge at the ground, to move to the 

bottom of the cloud where the cycle is repeated. 

A necessary ingredient in this theory, and one 

which Sartor (1967) uses in the initial stages of his 

theory, is the positive space charge in the atmosphere. 

For steady conditions in a given region of the atmosphere, 

a quasistatic state is said to exist when the distribution 

of charges remains constant and only vertical variations 

of the electric field exists. A steady condition occurs 

when electrical changes in the atmosphere are slow compared 

to the relaxation time. The relaxation time varies from 

5 to 40 minutes near the earth's surface, depending on 

the pollution present, and is about 4 sec at 18 km 

(Chalmers, 1957). In the quasistatic state both the poten

tial which exists between the earth and the ionosphere and 

the columnar resistance of the atmosphere will be approxi

mately constant; therefore the vertical current density, 

3r must be constant. It is known from both analytical 

considerations and observations that the conductivity, A, 

increases with height. Since 

J = XE U-1) 



and for a quasistatic state j is not a function of height, 

the electric field, E, must decrease with height. The 

vertical variation of the electric field can be considered 

as changes in density of lines of electric flux which are 

everywhere vertical. These flux lines originate from 

positive charges and terminate on negative charges. If 

the electric field decreases upon rising there must be more 

lines of electric flux lower down than higher up. When 

quasistatic conditions exist, any volume of air in the atmo

sphere must have a net positive space charge. 

The remaining theories of charge separation can be 

grouped naturally into two categories; those requiring the 

.presence of precipitation particles in both liquid and ice 

phases, and a less favored group requiring only a single 

phase. The latter category does not rely on change of 

phase for separation but on interactions either between 

particles polarized in the existing electric field or be

tween a polarized particle and an ion. 

Several theories which are included in the first 

group are those of Workman and Reynolds (1950), Reynolds, 

Brook, and Gourley (1957) and Latham and Mason (1961, a,b). 

The Workman-Reynolds theory has been found to have several 

severe deficiencies and will not be discussed except in 

describing the microscopic separation mechanism which is 

pertinent to the Reynolds et al. theory. Both this and the 



6 

Latham-Mason charging mechanisms involve interactions of 

graupel or soft hail with supercooled droplets and ice 

crystals and splinters. In both of these theories the 

temperature-gradient-induced ion migration in ice is 

important to the charging process. A brief discussion of 

this process follows. 

When a temperature gradient is maintained in a 

sample of ice, the colder region will accumulate a net 

positive charge and the warmer a net negative charge. The 

first consequence of the temperature gradient will be the 

production of a concentration gradient of both H and OH 

ions in the sample. The concentration gradients are both 

established in the same direction as the temperature gradi

ent, i.e. more ions of both signs in the high temperature 

region than in the low temperature region. The mobility 

of the H+ ion is at least ten times greater than that of 

the OH ion (Eigen and deMaeyer, 1958), and therefore from 

u]c7 
the Einstein relation, D = —where y is the mobility, k 

is Boltzman's constant, T is absolute temperature and e is 

the charge on an electron, the diffusion coefficient will 

be ten times larger. The positive ions will rapidly dif

fuse toward the colder end of the sample. This in turn 

will cause an internal electric field which will establish. 

a steady state distribution of ions. 
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Reynolds et al_. propose that graupel particles 

falling in the upper regions of a cloud, well above the 

freezing level, will experience many collisions with both 

ice crystals and splinters and supercooled droplets. 

Charging is attributed to rubbing contact between the 

small ice particles and ,the warmer graupel pellets. The 

difference in temperature results from the acquisition of 

the latent heat of the supercooled droplets as they col

lide and freeze on the graupel. 

Reynolds et al. found that charge separation from 

rubbing contact of ice was governed not only by the tem

perature effect but also by the presence of contaminants 

in the ice. The latter effect was explained by the for

mation of a liquid layer during rubbing, and a selective 

incorporation of ions upon refreezing—a process previously 

investigated by Workman and Reynolds (1950). Brook (1958) 

observed that potentials were developed when two pieces of 

ice at different temperature were brought into momentary 

contact with a minimum of rubbing, however, the charging 

was an order of magnitude smaller than produced in rubbing 

contact. 

Reynolds et al^ theorize that graupel pellets, 

having grown by accretion of droplets formed by diffusional 

growth on condensation nuclei, will be more contaminated 

than most ice crystals which have grown by sublimation. 
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The graupel pellets will thus acquire a negative charge as 

a result of both the temperature gradient and contamina

tion effects. They estimated that this mechanism would 

account for the electrification observed in clouds pro

ducing lightning. 

The Latham-Mason charging theory proposes that 

graupel particles grow by accretion of supercooled drop

lets. The droplets striking the graupel freeze and eject 

positive splinters leaving the graupel negatively charged. 

When a droplet of mass m grams and temperature T, with 

T<0°C, collides with a hail pellet and begins to freeze, 

its temperature suddenly rises to 0°C. The mC^AT calories 

required (AT = 0°C - T°c) for raising the temperature to 

0°C are supplied by the latent heat of fusion of mCpAT/8 0 

grams of water. is the specific heat at constant pres

sure of liquid water. A fraction CpAT/80 of the mass of 

the drop freezes, and probably forms a thin shell on the 

outside of the drop. This shell is in contact with cold 

air and 0°C water. A radial temperature gradient will be 

established across the drop with the inside warmer than 

the outside. The differential ion migration will cause 

the outer shell to become positively charged. As the shell 

thickens and expands, it produces stresses which cause the 

droplet to disrupt and eject ice splinters. The splinters 

will carry off positive charge leaving a net negative 

charge on the graupel. 
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Approximate calculations made by both Reynolds 

et al. and Latham and Mason indicate that their proposed 

models could both adequately account for the observed 

charge in thunderstorms; although several objections have 

been raised to both of these theories. It has been 

pointed out that the theory of Reynolds et ajL. requires 

3 
a liquid water content of 10 gm/m , three times the maxi

mum observed, and that the electric field at the surface 

of an ice splinter would exceed 10,000 V/cm when charged 

by their mechanism. One objection to the theory of 

Latham and Mason, pointed put by Brook (196 5) is that for 

a charging rate sufficient to produce lightning, all the 

liquid water in the cloud would be converted to ice 

splinters in less than one minute if one assumes a splinter-

production rate suggested by Latham and Mason. Brook also 

notes the narrow size limits (30-80 radius) for drops 

which Latham and Mason find will produce charged splinters. 

Currently, in the absence of better theories, the 

aforementioned hypotheses appear the most promising explana

tions for thunderstorm charging. Although rough calcula

tions estimating the effectiveness of both processes 

employ somewhat unrealistic cloud parameters, they both 

separate relatively large amounts of charge at about the 

appropriate rate. These mechanisms will be operative only 

for clouds extending well above the zero degree isotherm; 



10 

the mechanisms described produce charging from about -4°C 

to -40°C. These theories are of little help in explaining 

observations of charge found on drops and droplets in low 

stratus clouds (Imyanitov and Shifrin, 19 62). Twomey 

(1956) measured charge on individual drops in strato-

cumulus clouds occurring with their bases below a mountain 

top. The temperature at the observation station varied 

from 8 to 17°C; no ice was found in the clouds, and their 

tops did not extend above the 0°C isotherm. He found 

from 200 to 1000 elementary charges on drops, with charge 

increasing approximately as the radius of the droplets 

squared. Several other investigators, Gunn (1947, 1952) 

and Webb and Gunn (1955), have measured charge on precipi

tation particles in clouds; however the above described 

measurements are the only results the author has found 

for clouds not extending above the freezing level in which 

the charge on individual drops was measured. 

These observations indicate that some mechanism 

must be producing charging in the low, relatively warm 

clouds, although in many cases probably not in sufficient 

amounts to cause substantial potential gradients. Moore, 

Vonnegut, Stein and Survilas (1960), Foster (1950) and 

others have reported observations of lightning from clouds 

whose tops did not extend above the 0°C isotherm, therefore 

an all-water process must not only be capable of separating 
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charge but also, in some cases, separating a sufficient 

amount rapidly enough to produce a lightning discharge. 

The proposed theories of charge separation which 

could most reasonably be considered to operate in such 

warm clouds are those of Vonnegut (1955), various ion 

capture theories, the most prominent being Wilson's (1929), 

and the theory of Sartor (1954, 1961, 1967). These would 

all fall into the second category (single phase) listed 

earlier. 

Vonnegut's theory has evoked much criticism. One 

of the more serious questions raised is why, when the 

negative ions entering the top of the cloud from the air 

above it become attached to the precipitation particles, 

these negative particles and not the positive particles 

and ions carried up from below the cloud are preferentially 

caught in the downdraft. The existence of an organized 

downdraft from top to bottom quite close to the boundary 

of a thundercloud has not been observed or explained. 

Until some of these questions are explained, it is not 

profitable to proceed further with this theory. 

The ion capture theory of Wilson is based on selec

tive capture of ions by precipitation particles polarized 

in the existing electric field. For the process starting 

in the fair weather el'ectric field, the drops will appear 

negative at the top and positive at the bottom. When a 
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drop la_rge enough to fall through the air rising into and 

through a cloud encounters a negative ion, the ion will be 

attracted to the induced lower positive charge of the drop. 

Conversely, a positive ion encountered by the falling drop 

will be repelled by the lower positive induced charge on 

the drop. Under these conditions the drop receives a net 

negative charge, which grows until the rate of collection 

of positive and negative ions is equal. A similar procedure 

will occur for small droplets moving upward, resulting in 

their acquiring a net positive charge. A more complete 

discussion and mathematical analysis of ion capture proces

ses is contained in a paper by Whipple and Chalmers (19 4 4). 

Wormell (19 53) has shown that the typical production 

3 rate of ions, about 10/cm sec in the lower atmosphere, xs 

insufficient to yield the observed charging rates in a 

cloud by the previous process; the ion-capture process, if 

it were to separate every ion produced, would yield only 

about one-tenth of the required charge during the lifetime 

of an active thunderstorm cell. If sufficiently high 

fields are produced, an additional source of ions would 

be from point discharge and corona; however Chalmers (1957) 

feels that it is doubtful if enough ions exist under equi

librium conditions in a growing thundercloud to produce the 

first flash. Because of these difficulties, this theory 

will not be further considered as a possible source of suf

ficient charging to produce lightning in a warm cloud. 
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Of the three theories originally considered in the 

single-phase category; Vonnegut's convection theory, 

Wilson's ion-capture theory, and Sartor's influence 

V 
theory, the latter now appears most promising. It has 

reached this position, as will be shown in the next chap

ter, almost by default. This circumstance is primarily 

due to the relative scarcity of experimental investigation. 

Nevertheless the influence theory has prompted interest 

in the interactions of uncharged drops in an electric field. 

The following chapter describes the basic charge separation 

mechanism and presents a review of previous experimental 

investigation of influence charging. 



CHAPTER II 

INFLUENCE THEORY 

A. Basic Separation Mechanism 

The influence theory of charge separation relies 

on non-coalescencing collisions of water drops which are 

polarized in an existing electric field. For a field 

with the same polarity as the earth's fair weather field, 

drops would have their upper surfaces negative and their 

lower surfaces positive. As a large drop overtakes and 

collides with a small drop, several possible interactions 

exist. A naively simple collision, an encounter in which 

the drops hit head-on and rebound with no coalescence, is 

considered to illustrate the charging mechanism. In the 

collision the positive charge on the lower surface of the 

large drop will tend to neutralize the negative charge on 

the top surface of the small drop when electrical contact 

is made. If the drops then separate without further con

tact, the large drop will carry a net negative charge and 

the small drop a net positive charge. Gravitational sort

ing will then spatially separate these charged drops. 

14 
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B. Early Investigation 

After Elster and Geitel (1885, 1913) proposed this 

theory a few experiments were conducted to examine the 

possibility of electrical contact of water drops without 

subsequent coalescence. Gschwend (1922) found favorable 

results while those of Schuman (1925) and later Gott (1935) 

were unfavorable. An experiment conducted by Lord Rayleigh 

(1879a) implied that the proposed process could not occur. 

He observed the collision of two streams of water drops; 

when no potential was applied between the dispensers no 

coalescences were observed, and when a potential was applied 

all the observed collisions resulted in coalescence. This 

was interpreted as demonstrating that the probability was 

very small that drops would separate after colliding in an 

electric field. No further references of experimental 

work on this mechanism were found in the literature until 

that of Sartor in 1954. 

C. Sartor's Experiment 

The motivation for this experiment was to determine 

collision and coalescence efficiencies for cloud droplets 

using the similarity principle. Sartor maintained the same 

Reynolds number for his modelled drops as exists for cloud 

droplets in the atmosphere by using large water drops 

falling in mineral oil. He observed no coalescences when 

no electric field existed in the collision region. If the 
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model was accurately describing the collisions of water 

droplets in air the absence of any coalescences would be 

very unlikely. The difficulty arises from the fact that 

for similarity-principle reasons one cannot simultaneously 

model the effects of electrical forces, surface tension 

forces and viscous-inertial forces. The processes occurring 

at an oil-water interface must surely be different from 

those at an air-water interface. When an electric field 

was applied to the collision region, coalescences were 

observed, and their frequency increased with increasing 

electric field. Observations of the behavior of drops were 

made which qualitatively implied they were making elec

trical contact without coalescing. 

Sartor explained the asymmetry of some of the tra

jectories of the smaller drops and the fact that coales

cence occurred on the upper surface of the larger drop by 

a process of selective charging. He suggested that as the 

small drop moved past the lower surface of the large drop 

it acquired a net charge and the large drop acquired equal 

and opposite charge. Sartor considered observations of 

the behavior of some of the large drops as good evidence 

of this and expressed it thus: 
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When, under the influence of the applied field, 
a large drop had apparently collided with a number 
of smaller drops without coalescing with all of 
them, the large drop was frequently observed to 
cease falling and to remain suspended for a few 
seconds at a height of several centimeters above 
the charged plate. The drop moved slowly upward 
if the charge on the plate was increased. 
(Sartor, 1954, p. 94, col. 2, line 38, J. Met., 11). 

In view of the importance of this conclusion for 

the proposed charge-separation mechanism, it is germane to 

investigate the implications of these observations. With 

the experimental apparatus described, the maximum electric 

field that could be attained in the collision region was 

5 10 V/m. It is possible to determine the charge that must 

be present on a drop for it to be supported in mineral oil 

above a charged electrode. The balance of forces that 

must exist is 

1 'r3 (ph20 - "oil' 9 • qE = 0 (2~1) 

where r is the radius of the drop, Q and pq;q the den

sities of water and mineral oil, respectively, g the local 

acceleration of gravity, q the charge on the drop and E 

-9 the electric field. A charge of 10 coul is necessary 

to support a drop of radius 2.5 mm in mineral oil of spe

cific gravity 0.878, such as Sartor used, in an electric 

5 
field of 10 V/m. Consideration should also be given to 

the maximum charge which could have been transferred to 
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the large drop by the suggested mechanism in the existing 

electric field. One must determine the maximum charge 

that could be transferred in the initial non-coalescing 

collision and then determine the effect of subsequent non-

coalescing collisions. The collisions Sartor was observing 

were between drops of radius 2„5 mm and 1.25 mm. For these 

interactions, which did not result in gross distortion and 

possible temporary coalescence, a reasonable estimate of 

the charge which could be transferred in one collision 

would be the charge of one sign induced on the smaller 

-11 drop. This charge is 2.4 x 10 coul for an external 

5 field of 10 V/m. For a drop which experiences several 

collisions, the total charge acquired by it will not be 

the product of the number of collisions and the above men

tioned charge. Once a drop has acquired a net charge, some 

fraction of it will be lost to the smaller drops in sub

sequent collisions which establish electrical contact 

between drops. The free charge will be distributed on 

both the colliding drops; the amount on either will not be 

determined simply by the ratio of their capacitance since 

imaging is occurring (Maxwell, 1891). For g, the charge 

division ratio, assumed constant (which implies no coales

cences) , qQ equal to the charge transferred in the initial 

collision, and n equal to the number of collisions, the 
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equilibrium charge acquired by the large drop after many 

collisions can be determined from the following equation: 

aa = qo - eg (2-2) 

For equilibrium, dq/dn = 0; therefore the equilibrium 

charge on the large drop is 

_ go 
qeq 3 (2-3) 

The sizes considered by Sartor yield g = 0.3, and 

qe^ = 3.3 qQ = 8.0 x 10*""'"^ coul. This optimistic estimate 

of charge separated is more than an order of magnitude 

smaller than the charge required to support the 2.5 mm 

radius drops in the electric field. Any one of several 

mechanisms may have been responsible for the support of 

the large drops which Sartor observed. The existence of 

a gross nonuniformity of field, electroconvection occurring 

in the oil, or spurious charging of the drops,by ionized 

impurities could have been involved; therefore it appears 

unlikely that a simple influence charging process was 

completely responsible for the observations. This empha

sizes the need for quantitative experimental investigation 

of the proposed mechanism. 
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D. Gunn's Experiment 

Gunn (1965) has observed collisions between drops 

of various sizes produced by two vibrating needles. Using 

drops of radius 1 mm, he observed separation of the drops 

after collision. Gunn found the separation probability 

was a function of the impact velocity. Some measurements 

of possible charge transfer were made for drops colliding 

in an electric field, but the results were from inter

actions where both of the colliding drops broke into many 

small fragments. The observations indicated that the 

larger fragments were charged in the same sense as the 

electric field and the smaller fragments in the opposite 

sense. The sense of the field refers to the polarity of 

the fair weather field as positive. Thus for a positive 

field the large fragments acquired a positive charge. This 

charging is directly opposite to that required for inten

sification of the existing field. 

E. Present Experiment 

The author has found no further experiments reported 

in the literature directly investigating this charging 

mechanism. As is apparent, relatively little experimental 

work has been done on the influence-charging mechanism. 

That which has been done has not provided definitive evi

dence that this process can be considered either a dominant 
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thunderstorm charge separation mechanism or a process 

which could explain charge or rain. 

Since no direct quantitative measurements of this 

phenomenon exist for drops of any size, it was decided 

to design an experiment to observe the influence-charging 

process. The method of attack was to approach the problem 

by investigating the simplest case first, collisions of 

drops of equal radius, 1 mm, to determine if the process 

would actually separate measurable quantities of charge. 

As a result of these special circumstances these inter

actions are not representative of the encounters necessary 

to cause electric field intensification, a requirement of 

a thunderstorm charging mechanism. When this intensifica

tion occurs gravitational sorting usually accomplishes 

the spatial distribution of charge, and this demands that 

oppositely charged drops have widely different terminal 

velocities, i.e. quite different sizes. Though collisions 

of rather large equal-radii drops do not apply directly, 

they do indicate the possible interactions and complica

tions which may occur for smaller drops. Events very 

similar to those witnessed in this experiment can occur 

in the lower regions of clouds and might be responsible 

for the charge observed on rain. In a later chapter the 

experimentally determined charging results will be con

sidered as a possible explanation of charge on rain. Since 
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charging depends on the non-coalescence of colliding drops, 

it is possible that observation of these interactions can 

aid in understanding the collision-coalescence process. 

A chapter will be devoted to presenting and discussing 

photographs illustrating the dynamics of the collisions 

and coalescences. 

The present work is not meant to be a verification 

of a theory designed to account for charge generation and 

separation in a thundercloud. It is an experimental study 

of the mechanism involved in the basic charge transfer 

process of colliding water drops in an electric field. 

The experiment was meant to determine whether measurable 

charge is separated in such encounters and to investigate 

the variation of the magnitude of the charge transferred 

with electric field. It was also hoped that the observa

tions would aid in explaining coalescence of large water 

drops. 



CHAPTER III 

EXPERIMENTAL APPARATUS AND TECHNIQUE 

The experiment consisted of recording photograph

ically and electrically the results of collisions of 

uncharged water drops in a vertical electric field. 

Observations of individual interactions were made possible 

by suspending one drop in a vertical wind tunnel and 

allowing a second drop to collide with the first. This 

technique has the advantage of simulating natural con

ditions fairly closely while permitting one to study 

single events. 

A. Wind Tunnel 

1. Previous Work 

This discussion will concentrate on wind tunnels 

specifically designed to suspend drops. Several inves

tigators have used L-shaped tunnels with the blower 

mounted at the bottom end of the L. Blanchard (1951) used 

several screens to lower turbulence and a shaping bar 

made of two crossed brass plates suspended below the mouth 

of the tunnel. At its center a 2.5-inch diameter piece 

of wire mesh was mounted; the test section had a square 

23 
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cross-section of side 6 inch. Above the test section a 

back-pressure cap was placed. With this arrangement 

Blanchard was able to suspend drops of 3.2 mm to 10.5 mm 

diameter for varying times seldom longer than 60 sec. 

The tunnel was used in a qualitative study of the growtli 

and breakup of these large drops when a stream of smaller 

drops impinged on them. Koenig (1965), using a similar 

tunnel, did qualitative studies of drop breakup. Cotton 

and Gokhale (19 6 7), using an improved version of this 

tunnel employing a different type of shaping bar, studied 

stability, breakup and coalescence efficiency of drops 

2 mm in diameter and larger. 

Telford, Thorndike, and Bowen (1955) constructed 

a vertical wind tunnel using the suction technique. They 

aspirated a small closed circuit tunnel with a fan. The 

tunnel contained honeycombs and screens in the lower sec

tion to reduce turbulence. They attempted to suspend 

drops, but because of the difficulties encountered in 

keeping them stationary, a method was employed in which 

the air speed was fixed at a value which carried drops 

slowly upward. If two coalesced, the resultant drop would 

fall down in the air stream. In this manner they were able 

to determine how frequently drops of nearly equal size 

with diameter from 10 0 to 200y, coalesced. Kinzer and 

Cobb (1956) built a small open-circuit tunnel using a 
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vacuum pump to provide the suction. They were able to 

hold a large drop stationary for short periods of time; 

small droplets, drawn up from a cloud chamber, collided 

with the large drop. They studied the interaction of 

drops fjrom 6 to 50 Oy in size; however their tunnel was 

so small (8 mm diameter test section) that the results 

were strongly influenced by the walls. 

In none of the literature reviewed above were 

electrical effects the principal objective of the experi

ments, nor were any attempts made to study charging from 

collisions in an electric field. The tunnel built for 

the present work, described in detail in the next section, 

does not depart radically from Blanchard's; the major 

differences are the objectives. 

2. Description 

The wind tunnel constructed was a low-turbulence, 

open-end, vertical tunnel. It is illustrated in Figure 3-1. 

Air is blown through a filter (4 inches long and 5 inches 

in diameter filled with steel wool which is grounded) into 

a plenum chamber. The air flows out of this"into a cylin

drical section 45 cm in diameter where six screens of 

successively finer mesh are mounted. Each screen is ro

tated 45° from the preceding one. This arrangement is 

meant to break the flow into smaller and smaller turbulent 

eddies. Above this is mounted a low-turbulence contraction 



Wafer Inlet 

Collector Cup Drop Dispenser C-

r n 

IOcm 
Back Pressure 

Cap 
Shield—> 

25cm 8.9 
cm 

—— 

Low Turbulence 
Nozzle 

Screens 45 cm 

86 cm 

Blower and 
Filter 28cm 

* 61 cm : 

Pigure 3-1. The Vertical Wind Tunnel Used to Support Drops 



27 

which has an 8.9 cm orifice, yielding a contraction ratio 

of 25:1. The contraction is a copy of one built by 

Dr. R. E. Peterson, Department of Aerospace Mechanical 

Engineering, University of Arizona; the original design 

was published by Harrop (19 51). A radial network of 

0.001-inch diameter wires is located at the mouth of the 

contraction. A back-pressure cap which provides rapidly 

decreasing ver-tical velocity with height completes the 

basic wind tunnel. A vertical velocity distribution which 

decreases with height is necessary if the drop is to have 

a stable position. 

Figure 3-2 shows a velocity profile which exists 

in a horizontal plane through the air column. It was mea

sured using a bead thermistor anemometer whose output 

voltage was proportional to wind speed; only relative 

velocity is displayed. Variation of the back-pressure cap 

allows modification of the horizontal profile. The velocity 

minimum can be made more or less pronounced, and the turbu

lence present at any level varies accordingly. The back

pressure cap used was a solid plate 20 cm in diameter with 

a circular hole 6.5 cm in diameter in its center. The 

radius of this hole is indicated on the profile by r. 

Moving centerward from the edge of this hole, the velocity 

increases slightly and then decreases to the minimum. This 

profile was recorded about 5 cm above the radial wires, the 



28 

•o—o © ——Q-

6'% 

> 'bp 

U 

Horizontal Distance Across Air Column 

Figure 3-2. Horizontal Velocity Profile of the Air Flow 
in the Wind Tunnel at the Height Where 1 mm 
Drops Are Supported 



29 

approximate height in the air column where 1 mm drops are 

stably supported. 

The back-pressure cap used did not minimize^tur

bulence but did yield the desired drop trajectories a£ter 

collision. In many cases the rebounding drops moved ver

tically upward through the hole in the plate. A perforated 

cup was mounted inverted on teflon spacers over the hole. 

This cup served as a collector for the charged drops and 

wac connected to an electrometer. The cup was shielded 

by grounded screens and the grounded back-pressure cap. 

Through the center of the cup, and insulated from it, a 

drop dispenser was mounted. The entire back-pressure plate 

assembly was fixed to a positioner allowing movement in 

all directions including vernier tilt adjustments. 

A vertical profile of vertical velocity was measured, 

Figure 3-3, with the probe moved upward along the centerline 

of the air stream. The absolute scale indicated is only 

approximate since it was determined by observing at what 

height drops of known size were supported; however, the 

difference in velocity from one height to another does not 

suffer from this approximation. The vertical velocity 

exhibited a peak about 4 cm above the wires and then de

creased steadily with height above this level. The closer 

the measurements are taken to the back pressure cap, the 

greater the error one makes in ascribing the anemometer 
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signal recorded to vertical velocity. The minimum and 

subsequent maximum in the flow can be roughly explained 

by the spreading of streamlines as the flow approaches 

the center of the crossed wires from below. The stream

lines move back toward their undisturbed position above 

the wires and then start spreading again as the back

pressure cap begins to -influence the flow. No attempt 

was made to measure velocities below about 0.8 cm from 

the wires or above 8.5 cm because the turbulence present 

in these regions would cause measurements to be meaningless. 

B. Drop Dispenser 

To be able to study single events it was desirable 

to have a drop generator which would deliver a single drop 

once every 5-10 sec. Because of the turbulence still 

present in the wind tunnel, drops smaller than several 

hundred microns in diameter could not be supported stably. 

Although drops of about 30Op could be suspended, it was 

nearly impossible to inject them into the airstream so that 

they reached a stable position. When a drop 2 mm in diame

ter reached its stable position it would remain for long 

periods of time, providing the velocity was adjusted as it 

evaporated. When it decreased to a diameter of approxi

mately 300y diameter it would fly out. It was found that 

when' drops were not falling almost exactly vertically into 
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the air stream they were unlikely to reach a stable posi

tion. To build a drop generator which would inject small 

drops into the air stream with the necessary trajectories 

to attain stable positions and to further reduce the tur

bulence in the wind tunnel so that these drops could be 

supported was beyond the scope of the proposed experiment. 

The drop dispenser finally used would deliver 

drops of 2 mm diameter at an approximately constant rate. 

It consisted of a shielded, insulated hypodermic needle 

connected to a reservoir of distilled, deionized water. 

The shielding excluded the electric field from the region 

where the drops fell from the needle; a variable bias was 

applied to the needle to oppose the existing contact 

potential. 

C. Field Electrodes 

The vertical electric field necessary for charge 

separation to occur was provided by maintaining a poten

tial across two horizontal electrodes which bounded the 

test section. The upper electrode, the back~pressure cap, 

was grounded. Although there was a hole in the center of 

this plate, four radial struts supporting the bottom of 

the drop dispenser helped to smooth out the non-uniformity 

of this electrode. The bottom electrode, another circular 
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plate, fitted around the mouth of the contraction. The 

radial wires stretched across the opening were connected 

to this plate. 

To determine to what extent the field in the test 

region departed from uniformity, a two-dimensional model 

of the electrodes was made. This was done using a con

ducting paper with uniform resistance per unit area for 

the medium and conducting paint to form the two electrodes. 

Since the electrodes have axial symmetry which cannot be 

represented on the model, the radial network of wires and 

the detail of the back pressure plate were only approxi

mated. Complete accuracy with models of this type can 

only be obtained when there is no variation of electric 

field in the direction normal to the sketch; however since 

the region of interest is a fairly small volume in the 

center of the electrodes, it should more than suffice to 

show the distortion of the field in this region. A poten

tial was applied to the conducting boundaries and the 

equipotentials plotted. Except quite close to the elec

trodes the departure of the equipotentials from horizontal 

is negligible. Since the collisions occur somewhere near 

the center of the text region, the field can quite properly 

be assumed uniform. 
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D. Charge-Measuring System 

The most straightforward method of determining the 

charge on the drops after collision was to collect one or 

both of the rebounding drops and measure their charge 

with an electrometer. If the collector is in a region of 

large electric field, small vibrations result iri large 

noise signals from the electrometer. Placing the collec

tor above the back pressure cap effectively shielded it 

from the electric field. The cup was connected to the 

electrometer with a short piece of low-noise coaxial cable 

terminated with a teflon insulated connector. The elec

trometer amplifier was a Keithley Model 30 0 which had an 

14 input impedance of 10 ohms. This amplifier, used with 

a specially made high leakage-resistance switch, allowed 

9 13 
a range of feed-back resistors from 10 to 10 ohms to 

be selected. A block diagram of the charge-measuring 

system is shown in Figure 3-4. The wind tunnel was not 

placed in a Faraday cage; therefore even with, the shielding 

used the 60 and 120 Hz noise at the amplifier output was 

troublesome. Two filters were used to eliminate this 

noise before the signal was recorded on' a dual-channel 

Sanborn recorder. One channel was used for data and the 

second for coincidence marking. 
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The wind tunnel was tested to determine if it was 

possible to collect a sizeable fraction of the rebounding 

drops. The electronics were then installed, and the sig

nals produced during collection of the rebounding drops 

recorded. It was necessary to calibrate the charge-

measuring system. The electrometer was used in the 

current-amplifier mode. A simple calibration was used to 

relate empirically the peak output current to the charge 

at the input. The time constant of the recording system 

was long compared to the rise time of the input signal so 

that the system operated in a ballistic manner. The 

calibration was accomplished by collecting drops falling 

from a shielded, insulated drop dispenser. The potential 

of the dispenser was varied, thus varying the charge on 

the drops. The drops were assumed to have the capacitance 

of an isolated sphere and the potential of the dispenser. 

The drops were collected, and the current waveforms re

corded effecting the desired calibration. 

It was difficult to estimate theoretically the 

error involved in the assumed drop capacitance; therefore 

a second independent calibration of the measuring system 

was made. A circular plate, connected to the electrometer, 

was mounted on teflon spacers between the two electrodes 

in the test section of the wind tunnel. A slowly varying 

potential was applied to the electrodes; this input signal 
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and the electrometer output signal were recorded. Knowing 

the magnitude of the applied voltage, the spacing of the 

plates, and the area of the plate connected to the elec

trometer, it was possible to calculate, neglecting fring

ing, the charge induced on the plate. This charge was 

then related to the peak current output of the electrometer. 

The results obtained from both of these methods are shown 

12 xn Figure 3-5 for a 10 ohm feedback resistor in the 

amplifier. Charge at the input of the electrometer is 

plotted versus peak voltage out. The two methods give 

essentially the same result; the drop method indicates a 

slightly greater charge than the induced method for the 

same output voltage. The minimum resolvable signal when 

-14 
the wind tunnel is operating corresponds to 10 coul. 

E. Photographic Technique 

When electrical data were recorded it was essential 

to have a photographic record of the collisions producing 

the charging. It was apparent from the variability of 

collisions that many events would have to be observed. 

This meant that a sizeable quantity of film would have to 

be processed and analyzed. There were two photographic 

techniques which would yield satisfactory results. One 

possibility was the bright-field illumination method; the 

camera, object, diffusing screen and the light source are 
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all located on a straight line. The background of the 

picture obtained this way appears light and the object 

dark. The alternative method, dark-field illumination, 

yields a light object on a dark background on the photo

graph. Using bright-field illumination requires either 

a framing camera or rapid film transport with a flashing 

light source. The same effective framing rate may be 

obtained with the dark-field method with a considerably 

slower film transport speed, and data interpretation is 

simpler since successive images are not widely separated 

on the film. In the author's opinion these advantages 

more than outweigh the accompanying disadvantages of the 

dark-field technique^ and it was the method employed. 

The camera used was a modified 35-mrn oscilloscope 

camera, Dumont Type 321, with a 200 mm, f/3.5 lens. The 

camera has 16 fiim transport speeds ranging from 0.8 

inches/min to 10,800 inches/min. The illumination was 

provided by a General Radio Stobolux, Type 648-A. Figure 

3-6 illustrates the relative positions of the camera and 

light source. The azimuth angle between the camera and 

light was as close to 180° as possible while still ex

cluding the light source from the field of view of the 

lens. For normal data runs the film was moved at 200 

inches/min, and the Strobolux operated at 60 flash.es/sec. 

Compared with the framing camera using bright-field 
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illumination, this method is an inefficient use of the 

available light. The photographs of the drops are charac

terized by two very bright highlights on opposite sides 

of the drop with a faint illumination around the remaining 

surface. With sufficient illumination for the faint 3:im 

to appear on the negative, the highlights are badly over

exposed, and photographic turbudity causes the drops to 

appear elongated horizontally and fuzzy at these boundaries. 

This necessitates the use of an ultra-low contrast developer 

to obtain best results. Such a developer is POTA (Lutnes 

and Davidson, 1966) which yields low gamma, for 0.18 to 0.43, 

and widespread linearity. Unfortunately this developer is 

not available commercially, and it is quite sensitive to 

small variations in some of the ingredients. The effect of . 

these variations will be apparent from the differences 

in the photographic images in the figures presented in 

the next chapter. The small loss in quality is more than 

offset by the reduction of contrast in the overexposed areas 

of the drops. Film consumption was 3.6 inches/sec while a 

35-mm framing camera operating at the same effective speed 

would have used about 60 inches/sec. The efficient use of 

film coupled with the clarity of the records make this 

method an extremely useful photographic technique. 
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F. Data Recording 

When the experiment is in operation, a 1-mm water 

drop is released; it falls into the air column and becomes 

stably supported. About 5 sec after the first drop has 

entered the test region, a second drop falls from above 

and interacts with it* This is usually sufficient to 

disturb the first drop from its point of stability, allow

ing one or both of the drops to be collected, and their 

charges measured. Direct collision, very close approach, 

or even aerodynamic interaction of the two drops can pro

duce the disturbance; as a result some encounters without 

charge change are observed. About 50 per cent of the 

collision products are collected. The remainder either 

miss the hole in the back-pressure cap and hit the plate, 

hit the struts supporting the drop dispenser, or move out 

of the test section with an almost horizontal path. 

For any value of applied electric field, the bias 

on the drop dispenser can be set so that all drops entering 

the collision region are uncharged within the sensitivity 

of the measuring system. This is done by moving the back

pressure cap assembly so that the drops falling into the 

test section are immediately carried upward to the collec

tor. Recording the electrometer output, the drop dispenser 

bias is adjusted until minimum'signal is obtained. The 

back-pressure cap is returned to its original position in 
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which the drops entering the air column are stably sup

ported, and the experiment proceeds. 

As the interactions occur an observer with a 

switch marks the apparent collisions in which the products 

move up through the back pressure plate. The marks appear 

on one channel of the Sanborn recorder and also, by firing 

an argon lamp mounted in the camera, puts corresponding 

marks on the film. These marks serve to correlate the 

photographic and electrical records. 



CHAPTER IV 

CHARGE-TRANSFER RESULTS 

The results presented here show that measurable 

charges were indeed separated in the non-coalescing 

collisions. 

These results will show both the variation of 

charge transfer and collision type observed with electric 

field. The data will be presented in the following man

ner: first, photographs of the types of collisions ob

served; second, coupled pairs of photographs and 

electrical records at high and low values of electric 

field; third, particularly interesting electrical records; 

and fourth, overall data compilation. A section will be 

included describing the small auxiliary drops produced in 

some of the collisions, and a section discussing the 

physical interpretation of the observed charging. 

A. Collision Types 

For the normal data acquisition, photographs were 

taken at a rate of 60 frames per second. Although this 

is too slow to see the collisional interaction in great 

detail, it is more than adequate in most cases for observing 

what type of interaction is responsible for the charging. 

44 
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The collisions observed in this manner ranged from a very 

gentle glancing interaction( where only minor distortion 

is seen in the drops after collision, to grossly distorted 

elongated drops, and drops joined with a small water 

spindle. The term "collision" is here extended to cover 

the case where physical contact between drops is not 

apparent, but where they are sufficiently close together 

for observable aerodynamic interaction. 

This range of collision types will be illustrated 

by Figures 4-1, 2, 3, 4, 5, 6 and 7. In these photographs 

the drop size is constant, though print magnification may 

vary slightly. Time goes from left to right, and vertical 

position in the photograph corresponds to vertical posi

tion in the air column. In all photographs, unless other

wise specified, the initially lower drop is floating in 

the air column, and the one in the upper left is falling 

from the drop dispenser. Figure 4-1, although slightly 

out of focus, shows a grazing collision with no observable 

temporary coalescence and negligible distortion. A 

slightly more complicated interaction, Figure 4-2 depicts 

a glancing collision resulting in considerable distortion 

of the drops but no observable temporary coalescence; 

4-3 illustrates a case of temporary coalescence with 

distortion of the drops indicating that rotation in the 

plane of the photograph has been induced; 4-4 pictures two 



Figure 4-1. A Glancing Collision of 1 mm Drops Causing Little Distortion 
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drops joined by an elongated spindle that ruptures to form 

an auxiliary drop. Henceforth these auxiliary drops will 

be referred to as satellite drops. This follows the usage 

of Flower (1928) and subsequent authors who used the term 

satellite to describe small drops formed when a large drop 

falls from a needle. Figure 4-5 shows a collision resulting 

from an initial miss not included in the photograph; the 

drop which had been falling reverses direction, moves up 

in the air stream, and strikes the floating drop from 

below. The initial disturbance has set the upper drop in 

motion so that it is descending. The collision results 

in temporary coalescence and the production of two satel

lite drops. Figure 4-6 shows a relatively simple 

coalescence, and 4-7 a grossly distorted coalescence 

forming satellite drops. 

All of these collision types could be found at any 

value of electric field, though their relative frequency 

of occurrence was in some cases highly dependent upon the 

field. As would be expected, higher fields greatly in

creased the frequency of collision types involving tempo

rary coalescence. This increase in coalescence efficiency 

with electric field was first noted by Lord Rayleigh 

(1879a), later by Goyer et al. (1960), and many other 

investigators. From the observations to be presented it 

appears clear that electric fields greater than 50 V/cm 
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Figure 4-7. Coalescence of 1 mm Drops Producing Several Satellite Droplets 
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often induced temporary coalescence in a collision that at 

lower fields would have remained grazing. 

B. Similar Pairs 

It was quickly realized that so many variables 

were involved in determining the fine detail of the colli

sions that it would be virtually impossible to reproduce 

identical events. Therefore, it appeared desirable to 

reduce the number of parameters involved and study the 

effect of a few. This can be done by comparison of simi

lar collisions. In general, hundreds of collisions had 

to be studied before such pairs could be obtained. The 

records used in the comparisons consist of two collisions 

which occurred at high fields and two similar collisions 

which occurred at low fields. Both, the photographs and 

the accompanying electrical signals are shown in Figures 

4-8, 4-9, 4-10 and 4-11. 

Before presenting the electrical records it is 

necessary to stress again that the signals recorded will 

not have the same waveform as the charge delivered to the 

amplifier input. Their shape is more characteristic of 

the response of a ballistic instrument to short pulses 

at the input. The observed time constants are those of 

the amplifier and recorder. Some of the larger charges 

measured will appear as flat-topped pulses. This was caused 
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by the recorder stylus reaching full-scale deflection be

fore the signal had attained its peak. By the very nature 

of the experiment, it was difficult to estimate the magni

tude of the signals expected. If the sensitivity of the 

recorder had been decreased, then many of the smaller 

signals would have been lost. Since only one channel was 

available for data recording it was decided to continue 

in this manner. One alternative would have been the use 

of a logarithmic compressor network; this was considered 

but rejected, partly because of the added difficulty in 

data analysis, but also because of lack of accuracy in 

determining arithmetic means. The important point for 

this investigation is that, although the recorder stylus 

had reached full-scale deflection, the amplifier had not 

saturated, and it was a simple matter to calibrate the 

recorded signals by fitting decay curves to the full-scale 

deflections observed and to varify them experimentally. 

It was found that large charges could be measured by this 

method with an accuracy of no worse than 10 per cent. 

Figures 4-8 and 4-9 illustrate glancing collisions 

occurring in fields of 100 V/cm and 30 V/cm, respectively, 

The term glancing is used to describe collisions with 

relatively large impact parameters where no observable 

coalescence has occurred and which do not exhibit the 

characteristic distortion common in events which have 



coalesced. Impact parameter is here used to describe the 

horizontal separation of the centers of the approaching 

drops before appreciable aerodynamic interaction occurs 

between them. In some cases a limited coalescence may 

occur which neither lasts long enough to be photographed 

nor produces a satellite drop. From the accompanying 

electrical records, it can be seen that the charges 

-13 separated were 5.2 x 10 coul in Figure 4-7 and 

-13 0.48 x 10 coul in Figure 4-8. In each event only 

one of the two drops was collected, and they both happened 

to be of the same charge, positive. In the collision 

region, the lower plate was maintained negative, and so 

in general the upper of the two drops leaving a collision 

was always negative, the lower positive. The complete 

film record of the encounter of Figure 4-8 shows both 

drops rose toward the collector. The first, upper one, 

just missed the cup; the second drop was collected. The 

film for Figure 4-9 shows that the paths of the two drops 

crossed after the encounter, and the lower collision pro

duct was the one collected. 

Figures 4-10 and 4-11 are examples of the more 

complicated class of interactions producing satellite 

drops. This process is seen to result from the temporary 

coalescence of the two drops followed by their separation 

due to relative linear and angular momentum and kinetic 
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Figure 4-8. Photograph and Accompanying Electrical Record 
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Figure 4-9. Photograph and Accompanying Electrical Record 
of a Glancing Collision of 1 mm Drops in a 
Field of 30 V/cm 
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energy of the collision. A spindle of water is formed 

between the drops, which, upon rupturing, forms one or 

two small satellite drops. In Figure 4-10 and 4-11 the 

satellites appear to have been formed before the spindle 

ruptures. This is, of course, not so; it is an illusion 

produced by their rapid translational movement in the 

air stream as it flows around the upper drop. The satel

lite drops in both illustrations have moved an appreciable 

distance to the left of their initial position. 

Figure 4-10 illustrates an event which occurred 

in a field of 75 V/cm and Figure 4-11 in a field of 30 V/cm. 

It can be seen from the accompanying electrical records 

that a substantial charge was transferred in both colli

sions, as might be expected in view of the collision 

-13 geometry. The values were 7.7 x 10 coul for Figure 4-10 

-13 . . 
and 3.0 x 10 coul for Figure 4-11. In both collisions 

only one of the two large drops was collected. The com

plete records show that in both cases the paths of the 

drops crossed and the lower drop only was collected, 

though this is not clear from Figure 4-11. Both drops 

collected were positively charged. A cursory inspection 

of Figure 4-10 gives the impression that the drops nearly 

collided a second time. This was not the case since the 

individual drops reached this position at quite different 
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times. This can be determined by "pairing the drop images 

from the time of the initial collision. 

Some preliminary discussion may be based on the 

results shown in Figures 4-8 through 4-11. These events 

were representative of the data obtained and were chosen 

only because the similarities in the collisions allowed 

cross comparisons. Figure 4-12 shows pictorially the 

charge separated in the four events; it is included to 

help illustrate the following discussion. 

Contrasting the charge separated in Figure 4-8 

and Figure 4-9, in which both collisions were of a glanc

ing nature with essentially the same geometry, an increase 

of about a factor of 3.3 in the electric field resulted 

in an increase in the charge separated of about a factor 

of 10. An increase in charge transferred considerably 

larger than the corresponding increase in electric field 

was typical for these collisions. In Figure 4-10 and 

Figure 4-11 an increase in charge is found that is almost 

exactly the same as the increase in electric field. This 

result is not surprising; for when two drops coalesce 

temporarily forming a connecting spindle, the amount of 

charge that can be separated depends primarily on the mag

nitude of the external electric field and the geometry at 

the instant of separation. Thus an increase of separated 
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charge approximately the same as the increase of field 

would be expected. 

It is also interesting to compare quite different 

types of interactions occurring in the same electric field. 

If the results shown in Figure 4-9 and Figure 4-11 are 

compared, where both events occurred in a field of 30 V/cm, 

it is seen that at the same field the charge transferred 

differed by a factor of about 6. Figures 4-8 and 4-10 

cannot be as readily compared, since the fields were 

100 V/cm and 75 V/cm, respectively; however, the ratio 

of the charges transferred was only about 1.5:1, indicat

ing a relatively small dependence of charging on colli

sion type at high fields. These comparisons indicate 

that when collisions are glancing the increased field 

clearly plays a more important role, producing a large 

increase in the charging. 

C. Overall Data Compilation 

The degree of variability found in the collisions 

at any value of electric field necessitated the use of 

an averaging technique on the charging data recorded. 

More than enough samples had been obtained to supply a 

meaningful average charge transferred for each value of 

applied electric field but not enough to do a complete 

statistical analysis of the results. Distributions were 



plotted for the charges measured at each electric field, 

and several of these are shown in Figure 4-13. For each 

distribution shown the arithmetic mean is indicated by 

an "A", the median by "M", and the amount of charge 

induced on a conducting sphere of 1 mm radius in a field 

of equal magnitude by an "S". The distributions at fields 

in excess of 50 V/cm exhibit a tendency to a double-peaked 

nature. For electric fields less than 50 V/cm the distri

butions do not exhibit this tendency. This is probably 

a result of the variation of collision type with the 

electric field. 

The similar pairs previously presented indicate 

large differences in charging between different types of 

collisions at high and low fields. To determine the sig

nificance of what was implied by these comparisons, 

charging events were grouped into glancing collisions and 

collisions for which temporary coalescence was evident. 

The charges measured at each value of electric field were 

averaged and are shown in Figure 4-14. The number of 

events averaged at each field is shown in parentheses. 

For the temporary coalescence events the increase of charge 

separated with electric field is greater at high fields 

than at low fields. This implies that the drops become 

more distorted during collisions at high fields than at 

low fields resulting in greater charge transfer. Coales

cence may occur more rapidly at high fields than at low 
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fields forming a more substantial connection between the 

drops. Owe Berg, Fermish and Gaukler (1963) have observed 

the increase of the rate of coalescence with electric 

field and found it to be approximately linear with field. 

The larger the spindle joining the drops, the greater the 

elongation that can occur before the drops separate. The 

glancing collisions separate very little charge at low 

fields; at fields above about 50 V/cm the increase in 

charge separated with field is about the same as that for 

temporary coalescence events. 

One may reach a conclusion that whenever good 

electrical contact between the drops occurs, the charge 

separated is large. For fields greater than 50 V/cm the 

charging increases linearly with electric field for both 

glancing and temporary coalescence interactions and 

indicates good electrical contact is established. For 

fields less than 50 V/cm several complications arise. In 

the glancing collisions good contact is obviously not 

established, and charge separation is small. For the 

temporary coalescence events the variation of coalescence 

rate with electric field influences the charge separated. 

The overall variation of charge transferred with 

electric field for all types of collisions observed is 

shown in Figure 4-15. The point plotted at each value of 

electric field is the arithmetic mean of all the data taken 
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Figure 4-15. Overall Charge Separation From Rebounding Colli
sions of .1 mm Drops in an Electric Field 



at that field. The medians are omitted for the sake of 

clarity, but yield essentially the same result as the 

means. The vertical bars are not errors, but indicate 

the complete range of values obtained at any field 

strength. The number of events averaged at each value 

of electric field is shown in parentheses. The straight 

line drawn through the origin is included for comparison 

only, and shows the charge induced by the electric field 

on a single conducting sphere of radius 1 mm. Several 

points are significant. After an initial linear increase, 

the average charge transferred rises much faster than 

linearly for fields in excess of 50 V/cm. At low fields 

the charge transferred is less than that induced on a 

single sphere; at high fields it is more. Furthermore, 

at high fields there is a conspicuous absence of any 

collisions transferring very small charges, although they 

could have been detected. 

Also shown on Figure 4-15 is another straight line 

drawn from the origin which represents the values Sartor 

calculates for the charge that could be separated at any 

electric field when two drops collide without deforming 

or coalescing. He assumes they separate with the line of 

centers of the drops parallel to the electric field. The 

charge varies linearly with the field and is consistently 

larger than the charging observed in this experiment. 
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This is not surprising since the non-coalescing, colliding 

drops almost always flatten on impact and seldom separate 

with their line of centers parallel to the field. Sartor 

determined this charge from Davis' (1964) solution for 

two conducting spheres in a uniform field. Unfortunately 

this solution was not valid for the drops in contact, and 

Sartor used the asymptotic value of charge found as the 

drops approached. The charge determined is a function of 

a ratio of several parameters, defined in Davis1 numerical 

solution, which are strongly dependent on the drops separa

tion. Sartor does not show that the asymptotic value of 

charge that the solution approaches is indeed the correct 

value for the tangent spheres, nor does he mention the 

difficulties and assumptions involved in this calculation. 

His results appear too large compared to the experimental 

data, but regardless of where the error arises, the dis

crepancy is not large. Further experimentation and a 

careful analysis, undoubtedly including reprogramming, 

of the two-sphere boundary value problem will be necessary 

to resolve the apparent discrepancy. 

The upper and lower bounds to the charge transferred 

by this mechanism provide further physical insight into 

the processes occurring. These limits may also be important 

in natural phenomena where this charging takes place. It 

is seen from Figure 4-15 that at about 60 V/cm two features 



appear: a sudden increase in the largest charges observed 

occurs, and the smallest charges first rise from essen

tially zero. The first of these observations may be 

partially understood by reference to Figure 4-16 which 

shows the variation of satellite drop production with 

electric field. The number of collisions which resulted 

in separation at each electric field is shown in paren

theses. Satellites are formed when the colliding drops 

coalesce and then separate, rupturing the connecting 

spindle between them; therefore they are an indication of 

the number of temporary coalescences occurring (since 

every temporary coalescence does not form a satellite, 

it will be a slight underestimate). Below 50 V/cm 

satellites are rare, while above 70 V/cm about 40 per cent 

of the rebounding collisions produce satellite drops. It 

has already been shown that in most cases the formation 

of the satellite drops is preceded by elongation of a 

water spindle. These events correspond to the largest 

charge transfers observed at any jfield. It is thus clear 

from the rapid rise in Figures 4-15'and 4-16 that a tem

porary coalescence "threshold" is reached at between 50 

and 6 0 V/cm. The second feature observed is the increase 

from essentially zero of the smallest charges recorded. 

The increase occurs at an electric field of from 50 to 

60 V/cm. The abrupt change in the minimum charge 
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transferred is also indicative of a threshold above which 

either a different mechanism is responsible for the charge 

separation, or the same mechanism occurring at low fields 

becomes much more effective. This latter observation 

lends support to the hypothesis of improved electrical 

contact between colliding drops for fields in excess of 

50 V/cm. 

D. Satellite Formation 

The early stages of formation of satellite drops 

is probably best illustrated by the collision shown in 

Figure 4-17, although a satellite did not actually result 

from this interaction. The photograph also gives an 

indication of the difference in quality of the developed 

image when POTA developer was not used. This particular 

record, developed in Kodak D-76, was obtained before POTA 

was first used. One end of the spindle has separated from 

the lower drop, exhibiting a pinched neck where a satel

lite could form; the opposite end is still attached to the 

upper drop. This is undoubtedly the mechanism responsible 

for most of the satellites. The polarity of the charge 

on the satellite is determined by the initial separation. 

In this event, had one been formed, it would have carried 

charge of the same sign as the upper drop, negative. 

When satellites were formed in collisions, only on 

rare occasions were they collected. The flow pattern 



4 » 
• t 

* > 

4 » 

4 > 4 » 4 • 4 » 

J, # . • • 

4 > 

4  '  * .  •  

Figure 4-17. A Collision and Temporary Coalescence of 1 mm Drops Illustra' 
ting the Early Stages of Formation of a Satellite Droplet 

Ui 



76 

around the collector cup causes small drops to move under 

the cup, between it and the back-pressure cap. When this 

occurred and the satellites were charged, they induced a 

signal characteristic of a charge moving near the collec

tor. The first half of such a signal is shov/n in Figure 

4-10, indicated by the arrow; the second half is swamped 

by the signal from the collection of the large drop. It 

can be seen from this that the satellite was negatively 

charged. An estimate of the magnitude of this charge 

would necessarily be crude since the drop trajectory is 

not known; the recorded signal would have to be graphically 

integrated to obtain charge; and the geometry of the col

lector is rather complicated. 

When the small signal, identified with the passage 

of a satellite drop below the collector, is found on the 

electrical record, one is fairly certain that a satellite 

was formed in the interaction. The photographs of such 

interactions invariable contain at least one frame showing 

the satellite. Figure 4-18 (a) shows another of these 

signals and 4-18 (b) one of the rare cases when the 

satellite was collected. This latter collision occurred 

in an electric field of 60 V/cm, and the satellite carried 

-13 a charge of 0.6 x 10 coul. 
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the collector, and in (b) it was collected. 
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E. Further Electrical Records 

In all the electrical records previously presented 

only one drop was collected. For simple events entailing 

a single collision with no satellites formed, the drops 

must complete the interaction with equal and opposite 

charges. Figure 4-19 illustrates typical electrical 

records which resulted when both of the drops were col

lected. The event producing the signal shown in Figure 

4-19 (a) occurred in a field of 120 V/cm. The time between 

collection 'of the two drops was long enough and the ampli

fier fall-time short enough that the signals are well 

resolved. Figure 4-19 (b) is the record which resulted 

from a satellite-forming collision in a field of 60 V/cm. 

Here, however, the signals are not fully time-resolved, 

but the individual charges may be found by measuring the 

magnitude of the signal, corresponding to the negatively 

charged drop, from the point where the discontinuity of 

slope in the decaying signal, resulting from the collection 

of the positively charged drop. In both of these examples 

the charges recorded were approximately equal in magnitude 

and opposite in sign; however in (b) the satellite may 

have been charged thus destroying the certainty of exact 

equality. The first drop collected carried a charge of 

-13 -13 5.8 x 10 coul, and the second drop a charge of 4.7 x 10 

coul. This would indicate that the satellite drop carried 



) 

Coincidence Marks 

o 
C_J 
22 
'O 

5.8 

time (sec) 
(a)  

o 
CJ> 

ro 
!o 0 J 

1 
I 
1 

! ! t 

f 
! 1 1 

time (sec) 
(b) 

Figure 4-19. Electrical Signals Resulting When Both Rebounding Charged Drops 
Are Collected 

The positive and negative signals are time resolved in (a) 
and not in (b). The event represented in (b) produced 
a satellite droplet. -j 



80 

-13 about 1.1 x 10 coul. The charge carried by the satel

lite was determined as the difference of the two large 

signals. Considering the error involved in this process, 

the agreement found with the electrical record of Figure 

4-18 (b), where the satellite was collected and carried 

-13 
a charge of 0.6 x 10 coul, is reasonably good. 

F. Discussion and Interpretation of the Charging Mechanism 

1. Conductive Property of Water 

It may readily be shown that for the properties 

important to the charging process considered here drops 

of distilled, deionized water in air electrically resemble 

conductors in a vacuum. The bulk relaxation time of the 

water is 

K E e o 
T „ ___ (4_1} 

= 7.2 ysec 

With impurities in the water the conductivity would increase, 

giving a shorter relaxation time. As the drops approach 

and collide, the distribution of induced charge will adjust 

itself on a time scale established by the relaxation time. 

For drops of 1 mm radius approaching with an impact velocity 

of 1 m/sec, their separation will decrease by about 0.004 

diameters in one time constant. As the drops approach, the 
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electric field at their surfaces will be altered from that 

which existed for single drops( When they are separated 

by half a diameter or less the charge induced on either 

drop will not change apporeciably even though the field 

at a point between the drops 011 a line joining the centers 

of the drops is still changing rapidly. Therefore, there 

should be ample time for the induced charge to adjust 

itself to the changes in the electric field. After the 

drops have collided and coalesced, the gross distortions 

occur on a time scale of several milliseconds. This also 

should allow sufficient time for redistribution of the 

induced charge. 

The time for charge to flow from one drop to an

other, at least under some circumstances, can be consider

ably less than this. For high external fields, the field 

existing between the drops may reach breakdown, and a spark 

may occur. The rise time of these current pulses has been 

found by Sartor and Abbott (196 8a) to be less than 

- 9  1 x 10 sec. . -

Henceforth, for the purposes of this experiment, 

the water drops will be considered as good conductors. 

2. ' Field Enhancement Between Conducting Spheres 

When two drops are widely separated in a uniform 

vertical electrical field the surface charge density in

duced on each one at any point p is given by 
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a = e E * n 
P o 

a = 3e E cos0 (4-2) 
p o o  v  '  

where n is the normal to the surface at p and 0 is the 

angle between the direction of the external electric field, 

E , and the normal to the surface at the point. The total 

charge of one sign induced on half the drop can be found 

by integrating adA over a hemisphere of radius R whose base 

is perpendicular to the undisturbed field. 

q = / adA 
& s 

= 3irR2e E (4-3) 
o o 

As the drops reach separations less than ten drop 

radii, the field between the drops begins to increase be

cause of imaging of the induced charge of one drop on the 

other. When electrical contact is made between the two 

drops charge will be transferred from the surface of one 

drop to the other by conduction. Davis (19 64) has solved 

the boundary value problem of two conducting spheres in an 

electric field. In his solution the spheres may have any 

relative size, may be charged or uncharged, and the field 

may have an arbitrary angle with the line of centers of 

the drops. Figure 4-20 shows the geometry and defines the 

variables used in the solution. The results were not in 
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Figure 4-20. Geometry of the Boundary Value Problem 
Solved by Davis (196 4) 

The two spheres are conductors, and E is 
a uniform electric field. 0 
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closed form, and the solutions were found using a computer. 

Davis shows that the field at the surface of the smaller 

sphere, for the general case of different sized spheres, 

when parameterized, may be expressed as 

EA = 7-~I (E1°1 + E2°2> + E3E0ooSt (4-4) 
4t teR 

where E^, and E^ are coefficients determined numerical

ly; and Q2 are the charges on the drops; and Eocos^ is 

the component of the external field parallel to the line 

of centers of the drops. 

Consider a simple example of two drops of radius 

1 mm both initially uncharged approaching and remaining on 

a trajectory such that ip = 0. Equation 4-8 reduces to 

Ea = E3Eo (4-5) 

Using the values Davis calculated for E^ for various separa

tions, Eg was plotted as a function of s/R, Figure 4-21, 

where s is the separation. The abscissa is labelled in 

both s/R and separation s for R = 1 mm. The horizontal 

lines indicate the separation at which the field between 

4 the drops would reach 10 V/cm, assumed to be the breakdown 

field for the moist air near the drop surfaces. This indi

cates that for the highest external fields used in the 

experiment, 120 V/cm, that breakdown would occur when the 

drop separation was about lly. Taking a more realistic 
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case of non-zero angle between the field and the line of 

centers of the drops, breakdown would not occur until the 

drops were much closer together. Curves of are shown 

for ijj = 48°, 60°, 80° and 84°. 

Although the drop separation for sparking to occur 

is quite small for the external fields used in this experi

ment, it is still large enough for the drop surfaces to 

appear smooth. It is quite possible that when the drops 

have a glancing collision with no observable coalescence 

a film of air has remained separating the two water sur

faces. At low values of external field this film will 

impair the electrical contact; at high values of external 

field a spark may occur, or, if not a spark, a low energy 

transient discharge may be improving the electrical contact. 

3. Two-Dimensional Models 

A meaningful method of visualizing the charging 

process is to consider that when electrical contact is 

made between two drops, either in a glancing collision or 

a temporary coalescence, a charge configuration must be 

induced on this new geometry. The amount of charge sepa

rated will depend on the geometry of the drops at the 

instant of separation. If the drops separate with their 

line of centers perpendicular to the electric field, no 

charge will be separated; for the line of centers parallel 

with the field, the maximum charge will be separated. 
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When drops coalesce temporarily and distort, it is 

almost impossible to calculate analytically the charge 

induced on the surface. However, it is possible to make 

electrostatic models which will give an approximation for 

this charge. The method used here employs Teledeltose 

paper, a conducting paper with uniform resistance pe3r unit 

area for the medium, and conducting paint for the bounda

ries and the body under investigation. A potential is 

maintained across the boundaries, and the equipotentials 

lines are mapped. This method is strictly applicable only 

in cases where there is no variation in field in a direc

tion normal to the plane of the sketch (i.e., infinite in 

the third dimension). 

The models investigated must represent cylinders 

sufficiently large in extent into the paper that end 

effects are negligible. The change in charge induced per 

unit length for the various cylindrical geometries will 

be assumed to approximate the change expected from corres

ponding changes in spherical shapes. The charge induced 

on half a cylinder, sectioned by a horizontal plane normal 

to the electric field, Figure 4-22 (a), can be found ana

lytically. For a uniform external field E , the field at 

the surface of the cylinder is 

E = 2E cosO (4-6) 
c o 
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where 8 is the angle between the external field and the 

normal to the surface at a point on the cylinder. The 

charge induced on a unit length of the half cylinder of 

radius R is 

q — { o'dA = / e E *dA 
^c Js Js o 

q = 4ire RE (4-7) 
^c o o 

Considering a cylinder of radius 1 mm this becomes 

qc = 0.354 x 10 Eq coul/mm (4-8) 

for Eq in volts/cm. 

To find the charge induced on the two tangent 

cylinders, Figure 4-22 (b), analytically would require a 

computer program; the Teledeltose approximation was con

sidered more than sufficient for this discussion. The 

equipotentials, solid lines, and the streamlines, dotted 

lines, found for this geometry are shown in Figure 4-23 

but only to the horizontal plane of symmetry. Pairs of 

streamlines are sometimes referred to as flux tubes be-, 

cause conceptually they seem to carry flux from one place 

to another. The same surface charge appearing at the top 

of the flux tube must appear on the surface of the cylinder 

at the bottom of the tube. This interpretation, considering 
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a scale factor of 20 to 1, yields the induced charge on 

one of the tangent cylinders 

for Eq in V/cm. The error in this model is no worse than 

the omission of one flux tube or about 10 per cent. The 

second configuration modelled is shown in Figure 4-22 (c) . 

The connection joining the two cylinders is one cylinder 

diameter -high. This configuration corresponds to the drop 

shapes illustrated in Figures 4-10 and 4•'-11. The equipo--

tentials and streamlines determined for this model are 

shown in Figure 4-24. The difference in potential between 

adjacent equipotentials on Figures 4-23 and 4-24 is the 

same, so that the two models can be directly compared. 

The charge induced on one of the cylinders is 

again with Eq in V/cm. To apply these results to the 

spheroidal geometry, the assumption is made that the charge 

induced on the tangent spheres and spheres connected by a 

spindle will increase in the same proportion as for the 

corresponding cylindrical geometries. Thus 

q2C = 0.4 8 x 10 coul/mm (4-9) 

-14 
^2cs = 0*60 x 10 Eq coul/mm (4-10) 

q2s = 1.14 x 10 
14 E coul (4-11) o 
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where q9 is the charge induced on one of two tangent 
* ^ s 

spheres. For the configuration consisting of two spheres 

connected by a spindle of length eqvial to a sphere diame

ter, the charge induced on one of the spheres 

-1 4 
qn = 1.42 x 10 1 E coul (4-12) 
^2ss o 

If the line of centers connecting the drops is 

not parallel to the field a cosip term must be included in 

the above expressions to allow for angular dependence. 

Several examples v/ill be considered to see how 

well the observed data fit the approximate equations above. 

The collision illustrated in Figure 4-11 occurred in a 

field of 30 V/cm, and the observed charge separated was 

-13 about 3 x 10 coul. The angle between the line of cen

ters and the field was about 20°, and the spindle was 

approximately a diameter in length. The charge transfer 

— 13 predicted by equation 4~l2 is 4.0 x 10 coul. For the 

event in Figure 4-10, Eq = 75 V/cm, the observed charge 

-13 separated was 7.7 x 10 coul. The charge separation 

-13 predicted by the above model was 9.3 x 10 coul. Al

though the prediction of charge separated by these compli

cated drop configurations entails several approximations, 

the correspondence between the observed and predicted 

values is quite good. A portion of the discrepancy which 

exists may be due to the flattening of the spheres and to 
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the offset of the cylindrical spindle from the line of 

centers of the drops. 

A more interesting comparison arises for the col

lisions of Figures 4-8 and 4-9. For both of these events 

one must estimate the angle the line of centers of the 

drops makes with the electric field. This was done by 

displacing the drop shapes equal time-increments along 

their trajectories until they no longer touched. This 

procedure gives only an estimate of the angle since the 

shapes would actually be changing as the drops moved, but 

it will suffice for the example. For Figure 4-8 the 

-13 observed charge separated was 5.2 x 10 coul; the elec

tric field was 100 V/cm; ip = 115°; and the charge predicted 

-13 by equation 4-11 is 4.8 x 10 coul. For Figure 4-9, 

-13 
E = 30 V/cm; \jj = 120°; the observed charge was 0.48 x 10 

-13 
coul; and the predicted charge was 1.72 x 10 coul. The 

predicted and observed values of charge separated agree 

quite well for the glancing collision which occurred in 

a relatively large electric field. For the analogous event 

which occurred in a low field, a large disparity exists; 

the observed charge is much lower than the predicted 

charge. A further complication appears at low electric 

fields. The equations and the models assume that good 

electrical contact is established in the drop collisions. 

.Good agreement at high fields and poor agreement at low 
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fields is exactly what one would expect if the quality of 

the electrical contact established in a non-coalescing 

collision improves with increasing electric field. 

This chapter has presented observations of charging 

occurring when drops collide in an electric field. In a 

later chapter a discussion of the application of these re

sults to naturally occurring phenomena will be presented. 



CHAPTER V 

COLLISION DYNAMICS 

Influence-mechanism charging depends on the non-

coalescence of colliding drops; therefore the dynamics of 

these interactions is important to the charging process. 

Rayleigh (1879a) first showed that colliding drops with 

radii of about 1 mm would bounce on collision. When 

these drops were charged the coalescence probability 

increased greatly. Goyer et a_l (1960) observed this in

crease in coalescence probability with electric field 

for drops of 100 y diameter colliding with drops of 7 00y 

diameter. Photographs of colliding drops may illustrate 

the dynamics of the interactions and thus provide insight 

into the coalescence process and its dependence on electric 

field. 

In the following sections data are presented to 

illustrate the collision-coalescence process, and a model 

explaining the simplest interaction is developed. Conser

vation of energy and momentum in these events is discussed. 

An example of a more complicated collision, that of a 

glancing nature, is presented and explained. Several 

photographs of interactions of an unusual nature are 

included. 

96-
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A. Collision-Coalescence Model 

1.. Photographic Records 

To acquire more detailed information and to form 

.a better explanation of the collision-coalescence process, 

high speed photographs were taken of the interactions of 

uncharged drops in a vertical electric field. The same 

photographic techniques employed for the charge transfer 

data were used at a considerably higher speed. The 

original stroboscopic light used would not operate rapidly 

enough for these photographs, necessitating the use of a 

smaller, much less intense stroboscope. This decrease in 

illumination was compensated by using a film with a much 

more sensitive emulsion, Kodak 2475; however the increase 

in emulsion speed was accompanied by the inevitable de

crease in the film's resolving power. The result was a 

degradation of the overall quality of the photographs. 

Figure 5-1 shows a collision resulting in a tempo

rary coalescence, elongation, and finally separation. 

Time increases from left to right; the lower sequence of 

frames is a continuation of the event. The collision 

occurred with essentially zero impact parameter, and the 

motion appears to have taken place almost entirely in a 

plane parallel to the film. The interaction took place 

•in an electric field of 75 V/cm. The effective framing 
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Figure 5-1. High-Speed Photograph of a Low Impact Parameter Collision ^ 
Exhibiting Shape Oscillation and Separation 00 



99 

rate of the camera was about 370/sec giving a 2.7 msec 

interval between pictures. Various frames in the follow

ing photographs have been numbered for ease of discussion. 

Frame (1) shows the drops just after impact as they begin 

to flatten. In (2) the drop has almost reached its ex

treme flattened shape; it then begins rebounding toward 

spherical, (3) and (4); overshooting,. (5), it elongates 

to a cigar shape, (6) and C7). The drop continues, to in

crease its surface area assuming the shape of a bone, (8), 

and then two spheroids connected by a short spindle, (9); 

the spindle finally ruptures, and the drops separate. 

Figures 5-2 and 5-3 show similar events, which 

occurred when the charging data was recorded. The first 

frame of the collision in Figure 5-3 is an excellent ex

ample of the distortion which occurs for head-on impact 

of these drops. As is evident, the effective framing rate 

of these photographs was too slow to catch more than one 

or two shapes affected by the distorting drop^ A common 

characteristic of all three of these pictures is that the 

initial separation occurs as the drops are moving back 

together. The drops collide a second time in each, case 

and subsequently separate. In two of the events, Figures 

5-1 and 5-2, the drops may have coalesced at the second 

collision. Unfortunately the photographic evidence is 

ambiguous on this point; therefore it will not be discussed 
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Figure 5-2. Photograph of a Head-On Collision of 1 mm Drops Which Coalesced 
and Subsequently Separated 
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Figure 5-3. Head-On Collision of 1 mm Drops Showing an Excellent Example 
of the Initially Distorted Shape o 
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other than to comment that a satisfactory explanation can

not be presented for their separation if coalescence 

occurred. 

Figure 5-4 shows a very similar collision, al

though a satellite drop was formed at the initial impact. 

The interaction resulted in a permanent coalescence. The 

lower sequence of pictures is a continuation of the upper; 

time increases from left to right. The drop shape oscil

lated for the entire length of the record, 0.25 sec with 

the frequency increasing and the amplitude decreasing. 

This type of oscillation, shape-changes from oblate to 

prolate, was first considered by Lord Rayleigh (1882) for 

oscillations of small amplitude above the spherical equi

librium shape. For the small amplitude case the frequency 

of oscillation can be shown (Landau and Lifshitz, 19 59) 

to be 

f
R  -  h ̂  ( 5"1 )  

pR 

where a is the surface tension; p is the density of the 

drop; and R the undisturbed radius of the drop. For a 

water drop of radius 1.26 mm, resulting from the coales

cence of two 1 mm drops, the Rayleigh frequency is 85.4 Hz, 

This obviously does not correspond to the initial oscilla

tions observed in Figure 5-1 or Figure 5-4 which have 

frequencies of about 45 Hz. 
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Figure 5-4. Permanent Coalescence and Oscillation of 1 mm Drops Colliding 
With Approximately Zero Impact Parameter 
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2. Physical Interpretation 

In Figure 5-1 the drop oscillation begins with 

shape (2). This may not be the flattest shape the drops 

attain, but for the following discussion and calculations 

it will be used as the initial configuration. The motion 

of fluid in the drop is assumed to negligible initially. 

The surface is distorted so that a pressure gradient 

exists in the drop, the pressure at any point being given 

by 

P = Po + a |_] (5-2) 

where Pq is the pressure outside the drop, R-^ and are 

the principal radii of curvature of the surface at the 

point in question, and a is the surface tension of the 

liquid. For a configuration similar to that of shape (2), 

a pressure distribution can be approximated as shown in 

Figure 5-5. This profile was estimated by assuming the 

drop is a figure of revolution, and that surfaces of con

stant pressure are vertical. 

The flattened shape is a configuration of maximum 

potential energy, i.e., surface energy here, and minimum 

kinetic energy of the fluid in the drop. The potential 

energy decreases, and the kinetic energy increases as 

fluid accelerates across the pressure gradient. In 
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P A  

Figure 5-5. Approximate Pressure Profile For a Distorted 
Drop 

The profile is estimated assuming that sur
faces of constant pressure are vertical. 
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shape (5) the drop has just passed equilibrium so that 

potential energy is almost zero and kinetic energy nearly 

maximum. Potential functions are frequently used to 

describe processes involving the interchange of kinetic 

and potential energy. A potential function applied to 

the description of the collision-coalescence process may 

provide insight and a better understanding of these 

interactions. The potential function also allows one to 

make quantitative calculations of the energy required 

for gross distortion of a drop, and it enables one to 

explain quantitatively the observed oscillation. This 

approach can only be used for those collisions which have 

approximately zero impact parameter. Since stereo pic

tures were not taken, it is necessary to assume that the 

distorted shapes are all figures of revolution about a 

vertical axis, which appears quite reasonable for many 

cases. 

3. Surface' Energy Calculation 

In discussing the distortion and shape oscillation 

for drops such as shown in Figure 5-4, it will be consid

ered that shape changes are entirely due to kinematics 

and surface tension. The possible distortion of the drops 

because of electrical forces can be completely neglected. 

Macky (1931) showed that even for lairge drops, r = 0.25 cm, 



107 

no noticeable distortion occurs until an electric field 

of 5,000 V/cm is reached. In the present experiment the 

electric field never exceeded 120 V/cm. 

To calculate the potential energy arising from any 

distorted drop shape it is only necessary to find the 

excess surface energy of the distorted shape over the 

equivalent volume spherical shape. The total surface 

2 energy, us, of 1 cm of liquid surface is the excess po

tential energy of the molecules that make up this surface 

over what they would have in the interior of the liquid. 

The surface energy can be shown (Davies and Rideal, 1961) 

to be 

us = a - * 'C|J) (5-3! 
nfv 

2 For water at 25°C, u equals 118 ergs/cm . 
s 

To find the surface energy of the distorted drops, 

it was necessary to calculate the surface area of the 

various shapes. The photographs, Figure 5-1 and 5-4, were 

enlarged, and further enlarged tracings were made using 

an opaque projector. The surface area was found by nu

merically integrating these shapes considering them 

figures of revolution about a vertical axis. The areas 

determined this way were corrected using a scale factor 

obtained by normalizing the calculated volume to the actual 

volume. 
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4. ' Potential Function 

Figure 5-6 shows the surface energy as a function 

of the center of mass separation. Zero potential energy 

corresponds to the surface energy of a spherical drop 

with a volume equal to the combined volume of the colliding 

drops; the dotted line A-B indicates the surface energy of 

two 1 mm radius drops. The center of mass separation is 

that between the two equivalent drops which have, by 

this time, coalesced to form the distorted drop. The 

numbers on the curve refer to the numbered shapes in 

Figure 5-1. The potential energy is a multi-valued func

tion of h, the center of mass separation. The maximum 

separation occurs before the maximum energy. In 

Figure 5-1, (7) has the maximum h; however, the surface 

area continues to increase as the spindle forms and then 

shrinks. For the shapes recorded, the maximum area 

occurred at (.9) . 

The curve D-E-F describes the shapes formed after 

the drop reached its initially flattened configuration. 

The path the surface energy would follow in reaching this 

point cannot be accurately determined from the photographs; 

although it is possible to make some estimate of it.' 

Figure 5-7 shows what is likely to be occurring. In 

5-7 (a) the drops have collided and are flattening, but 

they still retain completely both of the surfaces in 
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Figure 5-7. Hypothesized Initial Drop Shapes During Coales
cence Resulting From a Zero Impact Parameter 
Collision 
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contact. In (b) the drops are further flattened; coales

cence has started, and parts of the adjacent surfaces have 

disappeared. In (c) the drops have reached essentially 

the flattest shape attainable, and coalescence has pro~ 

ceeded until almost all the adjacent surfaces have been 

destroyed. Several of the photographs already presented 

give indications of these theorized initial shapes. The 

first shape after the drops touched in Figures 5-1 and 

5-4 are similar to those of Figure 5-7 (a) and (b). The 

lens joining the drops has not grown to the outside edge 

of the drops and does not show the vertical highlight 

seen in the flattened shape of Figure 4-7. Considering 

the surface area variation for the theorized shapes, the 

path B-C-D shown dashed in Figure 5-6 was estimated. 

5. Oscillation Frequency 

After determining the potential function experi

mentally, a curve was empirically fitted to it which 

adequately describes it over the region 0.5 mm<h<2.2 mm. 

The function is 

U = D (h-a) ̂ exp [-k (h-a) ] (5-4) 
s 

where a, the center of mass separation for the spherical 

equilibrium shape, is 0.95 mm for a drop of 1.2 6 mm radius, 

3 
D is a constant equal to 2.2 x 10 , and k is a constant 

equal to 15.5. The energy is given in ergs for the above 
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values cf the constants and h expressed in centimeters. 

The differential equation describing the oscillation 

2 
—^ - A(h^ - Bh + C) exp jf~kh) = 0 (5-5) 
dt * 

is based on the empirically derived potential function, 

and is only applicable for drops of the size investigated„ 

7 A equals 1.75 x 10 , B equals 0.318, and C equals 0.021 

for h in centimeters. 

Equation (5-5) was solved numerically for the 

collision shown in Figure 5-4. The interaction, as shown, 

resulted in permanent coalescence. The drop shape oscil

lates with decreasing amplitude and increasing frequency. 

Frequency is somewhat misleading when applied to such a 

rapidly changing oscillation, but initially it was 45 Hz. 

Using equation 5-5, the first cycle of the event shown in 

Figure 5-4 corresponded to a frequency of about 50 Hz. 

With an effective framing rate of 370/sec, the camera has 

a time resolution of 2.7 msec; therefore agreement of the 

numerical model with the observed initial period may be 

.considered excellent. It is likely that the model would 

give a better description of the actual oscillation if a 

viscous damping term had been included in the differential 

equation. 
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The complete photographic record of a collision 

similar to that illustrated in Figure 5-4 shows that the 

oscillation persists the full length of the record. Near 

the end of the record, about 0.12 sec after the collision, 

the frequency is about 74 Hz, and. the amplitude is about 

40 per cent of that observed initially. Although the 

amplitude is considerably larger than that normally asso

ciated with the Rayleigli oscillation, the frequency is 

about 8 6 per cent of this value. 

As a check on the potential function the Rayleigh 

frequency was derived as the limiting case of oscillation 

of small amplitude above the equilibrium point. Expanding 

Ug(h) about this point as a Taylor series, it becomes 

9U 
Vh> = 0 <a) + (-jf) (h-a) 

a 

, 92U 9 

+ ~ ( 1) (h-a) 4 • • • (5-6) 
z 3hz a 

au CJ 
Since a is an equilibrium point, = 0' anc^ retaining 

a 
only two terms the expression becomes 

U th) = U (a) + ± ( 1) (h-a) (5-7) 
s s /. 9h^ 

a 

The differential equation describing the oscillation for 

this potential function is 
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.2, . 92U 
^ + S (—5^> (h - a) = 0 (5-8) 
dt m dh a 

This is the equation for a linear harmonic oscillator with 

a natural frequency 

i i ®2u * 
f - h [s 1 (5"9) 

a 

When the function fitted to the potential energy curve is 

used for U (h), the frequency predicted is 96 Hz. This 

indicates reasonable agreement with the Rayleigh frequency 

of 85 Hz. 

6. Critical Size 

A simple model of two spheres connected by a 

cylinder is a reasonable approximation of drops which have 

distorted to extreme dumbbell shapes such as those shown. 

For this model a critical radius exists for the cylinder. 

The critical size can be explained by the internal pressure 

in various regions of the drop. This pressure is given by 

equation 5-2. For simplicity the external pressure, P , 

will be considered zero. The pressure in the spherical 

region of the drop is 2a/Rg, and in the cylindrical volume 

it is cr/R . When Rc = Rg/2, the pressure in the spheres 

equals the pressure in the cylindrical volume. When the 
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radius of the cylinder is less than one half of the radius 

of the spheres, the pressure in the cylinder is greater 

than the pressure in the spheres. For the latter condition 

the fluid in the cylindrical portion of the drop will expe

rience an acceleration toward the spherical regions. Fluid 

will move out of the cylinder; the radius of the cylinder 

will decrease still more; and the pressure gradient force 

will increase, eventually causing the cylinder to rupture. 

The idea of a critical radius existing agrees 

qualitatively with what is seen in Figures 5-1 and 5-4. 

For the collision and separation shown in Figure 5-1, the 

critical radius was reached at a point just after shape 

(8); by shape (9) the spindle has almost ruptured. In 

Figure 5-4 the spindle never reached the critical radius, 

and the drops did not separate. If the fluid in the central 

region of a distorted drop comes to rest before the critical 

radius is reached, the drop shape will deform back toward 

spherical as it did in the example of Figure 5-4. If, 

however, the fluid in the central region continues to move 

until the critical radius is reached, rupture occurs as 

illustrated by the event of Figure 5-1. 
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7. Energy ,' Momentum,, and Drag Force 

(.a) Conservation of Energy. In estimating the 

energy available to drive the observed large amplitude 

oscillation occurring when drops collide head on, it is 

first necessary to consider the coalescence of two drops 

with no impact velocity. No photographs of this were ob

tained in the present experiment. Owe Berg £t al. (1963) 

show a coalescence occurring with very low impact ve

locity. The drops were suspended from fine wire and slowly 

pushed together. Unfortunately the photographic record 

shown was terminated too soon to see the entire coalescence. 

However it was apparent that the flattening occurring was 

negligible compared to that for the collisions illustrated 

here. In collisions observed by Owe Berg, once coalescence 

was complete, the drops experienced a Rayleigh shape-

oscillation. It will therefore be assumed that coalescence 

occurring with zero impact velocity will lead to negligible 

flattening of the resultant drop. If this hypothesis is 

correct, the sixrface energy of the initially flattened 

shape in excess of the equal volume spherical shape, which 

may be called the configurational potential energy, should 

essentially equal the kinetic energy of impact. 

With high speed photographs it was possible to de

termine the kinetic energy before and after impact of the 



drops„ Once again using the event illustrated in Figure 

5-1 the velocities of the drops before and after impact 

were determined and are shown in Figure 5-8„ The descend

ing drop was found to accelerate slightly as it fell into 

the wake of the stationary drop. The velocity at both the 

instant of impact and the instant the drop reached its 

flattest initial shape must be approximated. The velocity 

at impact was calculated by estimating the time of impact 

and extending the observed velocity forward to this time, 

assuming the falling drop continues with constant accelera 

tion. The velocity at the instant the drop reached its 

flattest shape (2 in Figure 5-8) was found in the same man 

ner; the measured velocity curve was extended back to the 

time of impact, assuming that the instantaneous change in 

momentum was zero. The numbers on the figure refer to 

shapes numbered in Figure 5-1. These approximated veloci

ties yielded a kinetic energy of impact of 6.5 ergs. The 

configurational potential energy of shape 2 (Figure 5-1) 

was 7.4 ergs. Thus it appears that, within the accuracy 

of the measurements, the above hypothesis is correct, and 

the kinetic energy of impact was indeed converted into 

potential energy of gross deformation. 
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Figure 5-8. Vertical Velocity of the Drop System Shown 
in Figure 5-1 

Time is measured from the instant of impact, 
and the numbers shovm refer to the shapes in 
Figure 5-1. 
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(b) Conservation of Momentum, Calculations before 

and after impact show that the drop system definitely loses 

momentum during the collision and must experience a net 

force. Using the event of Figure 5-1 as an illustration and 

the drop velocities shown in Figure 5-8r the momentum 

variation with time was found and is shown in Figure 5-9 (a). 

It was assumed that at impact no instantaneous change of 

momentum occurred. The momentum of the system is seen to 

increase slightly before impact due to the acceleration of 

the descending drop. The momentum decreases approximately 

linearly after impact and then approaches a constant value. 

This change of momentum requires that the drop system 

experience the net force shown in Figure 5-9 (b). The 

force was obtained by graphically differentiating the momen

tum characteristic. It increases to about 16 dynes after 

impact, remains constant for a short time, then decreases 

to zero. The drop system does not include the air in which 

the drops are suspended; therefore the net force experienced 

by the system must be an increased drag. It will be shown 

that the force derived from the rate of change of momentum 

is approximately equal to the increased drag force on the 

flattened drop. 
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(c) Drag Force, To find the increased force on 

the drop system at the time the drop has flattened, it is 

necessary to calculate the drag force for this shape, 

F D < 2 ) .  

F D t 2 )  =  5  C D ( 2 ) p ? 2 ( 2 | S [ 2 )  ( 5 - 1 0 )  

where C^[2) is the drag coefficient for shape (2), p is 

the air density, V(2) is the velocity, and S(2) is the 

cross-sectional area of shape (2). 

The drag coefficient for shape (2) is not known 

exactly, but it must be greater than that for a sphere of 

equivalent volume and somewhat less than that of a disk. 

The drag coefficient for a sphere, Reynolds number of 

1000, is about 0.5, and for a disk with the same Reynolds 

number, the drag coefficient is about 1.2 (Rohsenow and 

Choi, 1961). For this approximate calculation the drag 

coefficient for shape (2) will be considered 1.0. 

The net force on the drop in shape (2) will be 

Fn(2) = FdC2) - mC2)g £5-11) 

Where F^C2) is the drag force for shape (_2) and m(2) is 

the mass of the drop. Using a drag coefficient equal to 

1.0 for this shape, the drag force is about 20 dynes. The 

mass of the drop is about 0.0084 gms; therefore the net 
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force on the distorted drop is about 12 dynes. Comparing 

this net force on the initially flattened drop to the force 

found from the rate of change of momentum at this time, 16 

dynes, the correspondence is reasonable considering the 

assumptions necessary in this calculation and the experi

mental error. 

The collision-coalescence model presented here is 

not meant to be a universal explanation for all drop colli

sions. It can only be applied to collisions of drops of 

comparable size with very small impact parameters. It 

demonstrates the use of several standard techniques applied 

to a complicated and not well understood problem. The 

model yields reasonable results consistent with the data 

observed. 

B. Collisions With Non-Zero Impact Parameter 

As the impact parameter increases, the collisions 

become less violent until no observable temporary coales

cence occurs; the drops show a mild distortion, and 

electrical records indicate that electrical contact was 

established in the interaction; 

Only the extreme cases of collisions observed in 

the photographic record were analyzed, i.e., the head-on, 

very low impact parameter, and the grazing, large impact 

parameter, events. Intermediate cases exhibit characteris

tics of both extremes. The drops flatten on collision, 
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temporarily coalesce, and then rotate in both the plane of 

the photograph and the vertical plane perpendicular to it. 

The high-speed photographs indicate that permanent coales

cence results more frequently from collisions at low impact 

parameter than from interactions of other types. This de

pends strongly on the impact velocity of the colliding 

drops. Collisions with large impact parameters frequently 

lead to temporary coalescence, separation, and often the 

production of satellite, drops. 

Figure 5-10 shows an example of these large impact 

parameter collisions. It is representative of this class 

of interactions and was chosen because of its apparent 

laclc of rotation in a vertical plane perpendicular to the 

film, which would further complicate the explanation. The 

interaction is initiated by a glancing contact of the two 

drops. Once coalescence starts, and a water surface joins 

the drops, the pressure distribution in the fluid will aid 

coalescence,. If the drops begin spatially separating, the 

water surface joining them will stretch into a spindle, 

altering the curvature, which in turn alters the pressure 

gradient. As the connecting spindle lengthens, the pressure 

in a small region of the spindle will be higher than in the 

body of the drops. When this occurs the spindle diameter 

rapidly decreases and the drops separate. In Figure 5-10 

the connecting spindle lengthens, the partially coalesced 
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drops begin to rotate about a line perpendicular to the 

plane of the photograph and through the center of mass of 

the drop system. The speed of rotation is about 9 0 

rad/sec„ This causes further distortion of the drops, 

stretching them out tangentially, until the connecting 

spindle ruptures forming a satellite. 

Figure 5-11 shows an example of the same type of 

interaction. Here the descending drop did not make con

tact with the stationary drop at the first encounter. 

Subsequently rising in the airstream it collided with the 

stationary drop from below. It appears that the event 

almost resulted in permanent coalescence, but the connect

ing spindle reached the critical size and ruptured very 

shortly thereafter. 

When the drops collide in a glancing manner the 

angular momentum complicates the problem considerably. The 

simple method of analysis applied in previous sections is 

no longer applicable and the need for stereo-photographs 

is again apparent. One important point is that coalescence, 

at least a limited coalescence, occurs very quickly, form

ing a small connecting spindle. 

c • Mi see 11 an eo u s P ho t o'gr aph s 

When the high-speed photographs of the collisions 

were viewed, several unusual interactions were noted. Two 
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of these are shown in. Figure 5-12 and 5-13. Figure 5-12 

shows the coalescence of two drops, 2 mm in diameter, 

colliding with an impact velocity of approximately 

4 0 cm/sec in a vertical electrical field of 30 V/cm. As 

the drops flatten upon collision, spikes are formed at 

the top and bottom surfaces of the coalescencing drops. 

When the resulting drop has reached its flattest shape two 
« 

small drops are ejected from the spikes. The drop shape 

then oscillates in the now familiar fashion. 

In Figure 5-13 a nearly head-on collision results 

in coalescence and the characteristic shape oscillation. 

The lower sequence of photographs is a continuation of 

the event which proceeds from left to right in the upper 

sequence. The small white arrow marks the same drop shape 

in both sequences. A satellite drop moves up from near 

the center of the photograph with, its probable origin 

marked by the small arrow. This particular event is in

teresting because the satellite is not formed directly by 

the violent flattening but is ejected almost a full cycle 

later. The ejection of the satellite appears to be the re

sult of constructive interference of higher-order modes of 

oscillation on the surface of the drop. After the satel

lite is ejected, the surface of the drop shows many irregu

lar highlights also indicative of the existence of these 

high-frequency surface oscillations. 



Figure 5-12. Low Impact Parameter Collision and Coalescence With Ejection 
of Two Satellite Droplets 
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CHAPTER VI 

DISCUSSION AND CONCLUSIONS 

In this chapter further comments on the results of 

the previous sections will be presented as well as conclu

sions that may be drawn from the charging results„ The 

coalescence efficiency found experimentally and the im

plications of the results of Chapter 5 on the collision-

coalescence process for large drops will be discussed. 

A. Observed Drop Charging 

The collisions not resulting' in coalescence for 

the drops studied fall into three main categories. In 

the following discussion, the drop overtaking the station

ary drop will be referred to as the larger drop, since 

this is what it would be in most similar collisions occurr

ing naturally. In the first category are bouncing 

collisions, i.e., collisions with essentially zero impact 

parameter. Examples of this type of interaction were 

presented in Figures 5-1, 5-2 and 5-3. In these collisions 

the rebounding drops are relatively highly charged; the 

interaction shown in Figure 5-3, occurring in an electric 

-13 field of 30 V/cm, separated 1.4 x 10 coul. The large 

drop was charged in the opposite sense as the field and the 

130 
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small drop in the same sense. In a positive field the 

large drop would have a net negative charge. The photo

graphs shov; the large drop was falling back down toward the 

smaller drop at the instant of separation. In the three 

cases illustrated, the drops appear to collide, possibly 

re-coalescing, and then separate. This type of low impact 

parameter collision was infrequently observed in the experi

ment and would also be relatively rare in nature. 

The second category of collisions, considerably 

more numerous than the first, was the passing collision, 

i.e., temporary coalescence and subsequent separation which 

occurred for sizable impact parameters. These collisions, 

illustrated in Figures 4-10, 4-11, 5-11 and 5-12, resulted 

in the larger drop becoming charged positively in a posi

tive field such as the earth's fair weather field. Sub

stantial amounts of charge were also separated in these 

interactions. The collision shown in Figure 4-11, which 

-13 took place in a field of 30 V/cm, separated 3 x 10 coul. 

The third type of collision was that with no ob

servable sign of coalescence. The drops collide, deform, 

and rotate in space. The sign of the charge transferred 

indicates that the larger drop usually maintains contact 

with the smaller drop until its center of mass is below 

that of the smaller; this configuration produces charging 

that again results in the larger drop becoming charged in 
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the same sense as the electric field. The magnitude of 

the charge separated in these interactions is strongly 

field-dependent. Figures 4-8 and 4-9 are examples of 

events of this type. In 4-9 the collision separated 

-13 
0.5 x 10 coul in a field of 30 V/cmf and in 4-8 the 

-13 event separated about 5 x 10 coul in a field of 100 

V/cm. 

In both of the first two collision types it is 

possible for satellite drops to form. It is impossible 

to predict the sign of the charge on these drops because 

of the manner in which they are foarmed. Their polarity 

is determined by the dynamics of the individual collisions. 

No preferential charging was observed, but this may have 

been due to the difficulty of collecting these drops. 

One should now consider the applicability of the 

charge separation results obtained to the two problems of 

hydrometeor electrification™the generation of charge in 

thunderclouds and the charge on rain. 

B. ' Thunderstorm Charge Separation 

There are clearly difficulties in using the ob

served results in the discussion of thunderstorm electri

fication,, First, the interactions studied were between 

large equally-sized drops; hence the number of collisions 

of this type will be very small in a developing thundercloud. 
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Second, the direction of charge separation is' such as to 

reduce rather than increase the local electric field. Thus, 

for this mechanism to enhance the bipolar structure of a 

cloud, collisions of this type would have to take place in 

a region of negative field, i.e., below the negative 

charge center (where, incidentally, the large drops are 

most numerous). The collision products would have to be 

transported away from the site of the interaction into a 

positive field region. While this is not impossible, it 

does seem that other interactions within the cloud could 

be expected to be more likely sources of the electrifica

tion. It should be mentioned that in all the passing 

collisions studied the charge separation was never in a 

direction which would increase the local field. 

C. Charge on Rain 

The results obtained here do appear to be directly 

applicable to the process of rain charging. The colli

sions observed in the experiment occurred with impact 

velocities which varied from 40-100 era/see; therefore 

these interactions are representative of drops of compa

rable size with terminal velocities differing by as much 

as 100 cm/sec. Three features of the charge on rain 

which will be discussed are: the polarity of charge found 

when measurements are integrated over many individual 
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drops, the magnitude of the charge found on individual 

drops, and the number of charged drops per second arriving 

at a collector. 

1. Observations 

The data presented here are by no means complete 

and are only meant to give order of magnitude values for 

the results. This is done because the existing measure

ments are rather poor and sometimes inconsistent. This 

has resulted from problems caused by splashing of drops 

on the collector and aerodynamic sorting introducing a 

preferential collection of large drops, especially in 

driving rain. 

Researchers have frequently determined ratios of 

positive to negative charge on rain collected. Gschwend 

(19 22)., recording single drops, found a ratio of positive 

to negative of 1.5. Chalmers and Pasquill (193 8) found 

this ratio to be 1.23; Scrase (1938) found 1.10. Gunn 

(1949), measuring this ratio in several thunderstorms, 

found 0.61; and Gunn and Devin (1953), also recording in 

thunderstorms, found 0.81. 

Many investigations have also been made to deter

mine the charge to be found on individual drops of rain. 

It is generally accepted that the results of Smith (1955) 

are the most reliable and comprehensive, and they will be 
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presented below and compared with the results obtained in 

this experiment. For completeness, results of other 

observers are also included here. Federov (1951) found a 

-13 mean value of about 10 coul. The largest charge he 

-12 observed was -2.3 x 10 coul. Gunn and Devin (1953), 

for rain falling from thunderstorms, found a considerably 

larger mean, about 10 coul, with a maximum of about 

10 coul. A striking feature found in the single-drop 

results is that drops of similar size arrive at the col

lector at almost the same time with charges of different 

polarity and magnitude. • 

2. Influence Mechanism Charging 

For rain falling from nimbostratus clouds where 

relatively little electrification is found, it can be 

assumed for the purpose of an order of magnitude calcula

tion that the electric field near the base of the cloud 

is not much different than the earth's fair weather field 

For a field of from 3-10 V/cm at the base of a nimbo

stratus cloud (Imyanitov and Shifrin, 196 2) the charge 

that would be separated by the three types of collisions 

discussed, considering drops of radius 1 mm, varies from 

-13 
0.2 to 1.0 x 10 coul. If the process is effective for 

larger drops the estimates would be correspondingly 

larger, charge increasing approximately as the radius 
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squared„ For the most frequently observed types of inter

actions, the larger drop would be positive and the smaller 

negative for a positive fieldc For collectors which tend 

to exclude the smaller drops a positive excess might be 

expected in the recorded charges. 

The electric field beneath a thundercloud may be 

of the order of 100 V/cm and oppositely directed from the 

fair weather field (Malan, 1963). Assuming this value of 

electric field, the charge transferred by passing colli-

-12 sxons of 1 mm drops would be approximately 10 coul. 

For a negative electric field there would be a tendency 

for the larger drops to be negative. Again considering 

the exclusion of some of the smaller drops from the col

lector, observations will indicate a negative excess. 

The magnitude of the charge predicted by the in

fluence mechanism for continuous rain is lower than that 

observed; the positive excess expected agrees with what 

is observed. The possibility that the data have been 

averaged for widely different rains may account for some 

of the discrepancy, and the electric field assumed for 

the influence mechanism may have been too small consider

ing the large variability of electric field for cumulus 

and stratus clouds (Imyanitov and Shifrin, 1962). The 

average charge predicted from drop collisions beneath. 

thunderclouds shows fair agreement with observations,* 
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however a negative excess would be expected, as found by 

Gunn, not the positive excess that several investigators 

have found. For a thundercloud with positive charge near 

the top and negative near the bottom, a precipitation 

particle will experience a change of polarity of the 

electric field as it falls through the cloud. For a 

thundercloud with an added region of positive charge near 

its base, as is often found, the possibility occurs of 

still another change of polarity of the field. Therefore 

the height in the cloud at which the interaction occurs 

could control the sign of the charge on the drops after 

a non-coalescing collision. The possible polarity changes 

of the electric field experienced by the falling drops 

could account for some of the variability found in the 

observations„ 

The measurement of charge on rain by Smith (.1955) 

is probably the most comprehensive and carefully instru

mented that has been done. It is certainly the best for 

purposes of comparision since he not only determined the 

charge on but also the size of the individual drops. 

Raindrop charge distributions observed by Smith closely 

resemble those to be expected from the influence mechanism. 

A short summary of this work was published in a paper by 

Wormell (19 53) including the two distributions shown in 

Figure 6-1. Each distribution represents a period of 
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about two minutes in a convective storm during which a 

large and nearly steady negative electric field existed. 

The dots represent individual drops collected, and the 

circles are the mean charge for a given size. A small 

negative excess exists for both distributions, with drops 

of comparable size carrying charge of either sign. Un

fortunately the magnitudes of the electric field were not 

published for the charge distributions illustrated, but 

the largest charges on the drops indicate a field of 

10,000-20,00 0 V/m in the region where the collisions 

occurred if indeed the influence mechanism is responsible 

for the charging. This electric field is quite reason

able for a convective storm producing lightning. 

3. Collision Frequency 

An approximate collision frequency for drops in 

the size range experimentally investigated was determined 

so that the number of collisions occurring could be com

pared to the number of charged drops Smith observed in 

the corresponding size range. Data from several drop-

size distributions were used to estimate the number of 

drops of the size investigated present in naturally occurr

ing rain. Two drop sizes were chosen such that the dif

ference in terminal velocity was about 50-100 cm/sec. A 

small range of sizes about each is allowed to interact, 
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3 and the number of collisions occurring per ru per sec is 

found. The expression for this collision rate is 

= 1TnCr1)n(r2) (.r1+r2) 2 tv(r1) - v(r2)] E12 (1-C^ ?) (6-1) 

3 
where n(r) is the number of drops per m in a given size 

range about r, v(r) is the terminal velocity for a drop 

of radius r,.E^2 is the collision efficiency and C^2 the 

coalescence efficiency for drops of sizes r^ and r2-„ 

Taking values of r centered about 1 mm, for example r^ 

equal to'0.85 ram and r2 equal to 1.1 mm, the terminal 

velocity difference at sea level is approximately 100 

cm/sec. Calculations will be made for two size distribu

tions: one measured by Foote (1966) gives an average for 

32 showers and thunderstorms occurring in summer rains 

over the Catalina Mountains near Tucson, Arizona; one 

measured by Blanchard (1953) is an average for several 

convective storms over Hawaii. The Foote distribution 

can be considered to represent light rain, a rainfall rate 

of 1.8 mru/hr, and Blanchard's typifies moderate to heavy 

rain, a rate of 20 mm/hr. For both cases the maximum pos

sible collision rate, assuming E^2 = 1, C^2 = 0, will be 

found. In the light rain example the maximum collision 

-5 3 rate is about 6 x 10 /m sec, and for moderate rain the 

-3 3 
maximum rate is about 12 x 10 /m sec. It is probably 
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more meaningful to consider the maximum co3.1ision rate per 

2 m per sec per km of fall; the light rain example gives 

- 2  2  2  6.0 x 10 /m sec km, and the moderate rain 12/m sec km. 

The charge distributions observed by Smith were 

measured with a collector 10 cm in diameter. In a two 

minute period in moderate rain, he observed about 20 

charged drops in the size range from 1.7 mm to 2.2 mm in 

diameter. Some of the drops in this size range are un

doubtedly charged as a result of collisions with drops 

outside this range. The above collision frequency for 

moderate rain would yield a maximum of about 22 charged 

drops in a 10 cm diameter collector in a two minute 

period. A more realistic estimate results from consider

ing the coalescence efficiency, C]_2' equal to one half. 

This yields about 10 to 11 charged drops in the collector 

in a two minute period. Therefore the approximate colli

sion 'frequency determined is the same order of magnitude 

as must have been occurring in Smith's observations if the 

influence mechanism v/as responsible for the charging. 

In a more rigorous analysis one would have to 

integrate the distribution function between the limits 

where this process occurs with the appropriate weighting 

functions describing the collision and coalescence effi

ciency. Evidence that this temporary coalescence-

separation process is at work at other sizes is found 
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in the work of severeil investigators (Magarvey and 

Geldhart, 1962; Sartor and Abbott, 196 8b); however too many 

assumptions would be necessary to make the extension to 

other sizes without further experimentation. 

D. Collision Dynamics 

A fairly extensive discussion of the dynamics of 

the collisions observed in this investigation was pre

sented in Chapter 5. Conclusions based on these observa

tions can be applied to naturally occurring collisions of 

drops in a rather narrow range of sizes about that inves

tigated,. Without more experimental observations one can 

only speculate about the importance of dynamics in inter

actions of different sized drops. 

For bouncing collisions of smaller drops, the 

momentum at impact will be less and the internal pressure 

in the drops higher than.for those investigated, making 

separation less likely and the distortion occurring less 

violent. An indication that bouncing occurs for drops 

of 800y diameter is found in the work of Sartor and 

Abbott (196 8b). For larger drops than those investigated, 

the process should occur more easily, and the degree of 

distortion should be even greater than observed,, 

For passing collisions of drops smaller than those 

investigated, the higher internal pressure will cause 
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coalescence to proceed more rapidly once initiated,, There

fore the probability of forming and subsequently breaking 

an elongated spindle joining the drops will decrease with 

decreasing drop size. The reverse of this will occur for 

larger drops. 

As the drop size decreases, the dynamics will be

come less important and certainly, beyond some point, can 

be neglected altogether. However for smaller drops the 

overall effect of variations in coalescence efficiency 

becomes much more significant in natural processes. An 

attempt to observe the effect of collision dynamics on 

coalescence for drops in the hundred micron size range 

should definitely be one of the aims of further research 

in this area, 

E. Coalescence ~ Efficiency 

As a by-product of the investigations it was pos

sible to determine an overall coalescence efficiency for 

the collisions observed. The variation of coalescence 

efficiency with electric field is shown in Figure 6-2. 

The number of collisions observed at each electric field 

is shown in parentheses at each point. No systematic 

increase of coalescence efficiency with, electric field 

is seen; rather a scatter of values about 50 per cent was 

found. 
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The characteristic horizontal velocity profile of 

the airstream exhibits a velocity minimum of the order of 

6 per cent. Once a drop is stably supported in the test 

•*n 

region, the flow pattern is modified so that above the 

drop the horizontal velocity profile will be almost en

tirely the result of the flow around the drop. A second 

drop falling into the region encounters a flow-whose 

horizontal variation is much the same as that found for 

a drop overtaking a somewhat smaller drop in natural fall. 

The vertical velocity gradient is considerably more ex

treme than that which is normally found in nature, ap

proximately 300 cm/sec/cm in the collision region. 

However, it was seen in the high speed records that when 

the drops were separated by several diameters, the veloci

ty of the falling drop would increase slightly. This 

indicates the effect of the wake of the stationary drop 

on the falling drop. Therefore, it is not unreasonable 

to assume that the externally imposed flow pattern does 

not have a great effect on the interaction, and perhaps 

the most important'result was altering the impact velocity 

of. the _d.rops. With these arguments as a basis, it is 

theorized that the collisions observed will not be vastly 

different than those occurring naturally. 

Both conclusions (the coalescence efficiency is 

independent of electric field for drops of this size, and 
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the flow in the wind tunnel has not appreciably altered 

the interactions from those occurring naturally) are 

supported by the results of Cotton and Gokhale (1967) who 

also obtciined a coalescence efficiency of 50 per cent for 

drops of similar size. The interactions they observed 

did not occur in an electric field, and the wind tunnel 

they used employed a very different type of drag body, 

yielding a substantially different flow in the collision 

region. 



CHAPTER VII 

FUTURE RESEARCH 

The results found in the present experiment indi

cate two interesting general areas warranting further 

research. One of these is the investigation of charge 

transfer occurring in collisions of drops which are con

siderably different .in size. These interactions will 

yield experimental evidence which can be applied to 

thunderstorms charging. An experiment now being conducted 

is an attempt to detect charging that occurs when a large 

drop falls through a volume of cloud droplets in a verti

cal electric field. This work, coupled with further 

studies of single interactions using a wind tunnel in 

which temperature and humidity are controlled,, should 

provide the observations necessary to determine the impor

tance of the influence theory as a thunderstorm charge 

separation mechanism in clouds not extending above the 

freezing level. 

The second general area for further research is 

investigation of the dynamics of the individual collisions. 

Interactions between drops of varying size should be ob

served to determine the range of sizes for which dynamics 

controls the eventual outcome of the collision. These 

147 • 
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results will yield the variation of coalescence probability 

with impact parameter of the collisions and with electric 

field. Production of satellite drops, which may be a fac

tor in determining the drop-size distributions in the lower 

regions of cloudsr can also be studied in these experiments. 

It will clearly be necessary to use stereo photography in 

these further studies. 
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