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ABSTRACT

Growth of incipient precipitation particles by collision and coalescence with cloud droplets is one of the
primary mechanisms of natural rain. Comparison of previous research shows wide divergence between
various theoretical and laboratory values of collision efficiency and coalescence efficiency. In an effort to
obtain additional laboratory measurements of droplet coalescence, high-speed photographs were taken of
colliding droplets at the breakup point in a Rayleigh jet. With 700-micron diam droplets, less than 30 per
cent of the collisions result in coalescence under no field condition. At fields of about 40 v per cm, the coales-
cence was about 100 per cent under all conditions of field.

1. Introduction

Coalescence of water droplets is a matter of prime
importance in meteorology. This importance arises
from the fact that natural precipitation involves the
collision and coalescence of cloud droplets with in-
cipient precipitation particles [1]. Unfortunately, the
efficiencies of these processes are poorly understood.

Collision efficiency denotes that fraction of the
droplets in the fall path of the larger drop which
actually collide with it. Several scientists have at-
tempted to compute or measure this quantity. Ap-
parently, the earliest study of importance in this area
is the classical work of Langmuir and Blodgett [2],
who considered the one-body problem of potential
flow with the result that the theoretical values of the
efficiency depended largely upon the relative sizes
and falling speeds of the interacting particles and
upon the density and viscosity of the surrounding
medium. Das [3] also considered the potential-flow
problem but took into account the sizes of both the
collecting and collected drops. Subsequently, Lang-
muir [4] considered the viscous-flow regime and com-
puted collision efficiencies for this important region.
The two-body problem (i.e., one which allows for the
mutual interaction of the escape motions around the
two drops), has been considered by Pearcey and Hill
[5] and Hocking [6]. The results of these studies
differ considerably in the range of drop sizes important
in meteorology (fig. 1). The work of Pearcey and Hill
is particularly interesting in that it predicts collision
efficiencies in excess of unity between droplets of
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similar size because of the effect of the turbulent
wake behind the drop. The role of the wake in permit-
ting “missed” droplets to collide with the back side
of the larger drop was first observed by Telford et al
[77], whose experiments suggested collection efficien-
cies considerably in excess of unity. Model studies
involving steel balls falling through sugar solutions,
Schotland [8], and Schotland and Kaplan [9], also
gave collision efficiencies in excess of unity for droplets
of similar size.

Levin [10] has considered the possibility that small
droplets, below the critical size computed for collision
by Langmuir and Blodgett, and Hocking, might be
caused to collide with larger drops because of the
effects of unequal electrical charges. Levin's computa-
tions suggest that charge effects might materially
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Fic. 1. Comparison of theoretical droplet collision efficiencies
as computed by Hocking, H; Pearcey and Hill, P-H; and Lang-
muir, L. Numerals inside graph refer to size of collector drop.
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increase the collision efficiency if the collected droplet
is of very small size (order of 1- to 2-micron diam).
However, the charges assumed by Levin appear un-
realistically high.

Obviously, with this lack of agreement between
various workers in the field, computations involving
collisions between droplets are subject to a fair degree
of uncertainty. However, even greater uncertainty
is involved in the coalescence problem.

Compared with the studies of collision, the problem
of coalescence has been much less studied in meteoro-
logical circles. Coalescence efficiency is defined as the
fraction of collisions which result in coalescence.
For lack of information to the contrary, many early
workers ignored the possibility that colliding droplets
might “bounce-off”’ instead of coalescing. This is
tantamount to equating collision efficiency and collec-
tion efficiency. Unfortunately, nature isn’t quite so
simple. It is now well established that the likelihood
of coalescence depends strongly upon the conditions
under which the collision takes place and the condi-
tions of the droplet surfaces at the time of collision.
Fortunately, in the problem of rain formation, we are
concerned with relatively pure water and relatively
clean surfaces. (In this problem, we are not concerned
with clouds which have formed in highly polluted or
artificially contaminated atmospheres.) Meteorolo-
gists, therefore, have been primarily interested in
determining the coalescence probability for collisions
between pure-water droplets of various sizes and the
effects that external conditions, such as electric field
and space charge, might have upon this probability.

One of the interesting early discoveries in this field
was made by Rayleigh [11] who observed the be-
havior of droplets obtained from two jets of water in
the presence of a weak electric field. Rayleigh sug-
gested a jet breakup mechanism involving the pres-
ence of smaller satellite droplets in a stream of
almost uniformly sized drops. The spreading of the
jet after breakup was accounted for as a result of
collisions between the droplets not resulting in coales-
cence. In the presence of the electric field, the jet
breakup was greatly reduced, and he attributed this
to an increased coalescence efficiency.

Sartor [127] undertook an investigation of the rela-
tionship between the coalescence of simulated drops
and the electric-field conditions under which they fall.
Because of the difficulty of observing water droplets
falling in air, Sartor employed drops of water falling
through mineral oil. This study was important in that
it was responsible for initiating a whole host of studies
by other scientists; however, the values obtained
probably are not too applicable to the problem of
coalescence of water droplets in air. The principle
difficulties with these experiments lie in the im-
possibility of simultaneously modeling the electrical
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forces and the viscous-inertial forces and in the fact
that the water-oil interface must surely act differently
than a water-air interface.

Relatively few detailed laboratory studies of collec-
tion efficiencies, for droplets of sizes of meteorological
interest, have been carried out. Gunn and Hitschfeld
[137] measured the increase in mass of 3200-micron-
diam drops which were permitted to fall through three
clouds of differing droplet sizes (ranging from about
10 to 200 microns in diam). The results seemed to
verify the Langmuir collision efficiencies (assuming
the coalescence efficiency to be unity). By using a
somewhat more elaborate instrumental setup, Kinzer
and Cobb [14] measured the time required for a drop
of 150 microns in diam to grow to 1500 microns
while floating in a cloud-filled vertical wind tunnel.
From these measurements, they calculated the collec-
tion efficiency as a function of the size of the growing
drop. Their results gave unexpectedly low growth
rates for collector drops smaller than 300 microns and
larger than 1000 microns in diam. At intermediate
sizes, the collector grew considerably faster than
expected (assuming Langmuir collision efficiencies
and a coalescence efficiency of unity).

During the winter of 1953-54, a series of experi-
ments was performed in the Cloud Physics Labora-
tory, University of Chicago, in an effort to determine
the effect of electric fields on droplet coalescence.
Unfortunately this study was never carried to a con-
clusion. During the summer of 1954, it was necessary
to terminate this study because of a cut-back in
support from our sponsor. Subsequently two of the
authors left the University, and the other two have
become deeply involved in other problems.

Because of the considerable increase of interest in
coalescence problems in the past five years, and in
view of the shortage of published experimental work
in this area, it was decided that the results of the
Chicago experiments, in spite of their admitted in-
adequacy, should be reported.
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2. Experimental technique

The experimental setup used in these measure-
ments was designed to determine the coalescence effi-
ciency of colliding water droplets issuing.from an
inverted Rayleigh jet. A jet of water was allowed to
break up between horizontal plates of a parallel-plate
condenser, 13 cm apart and 47-cm in diam (fig. 2).
The holes through which the droplets fell were well
centered and kept small to reduce distortions of the
electric field. The jet was created by forcing water
through a suitably dimensioned glass capillary which
was inserted through the top plate with its tip pro-
truding about 1 cm below the lower surface of the
top plate. The jet breakup occurred near the top plate,
its exact position being determined by the velocity of
. efflux from the jet.

A variable potential of 0-12,000 vdc could be ap-
plied to the condenser plates. Events occurring at the
point of jet breakup were photographed with a high-
speed camera, at frame speeds ranging from 4000 to
7000 per sec. In the first series of experiments, light
field illumination was used, together with nigrosine-
dyed water droplets on a bright background. Dark
field illumination of pure water was subsequently used
in order to extend the range to smaller droplet sizes.

The diameter of droplets used in this experiment
ranged from 50 to 750 microns; however, most of the
data were obtained with only two sizes—approxi-
mately 700 microns and 95 microns. Larger droplets
can be obtained from a Rayleigh jet, but they are of
little interest in meteorological work. It was observed
that the jet-breakup invariable consisted of primary
droplets interspersed with one, two, or three satellite
drops of somewhat smaller size, as predicted by Ray-
leigh. The size differences between the primary and
satellite drops increased with increasing jet diameter.
In the case of the 95-micron droplets, the primary and
satellite droplets were about the same size as con-
trasted with a size ratio of 5/1 to 10/1, for millimeter-
sized primaries. As a result of a sudden decrease in
surface energy and increase in kinetic energy accom-
panying the breakup, the satellite droplets move
faster than the primary (larger) ones with the result
that they frequently collide with the droplets ahead.
I't was such collisions, occurring about 1 to 2 cm below
the capillary tip, which were studied.

These collisions are not strictly comparable to the
collisions between drops of different sizes within
clouds. The relative velocities involved in the experi-
ment exceeded differences in terminal speeds by a
considerable margin, a factor which might have tended
to inhibit coalescence. In addition, the ambient rela-
tive humidity was approximately 50 per cent instead
of nearly 100 per cent as in a cloud. These experiments
were carried out at a temperature of about 20C.
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The lower limit of droplet size in this study was im-
posed by the resolution of the camera and the pressure
required to force water through a capillary of small
aperture. Perfectly-clear pictures of 95-micron-diam
droplets were obtained on a dark field. Droplets of 50
microns in diam were obtained from a jet using a
30-micron capillary, but it was not possible to photo-
graph them properly. The great pressures needed to
force water through the small apertures indicated that
the lower limit of the sizes readily obtainable by this
method had been reached.

The sizes of the largest droplets were measured
directly from the films. However, in the measurements
of the effect of electric fields on coalescence, it was
necessary to locate the camera beyond the edges of
the condenser with the result that it was not possible
to size the smaller droplets directly from the film.
In these cases, previously established relationships
between jet size and droplet size were used.

The electric charges on the droplets were measured
as the charge per unit time leaking to ground from a
platinum droplet collector. Knowing the droplet size
and the mass of water collected, one could compute
the average charge per droplet. No attempt was made
to measure charges on individual droplets (which, of
course, represents a serious defect in these data).

The analysis of the films was carried out as follows.
The films were projected slowly, and the number of
coalescences and the total number of collisions were
counted. Noncoalescences resulted in bounce-offs
which were easily observed. Over one hundred colli-
sions between droplets could easily be counted in this
manner from each 100 ft of film.

3. Results -

The coalescence efficiencies of 100-micron satellite
droplets colliding with 600- to 790-micron-diam
primary drops are shown in table 1.

TaBLE 1. Coalescence efficiencies as a function of field strength.
Collisions between drops 600 to 790 microns in diam and
droplets ca 100 microns in diam.

Field strength Coalescence Standard
volts/cm efficiency deviation
0.0 29.4 3.1
3.1 33.5 24
15.4 88.7 3.6
38.4 95.3 1.6
923.0 0.0

These results show an increase in coalescence effi-
ciency from approximately 30 per cent in the case of
zero electric fields to approximately 100 per cent for
fields of about 40 v per cm. At still higher field values,
the efficiency again dropped to zero. It is important
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to note that the maximum coalescence efficiency values
occur at field values only about 20 times the fair-
weather field and substantially less than observed
under thunderstorm clouds.

A similar study was carried out with a jet producing
ca 95-micron-diam droplets. These experiments showed
collisions with 100 per cent coalescence at fields rang-
ing from 0 to 25 v per cm. At fields above 25 v per cm,
the coalescence efficiency quickly dropped to zero, and
the droplets recurved to the upper plate.

Measurements of droplet charges were made as a
function of droplet sizes and electrical fields under
widely differing operating conditions. It was found
that negatively charged droplets were produced from
an unshielded, grounded water supply, even in the
absence of electric fields.* Shielding the actual breakup
point of the jet and applying negative potential to the
top condenser plate reduced the magnitude of these
charges, but it did not reverse the sign. However,
when the jet breakup point was placed above the
upper condenser plate, shielded from stray fields and
biased with a positive potential, the jet produced un-
charged droplets regardless of the potentials applied to
the condenser plates.

Quantitative droplet charges which apply to the
coalescence data of table 1 are given in table 2.

TaBLE 2. Measured values of droplet charges obtained
with upper plate positive.

Charges per drop

Electric field 600 to 650-micron-

95-micron-

volts/cm diam drops diam droplets
0.0 6.3 X 10~% esu 7.3 X 108 esu
3.1 1.0 X 10~ 4.3 X 1078
15.4 5.1 X 1073 2.1 X 1073
38.4 1.3 X 102 5.3 X 1073

4. Discussion

It appears that the observed coalescence-electric
field relationship might result from either of two
factors: (a) the effect of droplet polarization in the
electric field, with the result that approaching droplets
present surfaces of opposite charge, or (b) an effect
of droplet charge, operating independently of the
electric field. Although an effort was made to disen-
tangle these effects, this research has not been com-
pleted at the time the work was terminated.

In considering these two possibilities, one is prone
to prefer (a) because it appears to fit the observations

4 This frequently observed phenomenon is usually attributed to
an ordered rupturing of the surface double layer, although Harper
[15] has recently taken issue with this explanation, proposing
instead a mechanism involving the relative mobility of the H¥
and OH~ ions within the water.
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best. It would appear that the field effect augments
coalescence in spite of the repulsion effect which
would result from having droplets of like sign. Only
when the field reached values in excess of several
hundred volts per centimeter were the repulsive
forces large enough to prevent coalescence in the case
of 100-micron droplets colliding with 650-micron drops.
On the other hand, it was observed that the 95-
micron droplets coalesced with very high efficiency
even in the absence of electric fields. As far as it is
realized, the only essential difference between the two
sets of experiments was the higher average charge
density on the smaller droplets. If this accounts for
the coalescence of the small drops, how can one rule
out the possibility that it might be important in the
case of the large ones? Further research is needed to
settle these questions and to determine the appli-
cability of these findings to cloud-physics problems.
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