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Droplet Impacts Upon Liquid Surfaces 

Abstract. The absorption and rebounding of single droplets and streams of 
droplets (of diameter less than 1200 micrometers) impacting upon the surface of a 
deep liquid have been examined experimentally. Conservation of mechanical energy 
and momentum have been used to explain rebounding droplet interactions, and 
impaction criteria have been established regarding the absorption of droplet 
streams. Surface tension is the dominant mechanism governing the observed 
behavior. Single droplets were never observed to rebound. 

The impaction of droplets upon liquid 
surfaces is a commonplace but little un
derstood interaction. We report here on 
an investigation of the collisions of water 
droplets (of diameter <1200 \xm) with 
water surfaces for an approximately 
semi-infinite pool. In particular, we at
tempted to determine the conditions un
der which the droplets either rebound 
from, or are absorbed by, the liquid 
surface. Two different types of incident 
droplets are used: (i) single droplets 
(which were never observed to rebound) 
and (ii) streams of droplets (which were 
observed to rebound only under certain 
conditions). The impaction process has 
been photographed, and the geometry of 
the surface disturbance is used to relate 
the energy of the incident droplet to that 
of the rebounding droplet. The postim-
paction behavior of the droplet is also 
examined, and criteria for the transition 

from rebounding to absorbing impacts 
are developed. 

Using droplets of diameter >4 mm 
and vertical velocities >700 cm/sec, 
Worthington (/) examined the splash of a 
water droplet in a deep pool of water. 
His observations of a liquid crater and 
crown formation were quantified by En-
gel (2) for normal impacts in terms of the 
energy budget of the surface distur
bance. Engel's analytical technique is 
used in the work reported here. Jayar-
atne and Mason (3) investigated the ab
sorption and coalescence of droplets of 
diameters <1000 |xm. They allowed 
streams of droplets to impinge upon wa
ter surfaces and found that the transition 
between rebounding and absorption was 
dependent upon the droplet diameter, 
velocity, angle of incidence, and electri
cal charge. However, their results are 
restricted to cases of shallow, horizon

tally bounded pools and are of limited 
relevance to the work reported here. 
They also proposed an interaction model 
using a layer of air between the droplet 
and the liquid surface. Other studies (4-
10) are restricted to the absorbing im
pacts of primarily large droplets and are 
of minor importance to this work. 

In the experiments, stable streams of 
uniformly sized, equidistant droplets 
were formed by transverse modulation 
of a water stream (//) . The droplets were 
initially moving horizontally. They then 
fell vertically onto the surface of a deep 
water tank. We controlled the angle of 
impact by adjusting the droplet fall 
height. A mechanized shutter was used 
to interrupt the droplet stream in order to 
permit a selected number of droplets to 
strike the surface. The various stages of 
the collisions were recorded with a mi
croscope-camera and timed stroboscopic 
illumination. The apogee of the rebound
ing droplet's trajectory was recorded by 
a pendulum coated with carbon black 
located to appropriately intersect the re
bounding droplet stream. 

In each test the independent variables 
are the droplet mass (assumed to be 
constant) and the initial horizontal veloc
ity and elevation. Conservation of mo
mentum and energy permits calculation 
of a droplet's momentum and kinetic 
energy upon impact. Similarly, the re
bounding droplet's energy and momen
tum are calculated from the trajectory. 
The results of the measurements are 
summarized in Table 1. 

Rebounding droplets in droplet 
streams generally lose different amounts 
of momentum and energy, and so each 
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Fig. 1 (left). Multiple resonant rebounding 
droplet impactions on a liquid surface. Drop
let motion is from right to left. The photo
graph shows an oblique view from above. 
Fig. 2 (right). Idealized crater and wave for
mation caused by droplet impaction on a 
liquid surface. (A) Vertical cross section in 
the plane normal to droplet motion. (B) Verti
cal cross section in the plane parallel to drop
let motion. 
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rebounding droplet has a unique trajec- 
tory. However, at certain normal veloci- 
ties a resonant system is established in 
which all the droplets rebound with the 
same trajectory. In resonant rebound 
situations a periodically oscillating crater 
is formed in the target liquid at the 
impaction site (Fig. 1). The droplet is 
decelerated, and some of its energy and 
momentum are transferred to a horse- 
shoe-shaped wave created by the drop- 
let's motion. The sides of the wave 
spread laterally as the droplet advances, 
while the front of the wave moves with 
the droplet. From observations of the 
wave geometry one may calculate inde- 
pendently the gravitational, kinetic, and 
surface tension energy components of 
the total wave energy and the vertical 
force acting upon the droplet due to the 
hydrostatic pressure and surface tension 
of the target liquid. The quantities mea- 
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ships shown in Fig. 2. The energy bud- 
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sured are the wave and crater ampli- 
tudes, lengths, and widths, respectively. 

In analyzing the resonant rebounding 
interaction, the droplet is assumed to 
create a channel or crater as it moves 
along the surface. The crater has a long 
wave on either side and three smaller 
waves at the front which curve around 
and join the lateral waves (Fig. 2). There 
is no wave at the rear of the crater. The 
amplitude of the frontal waves is as- 
sumed (based upon observations) to be 
one third that of the lateral waves. Both 
amplitudes are calculated by equating 
the volume of the crater to that of the 
waves. One can calculate the total gravi- 
tational energy of the wave, which also 
can be shown to be equal to the total 
kinetic energy of the wave (12), and the 
surface tension-related increase in the 
potential energy of the wave-crater sys- 
tem by using the geometrical relation- 

2 (in micrometers) is shown next calculated energy of this system (within 
Absorption to each point plotted. the band of measurement error) is equal 

to that lost by the droplet during the 
collision. 

The vertical momentum change and 
average force, F, upon the droplet during 
its descent to maximum crater depth 
may be determined from the equation 
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where the successive terms arise from 
the liquid hydrostatic pressure, surface 
tension, and droplet weight, respectively 
(p is the density of the liquid, g is the 
gravitational acceleration, rn is the mass 
of the droplet, and a is the surface ten- 
sion of water). The measured rate of 
change of droplet momentum and the 
forces acting on the droplet are displayed 
in Table 1. By far, the strongest force is 
that due to surface tension. The best 
agreement with the measured droplet 
momentum change is found when the 
interfacial force is multiplied by a factor, 
K, of 0.75 which is justified because (i) 

Table 1. Incident and rebounding measured velocities, energies, and rates of momentum change of the resonant droplet stream. 

Incident Rebounding calcu- Calcu- Calcu- Calcu- Calcu- Mea- 
droplet droplet lated lated Calcu- Mea- lated lated lated sured 
velocity velocity kinetic EL- lated ured hydro- sur- re- rate of 

Droplet (cmlsec) (cmlsec) plus ten- total energy static face- duced droplet diameter 
Ver- Hori- Verti- Hori- gravity sion energy lost by plus ten- total mo- 

( ~ ~ )  tical zontal cal rontal 7::; energy of site droplet gravity sion force mentum 

com- com- com- com- of site (ergs) (ergs) forces force (0.75 F) change 

ponent ponent ponent ponent (ergs) (dynes) (dynes) (dynes) (dynes) 
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Eq. 1 averages the force over space only, 
not time, and the droplet spends more 
time in the lower half of the crater, 
where both the hydrostatic pressure and 
the surface tension force are greater 
(thereby suggesting that 0.5 a K < 1.0), 
and (ii) the submerged portion of each 
droplet (depicted in Fig. 2) is not com- 
pletely surrounded by water. These suc- 
cessful mechanical analyses have made 
no use of the air layer hypothesis of 
Jayaratne and Mason (3). 

As the normal incident momentum 
of a rebounding droplet stream is in- 
creased, eventually a point is reached 
above which no rebounds are observed. 
The threshold conditions for transition 
from rebounding to absorption were 
measured for various droplet sizes, and 
the results show that the incident normal 
components of momentum and energy 
increase with increasing droplet mass. In 
addition, the interdrop time interval in- 
creases monotonicallv with the incident 
normal component of momentum (Fig. 
3). The explanation of these data remains 
unclear; however, they are reproducible 
and consistent and indicate the interface 
conditions between the two regimes of 
behavior. 

Within the range of incident velocities 
and droplet diameters examined, single 
droplets were never observed to re- 
bound. In each single droplet test the 
droplet control shutter allowed typically 
four droplets to pass through, and the 
leading droplet (taken as a single droplet) 
and all succeeding droplets were always 
absorbed. Droplet impaction photo- 
graphs indicate large deceleration of the 
leading droplet in forming a crater so that 
this energy loss is sufficient to prevent 
the droplet from rebounding. Succeeding 
droplets, however, encounter a partially 
formed crater and thus must perform less 
work in the process of crater formation. 
The shaping of the crater continues, with 
each droplet losing all of its kinetic ener- 
gy upon absorption. Finally, an impact- 
ing droplet retains enough kinetic energy 
to escape from the surface, after which 
all impacting droplets with the same 
characteristics rebound. 
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Leaf Herbivores Decrease Fitness of a Tropical Plant 

Abstract. Damage by insect herbivores to neighboring individuals of the shrub 
Piper arieianum in a neotropical wet forest varies greatly. This differential damage 
has a genetic basis and results in a 2-year decrease in growth, seed production, and 
seed viability, with larger plants recovering before smaller plants. The results 
provide evidence that leaf herbivores represent a potentially strong selective force 
for the evolution of plant defenses. 

Theoretical considerations of herbi- gle measurements of herbivore damage 
vore-plant interactions assume that the to entire plants range from 3.93 to 49.65 
numerous mechanical and chemical percent (mean +- standard deviation, 
characteristics of plants that decrease 16.74 + 8.84 percent; n = 25 individ- 
herbivore feeding, growth, and survival uals) (8).  Statistically significant differ- 
have evolved as a direct result of selec- ences in herbivory between clones of P .  
tion imposed by herbivores (1, 2). How- arieianum strongly suggest that plant ge- 
ever, our understanding of the effects of notype differences influence this intra- 
leaf herbivores in plant evolution is ei- specific variation in herbivory (9). 
ther derived from agricultural systems or To relate intraspecific variation in her- 
correlational evidence of herbivore- bivory to possible differences in plant 
caused reductions in plant growth or fitness in P .  arieianum, I defoliated 
survival in nature (3, 4). Realistic experi- plants in late November 1980, 2 months 
ments are scarce (5). Studies of natural 
populations of the neotropical under- 
story shrub Piper arieianum C.DC. (Pi- 
peraceae) show a link between intraspe- 
cific variation in leaf damage and differ- 
ential reduction of plant fitness. Natural- 
ly high variation in herbivore damage 
between individual plants and clones ap- 
pears to be related to substantial long- 
term effects of simulated herbivore dam- 
age on growth, seed output, and associ- 
ated characters. 

Piper arieianum is a common under- 

before the main flowering peak of the 
species (10). I used a paper punch to 
damage leaves for 18 days (11). Within a 
plant, most leaves receive little natural 
damage, and a few sustain heavy dam- 
age. I simulated these naturally uneven 
patterns of herbivory by removing small 
amounts of leaf area from most leaves 
and heavily damaging the remaining few 
leaves. The total area removed was 0, 
10, 30, or 50 percent of the plant's total 
leaf area (12). To control for influences 
of plant size on the effects of defoliation, 

story shrub at the La Selva Biological I classified plants into three size catego- 
Station which is located in lowland tropi- ries (small, medium, or large) at the 
cal wet forest in northeastern Costa Rica beginning of the experiment (13) and 
(6) .  Loss of leaf area to herbivores in this 
species varies greatly between neighbor- 
ing plants. For individual plants over 
short time periods (2 to 3 months), leaf 
area loss attributable to herbivores other 
than leaf-cutting ants is low, but variance 
is very high: for nine census periods, the 
mean percentage of damage and stan- 
dard deviation ranged from 1.04 r 1.14 
to 6.63 -+ 15.31 percent (n  = 25 plants; 
extremes in individual plant damage, 
0.00 to 25.95 percent) (7). Because 
leaves live for 1.5 to 2.5 years these 
relatively small losses over short time 
periods can sum to large amounts of 
damage observable at any one time. Sin- 

randomly assigned individuals within 
each size category to a defoliation level 
(14). In addition, I completely defoliated 
30 medium-sized plants over 1 day by 
clipping the blade from the midrib of the 
leaf and removing the cut material from 
the vicinity of the plant; this simulated 
damage by leaf-cutting ants. 

Growth during the first year after defo- 
liation showed a statistically significant 
reduction (P < 0.05) in small- and medi- 
um-sized plants from which 30 percent 
or more of the leaf area was removed 
(Fig. 1A) (15). For the full 2 years after 
defoliation, small- and medium-sized 
plants with 230 percent defoliation 
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