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A low cost photographic system has been designed and developed to "freeze" multiple exposures of falling water
droplets. These exposures afford a relatively simple approach for the determination of both drop diameter and fall
velocity, and hence energy and momentum characteristics offalling droplets. The system was developed and ispresently
used to describe the drop size distribution, fall velocities and kinetic energy of water droplets generated by a rainfall
simulator. The technique shows promise for application instudying properties of natural rainfall and in various diverse
rapid-motion photographic projects.

INTRODUCTION

In the development of a rainfall simu
lator for soil erosion research, two of the
prime criteria which have been used over
the years to evaluate performance have
been that the simulated drop size distri
bution should be similar to that of natural

rainfall, and that the drop impact veloci
ties should approximate the terminal ve
locities of natural raindrops (Bubenzer
1979). Satisfying these criteria insures
that the energy and momentum character
istics of the simulated raindrops closely
approximate those of natural rainfall.
Rainfall energy has been demonstrated to
be a significant factor in the determination
of soil erosion (Bubenzer 1979).

Laws (1941) and Laws and Parsons
(1943) developed a number of relation
ships for naturally occurring raindrops,
including mean drop diameter and mean
fall velocity versus rainfall intensity, drop
size distribution versus intensity, and fall
velocity versus drop diameter. These re
lationships have been used as a set of basic
standards for the comparison of results
from rainfall simulators (Bubenzer 1979).

With information available regarding
characteristics of natural rainfall and ap
propriate indices of similitude, the assess
ment of rainfall simulator performance
has become a matter of determining the
size and velocity of falling drops. The size
of droplets has been determined by many
methods over the years (Schleusener and
Kidder 1959), the simplest approach being
the "plaster of pans method" suggested
by Bentley (1904). Drops were allowed to
fall in a layer of fine compacted flour or
plaster of paris to form a pellet, and the
size of each drop was ascertained from the
corresponding pellet size. In Germany,
absorbent paper was used to replace flour
(Wiesner 1895). Drop size has also been
determined by artificially freezing the
drops (Neuberger 1942; Taylor and Har-
man 1954), by allowing the drops to fall
through a specially treated screen
(Boucher 1951), through the use of optical
instruments and impact tubes (Cooper
1951; Cunningham 1951), by means of a
parallel plate condenser (Smith 1951,
1955), and by photographic techniques
(Laws 1941; Laws and Parsons 1943;
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Davis 1949; Green 1952). A stress anal
ysis technique (Schleusener and Kidder
1960) has also been employed to measure
drop size.

Though the measurement of drop size
has not created a serious problem, it has
been difficult to characterize both drop
size and velocity of fall in a single meas
urement. In the earlier photographic tech
niques (Laws 1941; Laws and Parsons
1943) the drop size and velocity of fall
were measured independently. This ap
proach left questions regarding the veloc
ity of fall of particular drops. The equip
ment and procedure described below give
a simple and relatively inexpensive pho
tographic technique to allow the measure
ment of both drop size and velocity of fall
from the same photograph.

THE PHOTOGRAPHIC SYSTEM

The photographic apparatus was origi
nally designed as an adaptation of that de
veloped by Laws (1941). Fundamentally
it consists of a camera shooting through
angled slots in a rotating chopper disk with
dark-field illumination, as shown sche-
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Figure 1. Schematic diagram of the photographic equipment.
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matically in Fig. 1. Laws' system used
externally mounted lamps, while the de
veloped apparatus had a parabolic reflec
tor with a black metal plate mounted in the
middle. The lamp was shielded from the
spray in a box with a tempered glass front.
The focal point of the reflector was ap
proximately 60 mm in front of the black
metal plate. The camera was focussed on
this area and multiple exposures were
taken through the slots in a rotating chop
per disk. This initial development, like
that of Laws, allowed excessive streaking
and flare (Fig. 2) and was inadequate for
measuring drop diameter. Further analysis
of the system produced modifications that
allowed the velocity of fall and drop di
ameter to be measured together. The de
sign procedure used is outlined below.

The root of the streaking and flare prob
lem was ascertained to be the excessive

time required for the slot on the chopper
disk to travel in front of the circular cam

era aperture. The aperture could not be
considered as a point, but rather as a circle
whose diameter was large relative to the
width of each slot as shown in Fig. 3.
Then the distance L travelled by a slot
while the camera photographed through
that slot, was

2r (1)

where: r = aperture radius (mm) and
d = slot width (mm)

assuming translational motion with L
being small relative to the disk circumfer
ence.

The velocity V of the edge of the slot
could be determined from the equation of
rotational motion to be,

V = Ru (2)

where: R = radius to the center of the slot

on the chopper disk = 94.3 mm,
and

co = rotational velocity of the disk
= 1760 rpm or 184.3 rad/sec.

Substituting Lit for V and solving for time
t during which the camera photographed
through the slot,

t = (2r + d)/Rw (3)

The smallest aperture size used was f32 on
a 200-mm lens. Therefore, r = 3.13 mm.
With a minimum slot size of d = 0.82

mm at the center of the slot (d = 1 mm
at the outer edge of the slot),

((2x3.13) + 0.82)/(94.3 x 184.3)

= 1/2355 sec. (4)

This time can be considered to be the

"speed" of the camera-chopper disk sys
tem.
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Figure 2. Photographs of falling droplets without slit on the camera lens aperture. Note streaks
and flares.

From drop velocity data presented by
Laws and Parsons (1943), a maximum
design velocity of 9 m/sec was chosen for
a drop of 6-mm diameter. In 1/2455 sec,
a 6-mm droplet falling at 9 m/sec travels
3.67 mm producing a 61% elongation. It
was this elongation which caused the
streaking in the initial results (Fig. 2), and
the excessively long exposure was respon
sible for the flare.

The next modification involved the use

of a small 1-mm x 200-mm slit over the

lens of the camera, with the aperture fully
open behind the slit. With an aperture slit
size of 1 mm (r = 0.5 mm) and a chopper
disk slot of 1 mm,

((2 x 0.5) + 1.0)/(94.3 x 184.3)

= 1/8690 sec (5)

This camera-chopper disk speed repre
sented a significant improvement over the
initial circular aperture, yielding a re
duced 0.9-mm error for the 6-mm drop
travelling at 9 m/sec.

The design velocity was thus used as a
basis for determining the number of slots
required on the chopper disk. Since mul
tiple exposures of drops were obtained to
ascertain the fall velocity of each drop, it
was important that a drop did not travel
through the field of focus in the time
elapsed between slots. The equation for
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mm in front of the face of the reflector. A

metal plate (63 mm X 92 mm) was sus
pended vertically and flush with the face
of the reflector in front of the lamp. The
plate was painted with balck heat-resistant
metal paint. The lamp and plate were hou
sed in a metal box with a tempered glass
front. The lamp face abutted the glass.

A separate movable barrier with a 60-
mm x 40-mm window was placed be
tween the lamp assembly and the camera
along the axis of the lens. Both sides of
the barrier were painted black. This pre
vented light from entering the camera lens
directly from the lamp.

A "Nikkor Q" f4 lens of focal length
200 mm was used on a Nikon PB-6 bel

lows and a Nikomat FT2. The bellows ex-

SLOT

tension was nominally 86.1 mm to give a
magnification of 0.435 on the negative.
The negative was enlarged with a magni
fication of 4.598 onto R. C. paper with
good dimensional stability, resulting in an
image twice the size of any drop passing
along the plane of sharp focus. Any image
closer or farther from the lens would be

less sharp with more or less magnifica
tion. For a drop 10 mm closer to the lens
the image would be unsharp but distin
guishable and 1.0154 times larger. For a
drop 10 mm farther from the lens, the im
age would be unsharp but distinguishable
and smaller by a factor of 0.9851. Expo
sure was made onto Kodak Tri-X film

(ASA 400) and given 50% longer devel
opment time for increased contrast.

Figure 3. Slot and aperture.

the number of slots per second is,

S = (n<o/2ir) (6)

where: 5 = number of slots per second,
and

n = number of slots on the disk.

The time T between each slot was approx
imately the reciprocal of S assuming the
slot size to be small. Using n = 8 as a
trial number of slots, S = 235 slots/sec,
and T = 1/235 sec. The design drop, hav
ing a 6-mm diameter and 9 m/sec velocity
of fall, travelled 38 mm in 1/235 sec, and
the black plate providing the photographic
background was 92 mm in length. Hence,
there was sufficient time to obtain multi

ple exposures of the falling drops.
The optimum shutter speed was deter

mined by trial and error. The longer the
shutter was open, the more drops a pho
tograph would contain. At a certain point
too many drops cause excessive flare and
"noise" making the photograph difficult
to analyse. The shutter speed, which has
provided very useful photos to date, has
been 1/15 sec.

The illumination apparatus consisted of
one 600-W quartz halogen lamp in a 152-
mm parabolic brushed aluminium reflec
tor with a focal point approximately 60 Figure 4. Photographs of falling droplets with the camera lens aperture covered by 1-mm slit.
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The camera lens was covered by a slit
(1 mm x 40 mm) and the aperture was
left fully open. The chopper disk was
composed of two circular pieces of sheet
aluminum that could be rotated (one on
top of the other) to change the size of the
slot. The radii to the outer and inner edges
of the slot were 115 mm and 75 mm, re
spectively. There were eight slots in the
disk and it was painted flat black to pre
vent reflection. The disk was driven by a
0.023-kW syncronous motor rotating at
1760 rpm. The camera and chopper disk
assemblies were mounted on two tripods
and were protected from splash by a metal
splash shield. Absorbent urethane foam
was placed on all surfaces near the fields
of focus to further prevent splash.

SAMPLE RESULTS

Photographs provided by the system are
shown in Figs. 2 and 4. Comparison of
these two figures reveals the improved
quality photograph resulting from the
modifications made in the photographic
system, i.e. streaking and flare have been
reduced significantly.

The system has been used to evaluate
the performance of the rainfall simulator
developed at the University of Guelph for
soil erosion studies (Pall et al. 1983).
Sample results are shown in Fig. 5 in re
lation to those of Laws (1941). Eight pho
tos were analyzed in this comparative
study. The project took only a few days
to perform.

CONCLUSION

The photographic system outlined pro
vides an inexpensive facility for the pro
duction of photos from which diameter
and velocity of falling drops can be ac
curately ascertained. The system has been
demonstrated to be suitable for character

ising droplets formed by a rainfall simu
lator, and shows potential for studies of
natural rainfall, and for other rapid motion
photographic projects.
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