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PREFACE 

This paper was prepared by Dr. Kazuhiko Itagaki, Research 
Physicist, of the Research Division (Mr. James A. Bender, Chief), 
U.S. Army Cold Regions Research and Engineering Laboratory. 

USA CRREL is an Army Materiel Command laboratory. 
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SUMMARY 

The problems encountered in measuring the size dis
tribution of water droplets by impactor may be solved by 
making in situ photographs of air-suspended droplets. Ex
posure must be sufficiently short t o stop the moving droplets 
and is accomplished by using electronic strobes having a 
nominal duration of about 1. ZfJ. sec at medium range . The 
almost linear relationship, up to 200 microns, between actual 
droplet size and ring diameter was determined from photo
g raphs of droplets suspended by fibers and droplets produced 
by an atomizer. Camera and impactor results of size distri
bution in atomizer generated fog, steam fo g and natural fog 
are summarized. Comparing the advantag es and disadvantages 
of previously developed photographic, electronic, and laser 
apparatus the present procedure may result in a standard 
method of cloud or fog observation. 

• 



Introduction 

A CLOUD DROPLET CAMERA 

by 

K. Itagaki 

The size distribution of water droplets is a very important parameter in speci
fying the nature of a cloud or fog. In the past, the size distribution has been 
measured mainly by impactor; however the results of impactor measurements are 
affected by several factors. The smaller droplets tend to pass through the impactor 
and thus drastically lower the collection efficiency. Some im_pactor designs, such 
as the cascade impactor (May, 1945) and the Cottrel impactor*, have extended the 
lower limits of the conventional impactor. The upper limit is, of course, the 
orifice size, as droplets larger than the orifice cannot pass through the orifice 
without changing size. 

Other difficulties are associated with the viscosity and thickness of the oil 
layers used to hold the droplets. Thick viscous oil can hold the larger droplets, 
however smaller droplets cannot penetrate the oil layer deep enough to prevent 
evaporation. Low viscosity oil, on the other hand, cannot properly retain the 
larger droplets, which penetrate so far into the oil that they crush on the base glass. 
O ther problems- result from adiabatic expansion, the p ressure drop through the 
orifice decreasing the air temperature and producing changes in the size distribution 
as a result of the increase in supersaturation. In addition, if the concentration of 
droplets in the oil becomes too high, the droplets may stick together, formin g 
larger droplets and changing the size distribution. 

Even in the oil, droplets evaporate. This is particularly a problem in measur
ing the small droplets, which evaporate so rapidly that the photographs have to be 
taken immediately after collection. An impactor that can be placed just under the 
microscope objective has been developed to eliminate this difficulty (Kumai and 
Francis, 1962). 

Magnesium - oxide coated plates or gelatin films with or without dye have also 
been used to fix the record of t h e droplets as they are sampled (May, 1950; 1959; 
Liddell and Mackenzie, 1957). However, the ratio of droplet size to diameter of 
the trace is not constant and must be determined for each experiment. 

One possibility of solving all these problems is to make in situ photo g raphs of 
air-suspended droplets. S u ch a m ethod is d e scribed in this paper. 

Design of apparatus 

When 1 0-f.i droplets are mag nified to 1 mm on film (a magnification factor of 
X 1 00) the droplet velocity on the film is also magnified one hundred times. (If "the 
droplets move 1m/sec the velocity of the imag e will be 100m/sec.) Exposure 
must be sufficiently short to stop the moving droplets. The nominal duration of the 
electronic strobes used in the present apparatus (Ge neral Radio type 1531A Strobo
tac) is about l. 2 microseconds at medium range. The distortion (elongation) of the 
image produced in this duration is 0.12 mm for an image velocity of 100m/sec, 
which is a permissible distortion for the present purpose. 

A conventional impactor samples 50-100 ml of air while a single exposure on 
a 3 5 mm film samples 3 x 10-4 ml assumin g a depth of field of 0. 3 mm and 30X 
magnification. Multiple exposures are preferable in order to collect enoug h 
samples on one frame of film; otherwise it is necessary to examine a very large 
number of photog raphs, each containing very few droplets. Dark field illumination 
should be used. 

':~ Itagaki, unpublished. 
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A bright spot appears on a droplet when it is illuminated by a parallel light 
ray, as shown in Figure 1. The spot moves outward as the angle of illumination 
increases to 45° whe,re it start~ to disappear. If the light source is symmetrically 
arranged around the axis of observation, the bright spot will form a ring as shown 
in Figure 2a. This photograph was taken with an angle of illumination of about 3 0 
degrees. The size of the ring is about 85o/o of the actual droplet size. When the 
angle is increased to 45 degrees, the ring becomes more than 9 Oo/o of the actual 
size as shown in Figure 2b. Bright spots whose size approximates the actual drop
let size are produced only by small moving droplets of about 10 jJ. or less and by 
slightly out-of-focus droplets of medium size. 

The condenser lens should converge the light up to 45 degrees from the optical 
axis and still remain far enough from the field of observation. Two sets of con
denser lenses were combined to reduce the focal length and make a large angle of 
illumination from the axis. A disc made of black plastic adhesive tape was put in 
the center of the front face of the condenser lens to make the field dark. 

The objective lens has to be placed at a distance to avoid affecting the fog d rep
lets and fogging of the lens. An E. Leitz UM 20/0.33 lens was used. The film size 
is limited by the limited light output. If the size of the film is

1 
doubled with the 

same magnification the light becomes one -quarter of the original intensity, thus 
underexposing the film. A MIKAS photomicro g raphic attachment with an E. Leitz 
3 5 mm camera body was selected. A sc h ematic diagram of the optical system is 
shown in Figure 3 and the apparatus with fog generator is shown in Figure 4. 

The relationship between actual droplet size and ring diameter was determined 
from photographs of droplets suspended by fibers as shown in Figure 2 and droplets 
produced by an atomizer. An almost linear relationship up to 200 microns was ob
tained (Fig. 5 ). 

Results 

Though the field was designed to be dark, out-of-focus droplets and dirt and 
fog on the lenses produce a background. In the case of dense fog about six hundred 
multiple exposures reduce the contrast of the droplets with the background and make 
them undetectable. The number of exposures can be increased for less dense fog. 
The light source continues to glow after the nominal duration of emission though 
the intensity decreases rapidly. Brilliant in-focus droplets can be photographed 
in the afterglow and their movement gives a 11 tail" image, which makes it easy to 
distinguish them from dull out-of-focus droplets which are not photographed by the 
afterglow. 

-
Figures 6 and 7 show photographs of two different types of a r tificial fog together 

with histograms of droplet size distributions obtained by the impactor method and 
from the photographs. It is clear that size distribution obtained by the impactor 
method is wider than that given by the droplet camera. This can be expected since 
the concentration near the orifice and in oil will be much higher than in the original 
fog and coagulation will make the distribution wider and larger than the original 
distribution. Figure 8 is a photograph of droplets of natural fog taken on the 
morning of 31 August 1965, outside the USA CRREL Laboratory. The size distri
bution made from this plus 35 other photographs is also shown. 

Figure 9 is interesting although unfortunately the picture is not too clear. In 
it an image apparently different from that normally produced by droplets can be seen in 
the circle. This is a picture of natural fog seeded by liquid natural petroleum 
gas on the morning of 4 March 1965, out side the laboratory. Because many ice 
crystals were observed in the atmosphere, is is presumed that this is an ice 
crystal produced by the seeding. 
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Figure l. Bright spots produced on the water droplets 
by variation of the angle of illumination. 

3 
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a. Angle of illumination 3 0°. 

b. Angle of illumination 45°. 

Figure 2. Bright rings on drops illuminated by a conically converging light. 
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Figure 3. Schematic diagram of optical system. 

F ,igure 4. Apparatus with steam fog generator. 
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Figure 5. Relationship between actual size and 
ring diameter. 
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Figllre 7. Fog generated by an atomizer and 
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100 f.L 

ICE CRYSTAL 

Figure 9. Ice crystal in n atural fog 
on the morning of 4 March 1965 at 

CRREL. 

Discussion 

The disadvantage of the present appara
tus is its small sampling volume. While a 
single photograph of dense fog was sufficient 
to make a size distribution curve, more than 
l 0 photographs must be taken for less dense 
fog. As the depth of focus is related to the 
resolving power and cannot increase, the 
possible ways of increasing sampling volume 
on a photograph are to increase the area of 
the field or to increase the number of ex
posures per frame. A specially designed 
camera with a specially designed lens sys
tern and wider film could be one solution. 
Output of the light source must be increased 
in this case. A l though a longer time of 
operation would increase the number of ex
posures, the rapidly changing phenomena 
could not be followed. An increased flash 
rate would result in decreased light output, 
and a special light source v..ould be needed. 

The width of the present field is 0. 8 mm. Assuming the wind velocity is l 03 

mm/sec and exposure rate is 60/sec, 4. 8 % of the stream was sampled. Seven 
inch wide film a~ used by S. McCullough and P. J. Perkins (1951) would make the 
area of field more than 25 times larger under the same magnification. As the width 
of the field is increased 5 times using 7 -inch film the percentage of the stream 
sampled can be increased by increasing the exposure rate up to 4 times. Thus 25 
x 4 = l 00 times the volume could be sampled when the possible improvements are 
made. Again assuming a 10-second operation, 0.18 x 100 = 18 ml of air can be 
sampled. Under normal operating conditions, this will be sufficient volume. 

A "flight camera" for photographing- cloud droplets in natural suspension in the 
atmosphere has been developed by S. McCullough and P. J. Perkins (1951). Since 
they were designing an airborne camera, the mechanisms are complicated in order 
to follow fast moving droplets. Also, since their optical system was designed to 
produce a bright field photomicrograph, on~y one exposure can be made on each 
frame of the photography. The volume of sampling was less than 7. 5 x 1 o-3 ml. 
This small volume is the major disadvantage of their apparatus. 

R. D. Cadle and E. J. Wiggins (1955) deve l oped equipment similar to our 
apparatus except for the arrangement of illumination. Their illumination is from 
only one direction so that dropl ets of a transparent substance such as w ater produce 
a bright spot or spots as seen in Figure 1 depending on the direction of illumination. 
It would be difficult to determine the drop size from the size of the bright spot. 

A laser fog disdrometer designed by B. A. Silverman (1964) can sample 5 ml 
of air in one exposure. The large sampling volume is a considerable advantage in 
sampling large r droplets. For smaller droplets, however, his apparatus has two 
unavoidable disadvantage s . One comes from his equation 5. 

I (p) _ 2ka2 sin kp
2 

A ( kap) + k
2

a4 [ A (kap )] z 
z 2z 1 2z --zr 1 z 

The firs t and second terms can be removed by using the arrangement he used. 
The k 2 a4/z2 of the third term, however, decreases the diffracted light intensity 
I(p) on the Airy pattern by the fourth power of radius ~while the bracketed part 
remains finite. This means that, when the apparatus is adjusted to give proper 

/ 
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exposure for 100 micron droplets, 10 micron droplets are 1 o-4 underexposed, 
which is an almost undetectably small exposure. The other disadvantage comes 
from his equation 7, 2a = 1. 22 A./r. The size of the Airy pattern increases as the 
drop diameter decreases reciprocally. Less intense, larger Airy patterns will 
make the measurement of smaller droplets difficult. 

The luminous flux reflected or refracted from the droplets will be a function 
of the droplet size. J. Bricard et al. (1964) described an apparatus based on this 
principle. This method requiresarather complicated electronic apparatus but 
the results can be displayed directly so that tedious measurements of size distri
bution are not necessary. This method does not give a direct measure ment, as 
the droplet size is converted to light intensity then to an electric pulse. Hence a 
complete calibration system is required. Other disadvantag es are the lar g e and 
complicated apparatus and the fact that the electric circuit cannot distinguish be
tween ice particles and fog droplets. 

When droplets hit an electrode, electric pulses appear whose height is propor
tional to the droplet size. D. P. Keily (1960) designed an apparatus based on this 
phenomenon. However, the mechanisms of this phenomenon are not well under
stood and this also is not direct measurement. 

The advantages of the present apparatus are as follows: 

1. It is a direct observation so that no calibration is needed. 

2. It uses only photo g raphic film and electricity, making automatic measure
ment simpler. The impactor or impinger requires a gelatin- or oil-coated glass 
plate which makes automatic measurement difficult. 

3. The effect of the apparatus on the droplets is negligible. 

4. Operating conditions will not affect the result. The collection efficiency of 
an impactor or impinger changes with a change in operating conditions such as 
velocity or pressure. 

5. Ice crystals can be distinguished from droplets. 

6. Photographs are a permanent record. 
} 

It is felt that this method, with the suggested improvements, could well be the 
standard method of cloud or fog observation. 
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