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,

HIOTOMICRCWRKPEIC INTEST?WTION OF SPONTANEOUS FREEZING

OF SUEQWOOLED WATER DROPIEE3

By Robert G. Dorsch and Paul T. Hacker

A photomiorographioteohnique for investigating supercooled
water droplets has been devised and used to determine the
spontaneous freezing temperatures of su~ercooled water dro@ets
of the size ordinarily found in the atmosphem. The freezing
temperatures of 4527 droplets ranging from 8.75 to 1000 microns
in diameter supported on a platinum surface and 571 droplets
supported on copper were obtained.

The average spontaneous freezing temperatm decreased with
decrease in the size of the droplets. The effect of size on the
spontaneous freezing temperature was particularly marked below
60 miorons. Rrequenoy-distributioncurves of the spontaneous
freezing temperatures observed for droplets of”a given size were
obtained. Although no
all droplets melted at
support did not differ
platinum surface.

droplet froze at a temperatm above 20° F,
32° F. Results obtained with a copper
essentially from those obtained with a

INTRODUCTION

Although many important advanoes have been made in the control
of ice formation on aircraft in flight, little progress has been .
made toward an understanding of the fundamental ~ocesses involved
in the formation of ioe or the prediction of such formation.

Beoause the presenoe of supercooled water in the atmosphere
is pr~ily responsible for aircmft icing, it is necessary to
know the properties of supercooled water for a complete under-
standing of the icing process. Although supercooled water has been
observed and reported for over two oenturies, considerabledis-
agreement exists as to the degree of supercooling possible and the
factors that influenoe supercooling.

,
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During the last 20 years, a few s@ematic laboratory “
investigations of supercooled water have been conducted. The
studies of Meyer and Pfaff (referenoe 1), Tamann and I#ckner
(reference2), and Rau (presented in reference 3) in Germany,
Doucet -(refemmce ‘4)in ~ce CwSLong (reference 5) in England,

!and Ilorsey(references 6 and 7 and Heverly (reference 8) in the
United States are of pmtioular interest.”

Three of the many faotors investigated that are thought to
influenoe the degrde of su~roooling may be particularly important
in the prediction of aircraft icing in a supercooled oloud:

1. Effect of conta@nating agents, such as undissolved
suhstanoes in the water

2. Quantity of water comprising the sample, for example, the
diameter of a su~rcooled &roplet

3. Length of time the droplet has been at or below 320 F
.

The results reported in references 1 and 2 on bulk water
indicate that tipurities in the water are an tiportant factor in
its su~rooolability.

In references 6 and 7, 3- to 4-milliliter,samples of water
were used in sealed or stoppered glass tubes ‘andit was found
that the tempera- of spontaneous freezing of supercooled water
was characteristic of the sample of water. (The term spontaneous
freezing herein refers to crystallization occurring without exbernal
stimli, such as seeding by an ice mystal. ) It was conoluded frcm
the obsezwationsthat the presenoe of “motes” (undissolvedsubstances
in the water or matter bounding the sample) accounted for the spon-
tanecms freezing temperature of a ~icular sam@e at a particular
time ●

The presence of fine partioles in the water was fcund to be an
important factor in terminating supercooling (reference4). The
investigation indicated, however, that the presence of these partioles
is not always necessary in the formation of the microcrystal. It was
also found that the degree of supercooling increased with decreasing
volume of water.

.

In reference 3, it was reported that freezing of supercooled
water on a polished metal surface started on speoial “freezing
nnclei,” which determined the fi=ezing texnpemture. It was stated
that these freezing nuclei can gradually %e made inactive by successive
freezings. By re~ring all freezing nuolei inactive, it was found
that water could be su~rcooled to -72° C. A urked decrease in
surface tension below about -55° C was also reported.
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An unsuooessful attempb to duplioate the results of reference 3
was repOrtea in reference 5. So long as only air or pure water vapor
was present in the surrounding ohamber, none of the unusual phenomena
reported were founa. It was noted only that “supe.roooleddroplets
froze on the test plate at various tempemtures, which were constant
for eaoh droplet. Successive melting and freezing did not lower the
freezing yoints.”

An investigation (reference 8) has recently been conducted on
spontaneous freezing temperatures of supercooled droplets suspended
by a thermocouple and on wax paper for purposes of com~ison. It
was found that below 400 microns the rate of decrease of the spon-
taneous freezing temperature varied inversely with b%plet diameter.
Howeverj it wqs also found that the spontaneous freezing temperature
was independent of the source of the water used to obtain the droplets.

The previously mentioned investigators seem to agree in general
as to the importance of the effect of time on the spontaneous freez-
ing tempemt~. It may be conoluded from their work that, with the
exception of sudden chilling where a large temperat~ gradient is
present, the time a sample has remained in the supercooled.state is
not an important factor. Rather, the temperature reached by any ‘
part of the water sample is important.

.
The purpose of an investigation conducted at the lMCA Lewis

laboratory, and described herein was to study the spontaneous freez-
ing temperatuns of droplets within the size range eacountend in a
supercooled icing cloud in order to determine size dependency.
Because the spontaneous freezing temperatures of various samples of
water investigatedby Dorsey (reference 7) differed by as mzch as
29° F, although all samples were approximately the same volume, a
statistical study of water &roplets was made to determine if similar
variations in freezing temperatum3 exist for droplets of a fixed
size. No attempt was made to find any absolute minimum temperature
limlt for the existence of supercooled water or to determine the
effect of time on the spontaneous freezing tem~rature. Although
further research under conditions closely duplicating the super-
cooled cloud in the atmosphere is necessary, it is believed that
the effect of size and presence of impurities on the state of the
water droplets in a natural cloud may be similar to that found in
this investigation.

In the investigateion reported herein, the freezing temperatures
of 4527 droplets condensed on a platinuresurface and 571 droplets
on a copper surface were obtained. Photographs were taken through a
microscop at l-second intervals and a corresponding record of the
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temperature was tie. The methd used hasseveral desirable
features: (1) The temperature of the supporting surface can
rapidly he brought to a desired temperature as well as be changed
at controlled tfi rates; (2) a psrmnent history of a group of
droplets is obtained for each data run; (3) data on a larg6
nuniberof droplets can be taken ra~idly without sacrificing .
aocuracy of obsemation; and (4) a study of the photographic
history of a given supercooled droplet a13mws an acourate determi-
nation of its state at a given temp=ture. Because conventional
precision cryostats are not adaptable to rapid cycling of tem-
pwature, the temperature of the supporting surface was controlled
by radio-frequency induction heating.

APPARATUS AND ImCEmKE

The apparatus employed for this investigation is schematically
shown in figure 1. The droplet-supporting&urface (fig. 1(b)) con-
sisted of very thin (O.003-in.) @atinum foil 0.180 inch In dia-
meter. Sandwiched between the foil and a temperature equalizing
plate of 1/32-inch sheet copper was an iron-constantanthermocouple
(No. 28 wire) in exoellent therml contact tith the platinum. The
copper was solde~d ‘tothe top of a small cylindrical pieoe of steel
that was heated by induction frm a surrounding copper coil. The
steel was attached on its lower side to a copper rti that was
immrsed in a cold bath consisthg of dry ice and the solvent Varsol.
Radio-frequency heating was used to compensate for the heat sink.
The tem~rature could be rapidly changed or kept nearly constant
by var@ng the power supplied to the radio-frequency oscillator.
The platinum support surface was surrounded by a small brass chamber
with plastic observation ports. This chamber provided a local
atmosphere that was isolated from the exterior atmosphere. A
thermocou@e was also placed in this enclosed air space to recozd.
the temperature of the air 1 centimeter from the surface. The
surface temperature was recorded by a recording potentiometerthat
printed the temperature on a strip chart at l-second intervals. A
microswitch was utilized to actuate a relay on a 16-mil13meter movie
camra, which vie~=d the-surface through a microscop and exposed a
single frame at the ins’tantthe temperature was printed. A seoond
microscope viewed the surfaoe at an angle for visual observation
during each run. A microscope lamp at a 20° angle with the surface
was used for illumination. The windows were kept free of conden-
sation by a very light Set of air direoted against their external
side. A general view of the apparatus with the low-mgnifioation
chamber in place is shown in figure 2.

.
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For droplete smeller than 23 miorons, it was necessary to
modify the original cham%er surrounding the surface in order to
allow the objective of the microscope to be closer to the surface
for higher magnification. This chanber was also of brass and had
one large window close to the platinum surface. The surface was
inno ’mannerchanged from that ‘&scribed in the preceding O@ragraph.
The tind.owwas made from a microscope coverglass. Because of the
mzch smaller chamber volume, additional air was supjlied from with-
out the chamber to obtain mois~ when needed. In order to supply
the additional air, two long copper tubes (1/16-in inner diameter),
which were cold because of thermal contact with the cooling rod,
were inserted into the chaniberfrom opposite sides. A rubber bulb
attached to one tube forced additional.air to circulate through the
ohamber when.aihlitionalmoistum? was desired. The platinum surface
was protected by an inner shield that allowed the new air to enter
the inner region of the chamber only thraugh small holes immediately
beneath the glass window. The air forced in could not impinge
directly on the platinum surface and the inner chamber was thus
isolated from the open ends of the small tubes entering the chamber.
Because the window was close to the supporting surface, the entire
apparatus was placed in a large refrigerated chamber. This chamber
air co@d be readily dried and chilled to a suitable low tem~rature
to reduce the tempwature gradient between the surface and the
window of the small chsnber and to eliminate the necessity of using
an ati jet to keep condensation off the w@iow. In order to be
certain that changing the chaiber surrounding the “surfacedid not
influence the accuracy of the dab obtained, the size of the largest
droplets studied with the second chamber was allowed to overlap those
of the lower range investigated with the low-magnification chamber.

Water droplets were obtained on the surface and then super-
cooled by the fo3Jmw5ng proceduzw: l!kostwas deposited on the
surfaoe by lowering the temperature to apprmtely -30° F; the
frost was then melted. Because of surface tension, the water
gathered into small approximately hemispherical tioplets. The
average size of the grouy of droplets obtained depended on the
amount of frost gathered. Neti, the tempemture was lowered to
32° F and then decreased at a rate of 0.2° to 0.5° F per second.

Size calibration of each run was made by using a stage micro-
meter. The total magnifications used (includingmagnification by
viewer) were 20 to 30 times for the larger droplets and ‘upto
200 times for the mmillest droplets measured. Although higher
magnification by the microscope would be desirable, a ltmit is
imposed by the decrease in depth of the field at high magnifi-
cations. Visual observations indicated that the droplets were
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approximately hemispherical in shape; the dismeter measured was
therefo~ the diameter of the circle of contact of the hemisphere
with the supporting surface. Because of the possibility that
evaporation or condensationmay chauge the size of a droplet as
the tempqature is lowered, the diameter was measured just afier
freezing took place and before any frost growth was deteoted on tk
frozen droplet. “

The spontaneous freezing of the droplets was determined by
a change in appearance on freezing. In studying each droplet in
the photomicrograph frame-by-framethroughout its cooling history,
a frame was reached in which a sudden change in opacity occurred.
The correspondingtemperahn.w was &en as the freezing tempera-
ture. As a check on the reliability of this method, a comparison
was made between the freezing temperature of large droplets (over
500 microns) obtained by observing the abrupt temperature rise
associated with the release of latent heat, and the visual method.
In all cases investigated, the temperature at which the abzupt
temperature rise occurred corresponded to the freezing tempemture
as determined from the frame number of the photograph sh~ng a
change in opacity. For droplets smaller than 500 microns, the
latent heat released could not be detected by the thermocouple in
most cases. A very large drop (1600 micrond) is shown before and
after freezing in figures 3(a) and 3(b), respectively. In the
l-second interval between the two pictures (frames 110 and Ill),
the large drop in the lower right quadrant of the supporting
surface t~a opaque or milky. Figure 4 is a copy of the strip
chsrt from the recording potentiometer. A te~rature rise of
a~oximately 2.5° F occurred between frames 110 and I-XLdue to
the release ?f latent heat as this large dro@et froze.

Selected photogmphs from one data run (fig. 5) are t~ical of
those obtained in the investigation. Inasmuch as the droplets ,
were photographed each second, the fram mmibers correspond to
the elapsed time in seconds from the start of the data run.
Because of the low angle of illuminationfrom one side, each
liquid droplet has two distinct high lights that oan be used as
a guide to its location.

The accuracy of the tempem- measurement provided by the
thermocou@e looated’beneath the platinum foil was periodically
checked by noting the temperature at which melting ocourred.
Within the accuracy of the recording potentiometer,which was
read to the nearest 0.5° F, the melting always occurred at 32° F
for all chsmber conditio= used. A critical survey of the photo-
graphic records of droplet freezing showed no areas on the supporting

.

.
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platinum in which freezing proceeded more readily than in other
&as. Suitable temperature unifomnity on the support surface
was thus indicated. Although only the tem~rature of the platinum
surface was accurately controlled, the smaU dro@et size relative
to the supporting sumface and the ~sence of an isolated air
space between it and the surrounding chamber petitted only a small
tem~rature gradient within the droplet. As an experhental check
on the effect of the temperatuzw difference in the droplet on the
spontaneous freezing temperature of the droplet, runs were made
wit,hvarious fixed chamber tempsratums. The chamber temperature
reoorded was measured by the thezmmcouple placed 1 centtiter
above the platinum surface in the low-mgnification zuns and at th
chamber wall for the high+nagnificationruns.

JWeezing runs made with the radio-frequency oscillator turned
off were compared with runs in which comWnsating heat was used to
decrease the cooling rate in order to determine the effect of the
radio-frequency.field on the droplet freezing temperature. No aif-
ference was noted. Because the induction coil of the radio-frequency
heater encircled the iron cylinder below the platinum surface, the
flux density through the,water droplets was assuwil ~gligible.

Various methods of cleaning the inside of the chanibersand the
support surface were used. The surfaoe was rinsed with water of
varying degree of purity. The droplets condensed on the surface
thus had a possibility of being contaminated to a variable degree.
The data were examined to detemine the influence of the surface
finish of the platinum support, mcdified by gently scrubbing the
surface, on the freezing temperatures measured. As a further check
on *he effect of the support surface on the spontaneous-freezing-
temperatm measurements, the platinum foil was replaced by copper
foil and additional data were taken for comparison.

RESULTS AND DISCUSSION

The spontaneous freezing of 5098 droplets was observed. The
size, the len@h of time below the melting point, and the spon-
tane&s freezing temperature of each droplet were recorded. The
distribution of droplet sizes for which the spontaneous freezing
temperatures were determined is shown in figure 6. For canplson,
a distribution of the mean effective droplet diameters found in
icing clouds (references 9 to 11) is shown in figure 7. The region
investigated in this report corresponds fairly well to the droplet
sizes otiinarily found in natural clouds when it is consiaema that

spherical droplets of the same volume as hemispheres would have
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smaller di~ters than that given for the near-hemispherical
droplets studied in this report and that the mean effective drop-
let diameter is a volume-median droplet size.

The sp~taneous freezing tempsmtures obtained for droplets

-iu ~ size fr~ 8.75 +2.5 *O 230.0 *U..5 microns & plotted
in figure 8 for a constant value of droplet size indicated in each
figure● In each case shown, the frequency of occurrence of a
particularfreezing temperature as a function of the freezing
temperature of droplets of a given size provides a distribution
curve with a well~ef ined peak frequency. The otiinate was tijusted
to make the pxak frequency unity, ~fithother frequencies propotiional ,
to the peak frequency. As the number of droplets olserved for a
particular size increased, the more nearly a smooth single-paked
curve could be drawn through the Tlotted data, as indicated by the
frequency+stribution ewes for 46- and 69-micron droplets
(figs. 8(f) and 8(g), respectively),where over 600 “dropletswere
observed in each group. The standard deviation computed for each
size group is given with eaoh figure. With the exce~iun of the
230-micron data (fig. 8(1), where the standard ~eviation was
7.fi” F, all size groups had standard deviations within the range
4.31° to 5.75° F. The greatest diffennce between the maximum and
the minimum freezing tem~ratures observed for droplets of the
same size was 41.5° F for 115-micron droplets (fig. 8(i)). For
comparison, data taken on the copper surface is plotted with that
taken on platinum in figures 8(f) and 8(h) for droplet diameters of
46 and 92 microns, respectively. As indicated by these figures,
the distribution curves obthined are s~.

The distribution of spontaneous freezing tempe=tus of 3-Lto
4-milliliter samples of water investigated by Dorsey (reference 7)
iS shown in fi- 9. The data have been plotted ‘bnthe same
coordinates as figure 8. Comparison of this curve with the frequency-
distribution curves for droplets indicates that the mme type of
variation in the spontaneous freezing temperature found for bulk
water exists for droplets of a given size. This comparisonsuggests
that the variations in the freezing temperatum? of droplets of a
fixed size may be due to the presence of “motes”, as postulated by
Dorsey for bulk water.

The vaiation of avera&, mKimum, and.minimum freezing
tempertdazreswith tioplet size taken from the data used for
figure 8, with additional data on droplets up to 1000 microns, are
shown in figure 10. The average spontaneous freezing temperature
for each size decreased as the droplet size decreased for the
entire size range. Below 60 microns, the spontaneous freezing
temperature decreased rapidly with size. This curve shows the same
trend as that published by Heverly (reference 8). The pronounced
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ch&ge in slope in Heverly!s curve at 400 microns appears at
60 microns in the data of this report. The tide variation in
spontaneous freezing temperature for droplets of a given size is
indicated by the large separation of the curves for the maximm
and minimum temperatures observed for each size. None of the
4527 droplets supported by the platinum surface was olmerved to
freeze spontaneously at a temperature above 200 or beluw -38° F,
hut all droplets’melted at 32° F.

The average s~ontaneous freezing temperatures for droplets
of given sizes suppofied by a copper. surface are plotted in fig- .
ure XL. For comparison, the data of the average spontaneous
freezing tempera~s for droplets of given sizes on platinum exe
also shown. (206dagreement exists between the data taken on the
copper and those on the platinum suTport, which shows that the .
nature of the supporting metal surfaoe do-es not materially
influence the freezing tempmat-.

Selected photographs of droplets frcm two data runs are shown
in figures 5 and 12. The first series (fig. 5) Illustrates the
general dependency of the spontaneous freezing temperatm on the
size of the droplet, as indicated in figure 10. At temperatures as
lm7 as 0.5° F, none of the droplets were frozen in spite of being
as much as 31.5° F lelow the melting point (fig. 5(c)). In fig-
ure 5(d), with the surface at -5° F, three droplets were frozen.
Figure 5(e) shows the droplets at -9.5° F; here the larger droplets
were frozen but the small droplets were still liquid. M the
temperat~ decreased to -30° F (fig. 5(S)), the small droplets -
g@hzally froze. Frost growth on the frozen droplets can be seen
as the temperature decreases. .

Photographs from another run are presented in figure 12.
The first frozen droflets appear in figure 12(e), which is at
-3.5° F. In this photogmph, several smeJ3.droplets were frozen
but the majority of the large droplets, including the largest
drop present, was still liquid. Figure 12(h), the last photo-
graph shown of this series, at -14° F, has most of the droplets

frozen. Close examination of this photograph shows a few amdl
droplets that were not frozen.

Also in figure 12 is shown two droplets uniting to form a
single larger droplet> although both == in t~ ~percooled state=

‘ In the center of figure 12(b) a droplet can be seen just below the
largest drop,’at a tem~eratum of 28.5° F. At 20° F (fig. 12(c)),
the droplet can’be seen uniting with the large droplet, and in the
next photograph, 10 seconds later, they are one droplet at a tem-
perature of 18° F.

-. —.—- .. ..— —— —,. — . . .. —.—— .—-— —z ..— ... __-.— .——-.. ——— —.—-—.—-
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Repeated obsenations of the freezing temperatm of a given
droplet frequently indicated that the spontaneous freezing temper-
ature may remain constant during successive freezings. The results
of successive observations (3 or 4 runs) of the freezing tempefi-
tures of 27 diffe~nt droplets are pm=sented in table I. The suo-
oessive freezing temperatures of I-1of the 27 droplets were within
0.5° F of theti average tempemture for the runs. The other 16 drop-
lets show t~ioal variations observed in the freeztng temperature of
droplets. Droplets 10 and 22 are interesting +smuch as for both
droplets the second run has a marked change in spontaneous freezing’
temperature from that of the first and third runs. The changes are
in opposite directions for each of these droplets.

The fluctuations in the freezing temperatures might be explained
on the basis of chanoe seeding, bemuse ice crystals have always
been found.to ititiate crystallization if dropped into a test tube
of supercooled water. It would be diffioult, however, to explain
the change in the freezing temperature of droplets 10 and.22 for the
seoond freezing in this way, because the first and thiml freezings
of eaoh droplet were nearly at the average tempemture for all drop-
lets of the respective size.

Beoause cold surfaces support and surroud the droplets, frost
will be present to some extent and a possibility always exists in an
experhent of this type of frost pertioles seeding the supercooled
water. As a check on this possibility, water droplets were suspetied.
at the boundary of two oils insoluble in water, one having a deuity
slightly less and the other having a density slightly greater than
water. A thermocouple was phced ailjacent to the droplet. The same
randomness in the freezing tem~rature was observed; that is,
although the general tendency was for the larger droplets to freeze
first, there was considerable va@ation in the spontaneous freezing
temperature for droplets of a given size. Inasmch as there was no
air-water boundary and the droplets did not rest on a metallic sur-
face, it should have been more difficult in this case for fr?st to
come in contact with the water droplets.

The temperature of the chamber surrounding the droplet support-
ing surface determine& the amount of frost forming on the surface
itself (for a given amount of moisture in the chamber) as we~ as
any temperature ~ent within the droplet. In the many runs
analyzed with variow f~d chamber temperatures, no consistent shift
in the spontaneous freezing tempemturps ~aud was observed. For
exan@e, with the surroumling chmiber warmer than the surface, scme
runs iziiioatedthat the droplets were freezing at surface tempera-
tures above average, whereas others indioated freezing at surfaoe

.

,,

.

.
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temperatuns below average. Becauee the droplets were not the
same prtioles of water, the variations observed were likely due
to diffemnoes in impurities in the water, In order to illustrate
the type of variation observed, the average spontaneous freezing
temperatures for 69-mioron droplets, measured with the surrounding
ol her temperatures as indicated, are shown in table II. The
deviation in the average spontaneous freezing temperatures for
varioue fixed chanibertemperatures from the average for all
69-mioron droplets observed is 1.30 F. The droplets in this
example froze, on the average, at higher temp3ratums when the
walls were warmer than the dro@et (even though freezing might
expected to be retarded if the top of the droplet is somewhat

mean

be

warmer than the surface) than when the walls were colder than the
droplet. Even if an avenage error of 2° F (or appro~tel.y 1° C)
is assumed to be introduced by the lack of homogeneity of the drop-
lets surrmndings, in view of the large m,gnitude of the effects
measured, it is felt that the conclusions drawn frcnnthe data are
not invalidated.

The surface finish of the platinum support did not appreciably
iufluetioethe spontaneous freezing tenrpzatums of the droplets.
For example, droplets did not freeze sooner when in contact with a
fine scratch in the surfaoe than when on a relatively smooth area
of the surface. Nothing could’be done about the adsorbed layer of
water present on the droplet support. This layer may influenoe the
spontaneous freezing tempmtums of the droplets in contact with
it. Beoause the chamber surrounding the platinum support was
changed for droplets beluw 23 microns in diameter, data between
18 and 100 microns taken with both high- and low-magnifioati6n
Ohambers were compared. No significant shift ocourred in the aver-
age spontaneous freezing temperatures for various sizes determined
with the high-magnificationchamber from those found with the low-
magnifioation chmiber. Light mechanical vibrations were present in
the labomtory during many of the data runs due to the presenoe of
heavy machinery operating on a lower floor of the building. During
one data run, the vibratfon was heavy enough to affect tle clarity
of the photo~phs . No significant shift in data were observed with
and without the presence of these vibrations.

An titerestbg effect was frequently observed wheq frozen droplets
were ~pial warmed.

~
A bright white flash appeared just at or before

melting (30 to 32° F). This effect may have resulted from an increase
in soattered light from the low-angle illumtition due to the breaking
up of the ice structure into small randomly oriented pieces in melting.
It may also in some way be connected with the gas bubblek that are
often seen in the droplets just after melting, and that gmdually i&-
appear as the droplet is supercooled again.
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SUMMARY OF RESULTS

The spontaneous freezing temperatures of 4527 droplets on a
platinum s&’faoe and 571 dro~ets- on a copper surface In the range
8.75 to 1000 microns were observed and the following results were
obtained:

1. The average spontaneous freezing temperat~e for each size
deorkased as the droplet size decreased for the entire range
investigateti. Below 60 microns, the &ecrease in the spontaneous
freezing temperature with riecreasein droplet size was particularly
markeil.

2. The frequency of oocurrenoe as a function of the freezing
temperature of tioplets of a given size proviaea a aistriwti~ .

ourve with a well+ef inea psak frequency.

3. The spontaneous freezing temperature of a given droplet
tendea to be the same on successive freezings.

4. No droplet froze spontaneouslyat a temperature above 20° F,
.but all droplets meltea at 32° F.

II

5. Spontaneous freezing data taken with a copper supporting
surface were not significantly&iffemnt from that taken with a

.

platinum su~port.
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Drop
number

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

TABIXI

SUCCESSIVE FREEZING T~ OF GIVEN DROPIELS

Drop”
dismeter
(microns)

23
35
46
46
69
92

138
161
253
253
299
322
322
322
322
368
376
391
414
437
460
460
529
575
575
667
713

Spontaneous freezfi
Successive runs on same

1

-22
-20.5
-16
-20.5
-14
-12
-14
-12
- 9.5
- 8.5
- 7.5
-7
-4
-9
- 5.5
- 6.5
- 7.5
-7
- 7.5
-4.5
- 3.5
-2.5
-7
6
1

-3
1

aro

2

-22
-19
-16
-21
-15.5
-13
-lo
-13.5
-lo

.5
-7
- 7.5
-4
-8
- 7.5
-4
-7
- 9.5
- 8.5
- 3.5
-3
-12.5
“7
6
3.5

-3
0

Jet

3

-22
-17.5
-16.5
-1s
-14
-12.5
-lo
-12
-lo
-7
-8
-7
- 4.5
- 7.5
- 7*5
- 4.5
-8
-8
-9
- 3.5
-2
-2
-7
6
3.5

-3
1

4

----
--..-
----
----
----
----
--.-
----
----
----

-7
-7
-4
-8.5
—--
-3.5
-7.5
-4.5
-9
-5.5
----
----
----
----
----
----
----

Js?2EY
Average

-22
-19
-16.2
-20.2
-14.5
-12.5
-33..3
-12.5
- 9.8
-5
- 7.4
- 7.1
- 4.1
- 8.3
- 6.8
- 4.6
- 7.5
- 7.2
- 8.5
- 4.2
-2.8
- 5*7
-7
6
2.7

-3
.7

are ,%
Average fran
figure 10

-16.8
-15.1
-13.5
-13.5
-13.3
-12.1
-Q.l
-11.5
- 7.6 .
- 7.6
- 6.5
- 6.3
- 6.3
- 6.3
- 6.3
- 5.5
- 5.2
- 5.0
- 4.6
-4.1
- 3.6
- 3.6
-2.8
- 2.0
- 2.0

.8
0

o

—.
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TABLE II

SPONTANEOUS FREEZING ~ OF 69+ICRON DROPLETS

‘+&$’-’

Charibertempera- Number of
droplets

-T observed

Q-23 97
22 - 14 202
13-5 203
4-4 123
-5 - -22 50

Average freezing
tempmtum+

(%)

-11.9
-11.6
-14.7
-14.9
-13.6

aAverage“spontaneousfreezing tempsrat~ for
all 69-micron droplete, -13.3° F; mean devi-
ation of average freezing temperatures from
avex%ge for all 69-micron droplets, 1.3° F.

-—-. .— ._. .. —._._ . ...—_ ___ ___ ____ .._
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Career

Surface- Relay

< <+=

Alr-
tempera- emperature
recorder recorder

Thermocouple Microscope
ermoccxipleleadb

leada~

Radio-frequency Chamber u
oscillatorand
controltit \ .

/-* a
aqsparentwindows

Platinum or copper surface
Inductionheating coil

Cold
bath

,

J

(a) @neral schematicdiagram of apparatus.

\

atinum or oopper

Coppe lder

eel

=@=

ermocouplewires

(b)Enlarged cross sectionof droplet-supportassembly.

Figure 1. - Schematio diagrams of apparatus. ,
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(FL)FraIIEI110; beforefreezing;temperature,3.5° F. (b)lh’zme111;afterfreezm; temperature,6° F.

rip 3. - Apparanoeofdropletsbafored m?terfreezing.(1In.= 1000mlorons.)
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(Release of latent
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cooled droplet
during freezing
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Frame

Figure 4. - Copy of ohart from surfaoe-thedmooouple temperature reoorder illustrating rise
in temperature due to release of latent heat of fusion.
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(a)Rmme 10;tampemtura,32° F. (b)Rc’ame70; tempmture, 10° F.

F’lgura5. - 9eleotedphot~phs fromdatafilmIlluetratlngmethcdof detemlningspontaneousfreezingtempentures
of supercooleddroplets. (1In. = 1000miorone.) &’
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(o)3kama100;temperatww,0.5°F. (d)Frame320;temperature,-5°3’6

Mgul’a5.-Contlmled.Seleotedphotographsfromdatafilmillustratingmethodof detamnidngapontaneouafreezing
tempemtureaat’aupermoleddroplets. (1 Ino=1000mioron8.)
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z

I

(e)me 140;tempemture,-9.5°F. (f)Frame1.50;temperature,-12,5°F.

Figure5.-Ccmtinued.SeleotedphotographsfromdatafiIDIillwtratx methd & detendningspon~ow fmez~
temperaturesof superoool.ddroplets. (1 in.= 1000miorons.)
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(g)FZ’SIW160;temperature,-15.5°3’. (h)Frame180Jtemperature,-19.5°F.

Figure5.- Corklnued.Seleotedphotographsfromdatafilm lllustmtlngmethodof determblngspontaneousfreezing
temperaturesat sup3roooleddroplets. (1in. .1000 mlorons.) B
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(i)Rmme 190; temperature,-22° F. (J)-e 210;tempemture,-30° F.

Figure5.- Conoluded. Seleutedphotographsfrm datafilm illustratingmetho&of detemninjng.qpntsneouafreezing
temperatureaof supercooleddroplets. (1 in. = 1000miorow.) w
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Mean effective droplet diameter, microns

.gure7. - Distribution of mean effeutive droplet sizes in icing clouds.
(Data obtained from references 9 to 11.)

.

.

.-



X327

.

1

J

I

i

i

I

1.0

.8

.2

0

I ll\ i I
ll\ I

II I I
1

1 i 1 1 # I
II I

m 1 I
t

I

32 24 16 8 0 -8 -16 -24 -32 - -40
Spontaneousfreezing temperature,%

(a) Droplet diameter,8.75 A 2.5 microm; droplets observed, 35; average spontaneous freezing
temperature, -26.7° F; standard deilation, 5.13° F.

Figure 8. - Distribution of spontaneous freezing temperatures.
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(o) Droplet diameter,18.75 & 2.5 miorons; droplets observed,61; average spontaneous
freezing.ttiperature,-20.5°F; standarddeviation,4.310 F.

Figure 8. ~ Continued. Distributionof spontaneousfreezingtemperatures.
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temperature, -16.86 F; standard deviation, 4.380 F.

Figure 8. - Continued. Distribution of spontaneous freezing temperatures.
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Figure 8. - Continued. Distribution of spontaneous freezing temperatures.
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36; average spontaneous freezing temperature, platinum -13.5° F, copper -15.0° F;
standard deviation for platinum data, 4.48° F.

Figure 8. - Continued. Distribution of spontaneous freezing temperatures.
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freezing temperature, -13.3° F; standarddeviation,4.66° F.

Figure EL - Continued. Distribution of spontaneous freezing temperatures.
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(h) Droplet diameter, 92.0 A 11.5 micronsj droplets observed, onplatinum 405, on oopper
39; average spontaneous freezing temperature, platinum -12.1° F, oopper -11.6° F;
standard deviation for platinum data, 4.48° F.

Figure 8. - Continued. Distribution of spontaneous freezing temperatures.
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Figure 8. - Continued. Distribution of spontaneous freezing temperatures.
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Figure 11. - Comparison of variation of average freezing temperature with
droplet diameter for droplets supported on platinum and copper surfaces.
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(a)Frame25;temperate, 47°F. (b)Frame45;temperature,28.5°F.

Figure12.- 8eleotedphotogmphsfrcmdatafilmillustratingvariation In spontaneous freezing teqmatures of Super-

cooled @@ts. (1 h. = 1000 miOZWS. )
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(o)Frame85;tempemture,200F. (d)Ih’an-s95;temperstwe,18°F.

Figure12.- Continued.8eleotedphotographsfromdatafilm Ilkstmatlngvariationin sponkneouefreezingtemperatures
of supercooleddroplets. (1 In.= 1000miorons.)
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(e)Fname175;temperature,-3.5°F. (f)lhWJIM185;t-nature, -&oF,”

FigureU2.- continued. E%leotedphotcgmphs frcdndata film Illustratingvarlatlonin spontmeous freezingte~rstures

Qf su~~~~ed ~O@ets. (1 in. = 1000 miorons.) )
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(/3)= 195;tm~ture, -905°F. (h)I&me 225;temperatum,-14°F.

Fi&we M. - Conoluded.Seleotedphotoqaphsfromdatafilm IllustrddmgVariationh spontaneousfreezingtemperatures
of supercooleddroplets. (1in. = WOO miorons.)
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