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LMOST AS SIGNIFICANT AS BEN]A-

min Franklin’s demonstration that

ighting is a form of electricity is
his observation “that the clouds of a thun-
der-gust are most commonly in a negative
state of electricity, but sometimes in a posi-
tive stare™ (I, p. 42). Eiectrical measure-
ments that have since been made all over the
world confirm his finding and show that in
nearly all thunderstorms there is a dominant
negative charge in the lower part of the
cloud. Mecasurements from airplanes (2) and
balloons (3) show that there is usually aiso a
dominant positive charge in the upper part
of these clouds.

This strong bias of polarity has important
conscquences. The upper, positive part of
the dipole attracts negative charge from the
upper atmosphere to the top of the cloud by
conduction. The lower, negative part of the
dipole exports negative charge to the carth
by lighting and by point discharge. As a
result of these processes, the approximately
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1000 thunderstorms that arc continuously
in progress over the earth bring about 1 kA
of negative charge from the armosphere to
the carth. This current, as Wilson (4) per-
eeived, is responsible for continuously main-
taining a negative charge of about 0.5 x 10°
C on the carth and an equal positive charge
in the atmosphere.

Modem observations also confirm Frank-
lin’s finding that clouds are “sometimes in a
positive state.” During the usua! thunder-
storm, negative (downwardly dirccted, fine
weather) clectric fields beneath a cloud oc-
<ur bricfly, just after cloud-to-ground light-
ning (5), during gushes of heavy rain, and in
the dying stage of the storm (6). Occasional-
ly, storms occur that are electrically different
from the usual ones. Gunn (7) reported
scveral storms that produced sustained elec-
tric ficlds at the ground comparable in inten-
sity to ordinary storms, but these fields were
in the downwardly directed, fine weather
direction with dominant positive charge

2

aloft. This observation shows that the thun-
derstorm charge distribution can occasional-
ly be the opposite of that usually encoun-
tered. Imyanitov & al. (8) have reported that
the upper parts of some storm clouds have
negative instead of positive charge. Dara
obtained from lightning-detecting nerworks
by Orville et al. (9) and Rust er al. (10)
provide evidence for the existence of storms
that are abnormal in that most of the cloud-
to-ground discharges bring down positive
instead of negative charge (9, 10).

A requirement of any theory of electrifica-
tion is to explain why, with few exceptions,
the clectrical dipole in the cloud develops
with positive charge uppermost and nega-
tive charge below. The various thunder-
storm ciectrification mechanisms proposed
€an be divided into two classes, depending
on the explanations for this charge dismibu-
tion.

According to the first class, which is based
on the so-calied “induction,” “influence,” or
“feedback” theories of thunderstorm electri-
fication, the polarity of the dipole is deter-
mined by the polarity of weak space charges
or clectric fields that may be present in the
atmosphere during the development of the
cumulus cloud before it becomes a thunder-
storm. It is possible that a cumulus cloud
behaves as 2 high-voltage influence machine,
such as the Kelvin water dropper (/1) and
similar devices developed later (12). If a
cumulus cloud becomes electrified by 2 simi-
lar mechanism, the polarity of the thunder-
storm will be determined by the polarity of
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doud and that initiate the electrification account for the exceptions—how it is possi-

process during the early stages of the cloud’s
development. The air from which a cumulus
cdoud grows almost invariably contains the
slight positive space charge present in fine
weather. Therefore, if an influence mecha-
nism is active and clectrification occurs,
positive charge will be in the upper, and
Degative charge in the lower, part of the
doud. Examples of cloud electrification
mechanisms that are initiated by preexisting
charges or fields include thosc based on
inductive charge mransfer berween colliding
cloud particies (13), on sclective ion ca

by falling precipitation (J4), and on the
formation of screcning lavers of charged
particles at the cloud surface that are trans-
ported by convection to form charged re-
gions (15).

According to the second class of mecha-
nisms, the initial spacc charge and electric
Belds play no part in the development of
clectrification. In these mechanisms, the po-
larity of the charge separation process is
determined by other variables, such as the
phase, concentration, temperature, size, sur-
face characteristics, or purity of colliding or
breaking cloud particles. Mechanisms of this
type include those based on breaking drops
{16), glazing of ice particles (17), and ice
impaction (18).

Both classes of explanations must also

414

bie that occasionally a thundercloud has
negative instead of positive charge upper-

most. With mechanisms of the first class, a-

thundercloud of inverted polarity could de-
velop if the air it grows from contained
negative instead of positive space charge.
Though uncommon, this is sometimes the
casc in dust storms (19), over
freshwater waves (20), over warerfalls (21),
and in the vicinity of another cloud that has
already become electrified (22). The polarity
of the feedback process may also be deter-
mined by other facrors such as elecrric ficlds
of external origin or fields developed from
within the cloud by the falling of electrified
precipitation.

A doud of inverred polarity could form
with the second class of mechanisms if
changes occurred in variables, such as cloud
particle population, temperature, or impuri-
ty concentrations, that reversed the polarity
of the charge acquired by precipitation.
Saunders ¢t al. discussed such a possibility
(23).

The predictions of influence mechanisms
can be tested by determining whether the
incidence of clouds having dipoles of invert-
ed polarity is increased if the air from which
they grow is arificially supplied with nega-
tive space charge. Negative, or positive,
charge in the form of ions can be introduced

into the atmosphere by corona discharges
from an elevated wire that is maintained at a
high d-c potential (24). Sufficienty large
amounts of ncgative space charge can be
reicased to reverse the polarity of the space
charge and electric field for distances up to
several kilometers downwind of the wire
(25).

To our knowledge, before the work re-
ported here, the most extensive experiment

-to determine the effects produced on clouds

by the release of negative space charge was
carried out during 1960 in central llinois
(26). During that experiment, when the
ammosphere was unstable and fine weather
cumuli were forming, observations from an
airplane instrumented with clectric field and
charge-measuring equipment showed that
space charge relcased from the wire and
carried up into the clouds caused significant
changes in the electrical properties of the
douds. When positive charge was released,
the upper part of the cloud became positive,
and the Jower part became negative. When
negative charge was refeased, the upper part
of the doud became negative and the lower
part became positive. Evidently the charge
carricd into the cloud by updrafts atracted
the opposite sign of charge by conduction
from the ing clcar ammosphere.
This charge was then carried by downdrafts
to form the center in the lower part
of the doud. The electric field intensitics
above the modified cdouds were as great as
400 V/m. Though these fields were several
times more intense than those produced by
unaffected clouds nearby, they were weak
compared to those in a thunderstorm.

These Lllinois experiments showed that
the polarity of electrification of a fine weath-
er cumulus can be determined by the polari-
ty of the space charge in the air from which
the cloud forms. Under the wind conditions
at the time, however, none of these clouds
ever grew and became a thundercloud over
the charge source.

Further studies in New Mexico werc car-
nicd out during the summers of 1984 and
1985 to determine whether the inverted
dipole observed when negative charge was
being released would persist and intensify; if
the cloud grew and became a thunderstorm.
Langmuir Laborarory in the Magdalena
Mountains near Socorro, New Mexico, was
chosen as the site for these experiments. The
probability that a thundercloud will form in
that area is higher than at most other Joca-
tions. Because the speed of the wind there is
often low, clouds sometimes form and de-
velop into a thunderstorm without moving
more than a few kilometers. Equally impor-
tant, clectric field records made over the past
20 years show that in the summer when an
isolated cloud near the laboratory develops
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and becomes a thunderstorm, the lower part
of the doud invariably carries a negative
charge

The technique used to release negarive
charge in New Mcxico was similar to the
carlicr one in Illinois. A 2-km-long wire was
suspended on insulators  berween two
mountain peaks. The catenary, appraximate-
ly 400 m above the canyon ficor, rekeased
Begative jons by corona discharge when it
was raised to a high negative potential with
a d-c power supply. With the usual winds of
afewmctcrspcrsccond,ﬂacﬁuxofchargc
emitted into the atmosphere was of the
order of 400 pA when the wire potential
was about 120 kV.

Each moring when cumulus couds be-
gan o form under the influence of solar
heating, the appararus was pur into opera-
tion. Negative charge was reicased from the
wire until the clouds ' became so
strongly clectrified they threatened 1o pro-
ducx lightning that could damage the power
supply.

Measurements made downwind of the
winbcforeadoudfonnedshowcd,asin
the Iilinois experiments, that beneath the
plume of space charge the polarity of the
electric field had been reversed and its inten-
sity had increased by tenfold. The area af
fected by the charge release was small, prob-
ably no more than a few square kilometers.
As experiments have shown, the charge leaks
to ground at a rate determined by the
electrical time constant of the ambient atmo-
sphere (25). Near Langmuir Laboratory the
relaxation time was of the order of 3 min-
utes, so the charge would leak away if it
were not rapidly carried into the cloud
where the time constant is much longer.

An amay of six field meters extendi
along the mountain ridge for 2 km was used
o measure the clectric ficlds of thunder-
clouds. Data from this equipment were sup-
plemented by other electrical observations,
which included the ficld changes produced
by lighening and measurements made from
an instrumented airplane and a free balloon
carrying an electric field meter.

On several days during the period of the
1984 experiment, clouds developed into
thunderstorms near or over the source of
negative charge. On two of these days (2
and 15 August), the humidity was so high
that the basc of the cloud forming over the
mountain was below the summit, and the
upper portions of the electrified catenary
were in the clouds. On these days the nega-
tive space charge released from the wire
reversed the atmospheric electric field over
the summit for 40 minutes or more, and
then, as the clouds developed above, all of
the ficld meters began to indicate an intensi-

fying positive charge overhead. A few min-
26 SEFTEMBER 1986
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to ground occurred near the wire and re-
moved positive charge from the cloud over-
head. A second, similar, cloud-to-ground
flash occurred about 3 mimutes after the first
one on cach of the 2 days. The electric field
records for these two storms are shown in
Fig. 1. For comparison, the record for a
natural thunderstorm is shown, which, be-
ing of normal polarity, had negative charge
in the lower part of the cloud and produced
scveral lightning flashes that lowered nega-
tive charge to ground.

On 2 August, the anomalous, positive
charge in the lower part of the cloud that
formed over the site extended over a dis-
tance of more than 2 km during a horizontal
penetration by the instrumented airplane.
The plane started this penctration ar 1101
MST and flew from north to south at an
altitude of 4700 m. In a continuing penctra-
tion through another cloud to the southeast,
indications of negative instead of positive
charge above the airplane were recorded. At
1110:25 MST, a third lightning discharge
to ground again removed positive charge
from the lower part of the doud over the
site. This cloud then merged with two larger
douds of normal polarity that had been
growing about 2 km away, the one to the
southeast and another to the north. The
combined system produced three more
cloud-to-ground discharges of normal po-
Larity thar removed negative charge from the
lower regions of the merged clouds before
they began 1o dissipate.

On 15 August, the active cloud overhead
subsided after its second anomalous dis-
charge; its electric field thereafrer exhibired
the first part of the “end-of-storm oscilla-
tion” (EOSO) signarure in which the charge
in the upper part of the thundercloud dom-
nates the surface electric field as the cloud
descends and inverted convection occurs
(6). The remarkable feanure on 15 A
was that the upper charge during this EOSO
Was ncgative instead of the normal positive
polarity. Before the end-of-storm sequence

1200
T

was completed, a second doud rurret devel-
oped over the east end of the cable, and it
wo was inverted in polarity, producing
three coud-to-ground discharges that re-
moved positive charge from the cloud’s low-
er regions. The second cloud then subsided
and again cxhibited an inverted, EOSO,
electric ficld signature.

The instrumented airplane flew through
the top of the first rurret around 1058 MST
at an altitude of 7770 m. The rotation of
the electric field vectors as the airplanc ap-
proached and then penetrated the cloud
turret indicated the presence of a dominant
Degative charge just bencath the plane. (A
later analysis of the clectric field record
during this pass suggests that about 1 C of

- negative charge was involved.) The electric

field intensified abruptly as the aircraft en-
tered the turret and weakened similarly as
it departed; this behavior may have been
produced by a screening laver of positive
charge around the negatively charged cloud
top.

'F;'hc instrumented free balloon (at an alu-
mde of 5500 m) indicated the presence of
positive charge between the balloon and the
carth. A vertically scanning Doppler radar
on the mountain rop showed strong down-
drafts and precipitation falling from near the
cloud top 1o the doud base.

One interpretation of these observations
is that the upper negative charge came from
2Cormoreofncga:ivcdu:gcrclcasedinto
the cloud base by the electrified wire during
the growth of the cloud. The positive
charges in the lower regions of the cloud
may have been derived from the positively
charged screening layers around the cloud
top carried downward by downdrafts and by

falling precipitation. .
The charge release experiment at Lang.
muir Laboratory was ted during the

summer of 1985. Though far fewer clouds
that were suitable for experimentation
formed than in 1984, anomalous distribu-
tons of were again observed in
douds growing from the region of negative-
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development of 2 thundercloud thar pro-
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However, if the clectrification of a thunder-
dmﬁpbm:gixrabomb)'afmdbadm
cmsimilarnodmacdnginahbomory‘
'mﬂummadxinc,misgro\»ﬁofdmgcm
ducdmndczdoudcanmsonablybccxpect-
ed. In describing his laboratory experiments,
Kelvin (11, p. 69) wrote, “It is curious, after
commencing with no electricity except a
fecblednrg:inoncofﬂiejars,on}ydiscov-
erable by a delicate electrometer, to see in
the course of a few minutes a somewhat

supplied with mechanical energy was capa-
ble of multiplying the “feeble charge in the
jar” untl it produced sparks, so the growing
cloud supplied with energy from the atmo-
sphere should be able, by electrostatic induc-
tion, to mulriply either naturally occurring
positive space charge or artificially intro-
duced negative charge until the resultant
electric ficld becomes sufficiently intense to
produce lightming. The fine weather electri-
cal process, which may usually initiate thun-
derstorm electrification, invoives a current
of only 1 uA and a power of <1 W for cach
square kilomerer.

That the charge released from the wire
could have influenced the polarity of the
much larger charges forming later in the
d:mderh:‘l;ud indicates that the clectrifica-
tion process can be of the “feedback” or
“influcnce” kind. It appears that on some
occasions enough of the negative charge
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Production of Ice Crystals by the Adiabatic
Expansion of Gas

Genersl Electric Resenreh Laboraiory, Schenactady, New York
July 15, 1944

IN experiments on a supercooled cloud produced in a

bome freezer, V. J. Schaefer! showed that at tempera-
tures of —~38.9°C or lower water vapor spontaneously
forms ice crystals in very large numbers. By the adiabatic
expansion of air in a Wilson cloud chamber, B, M. Cwilong!
found, similarly, that ice crystals were produced at tem-
peratures below —35°C, Simple and interesting experi-
ments can be performed by a combination of thess two
techniques,

A child’s pop gun fired into a supercooled cloud in a cold
chamber produces very large numbers of ice crystals. The
adiabatic expansion of the air as it s released from the gun
reduces its temperature to below —38.9°C, with the con-
sequent production of large numbers of ice crystals, If the
cork is not put into the gun tightly enough, the tempera-
tures produced are above —38.9°C and no jce crystals
result.

In order to rule out the possibility that the loud noise
from the pop gun might have caused nucleation, a mixture
of potassium chlorate and sulfur was exploded in the super-
cooled cloud. Although the report was far louder than the
POP gun, no ice crystals were observed.

A bottle of carbonated beverage baving sufficient pres-
sure produces large numbers of jce crystals when it is
suddenly opened in a supercooled cloud. Bottles of car-
bonated drinks kept in the freezing compartment of a
housebold refrigerator often become supercooled. Fre-
quently, these bottles do not freeze until the cap is re-
moved. If such a bottle is watched as the cap is removed,
many ice crystals can be seen to form at the surface of the
liquid and spread throughout the bottle, A miniature snow
storm produced in the gas in the neck of the bottle starts

the crystliization of the contents. It has been observed
that a bottle of supercooled beverage can be caused to
freeze by tapping the surface of the container. Such a tap
undoubtedly causes adiabatic compression and expansion
of any minute bubbles in the liquid which could momen-
tarily reduce their temperature to below —38.9°C, thus
starting the formation of ice crystals,

The vapor trails which sometimes stream off the pro-
peller tips and wings of airplanes flying at low tempera-
tures probably are similar to the foregoing phenomena. As
the propeller or wing passes through the air, it causes
adiabatic expansion of the air in certain regions. If the
temperature of the atmosphere is sufficiently jow, this ex-
pansion will momentarily reduce the temperature to a
value at which ice crystals form spontaneously. If the
atmosphere is supersaturated with respect to ice, these ice
crystals will grow into a visible vapor trail.

The surprisingly large number of ice crystals produced
by the rapid expansion of even a small quantity of air can
be shown by bursting a small rubber balioon in a super-
cooled cloud. A balloon about 1.5 mm in diameter when
burst in a supercooled ¢loud at ~20°C produces at least
3X107 snow crystals, or about 1.6 102 crystals per cc of
expanded air.

Experiments under carefully controlled conditions are
being conducted in this laboratory by V. J. Schaefer to
determine quantitative relationships between the number
of erystals produced and the temperature, pressure, vol-
ume, and humidity of the expanded air.

ol e, T i o b vt o0 vt o

“The production of clouds containing supercooled water droplets or

i:c: ‘1"7‘?'(':134'5?"" laboratory conditious,” Bull. Am. Meteorolog. Soc.
£B. M. Cwilong. Nature 135, 361 ($9¢3).



Reprinted from JOURNAL OF CLIMATE AND APPLIED METEORGLOGY, Vol. 26, No. 2, February 1987
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Importance of Including Time in the Specification of Ice Nucleus Concentrations

B. VONNEGUT
State University d qu York at Albany, Aibany, NY 12222
22 July 1986 and 25 October 1986

It is generally recognized that the number of ice
crystals that will be nucleated by foreign particles in a
supercooled cloud is dependent not only on temper-
ature, but also on time (Vonnegut, 1948; Vonnegut,
1949; Turnbull, 1950; Fletcher, 1958; Warburton and
Heffernan, 1963; Isaac, et al., 1972; Schalier and Fu-
kuta, 1979; Baidwin and Vonnegut, 1982; DeMott et
al,, 1983; Wang and Vonnegut, 1984). Notwithstand-

~ ing, in most measurements of ice nucleus concentra-

tions, such as those recently reported by Bowdle et al.
(1985), only the supercooling, or supersaturation with
respect to ice, is specified. Iz accordance with the pre-
vailing custom, no information is provided concerning
the fime that the particles were exposed to supersatu-
rated conditions.

In the case of measurements made at low temper-
atures on fast acting nuclei, such as silver iodide par-
ticles, this failure to specify time may have some jus-
tification, for practically all of the particles will serve
as nuclei during even a brief exposure in a supercooled
cloud. According to Langer and Rodgers (1975), whose
technique was used, at —20°C the silver iodide particles
acted to nucleate ice crystals “immediately.” This is
consistent with Vonnegut's (1949) estimate that at this
temperature half of the silver iodide particles present
will initiate ice crystal formation every few seconds.

On the other hand, the time of exposure cannot be
neglected when measurements are made at higher
temperatures and much longer intervals may be re-
quired for a particle 1o initiate ice formation. In this
casc the time interval required for nucleation may be
much greater than the time of the test. For example,
even silver iodide, which acts faster than most atmos-
pheric nuclei, has been estimated to have a half life as
long as hours at —13°C and days at ~10°C {Vonnegut,
1949). When the half life is long, the fraction of particles
that forms ice crystals over a period of an hour or more
in a natural cloud may be many times larger than the
fraction that acts in the brief time involved in many
nucleation determinations. Failure 10 take this into
consideration may be one of the severa! reasons that
the conoentration of ice crystals in a supercooled cloud

is sometimes larger than the measured concentration
of ice forming nuclei (Mossop, 1985).

Evidently, comparisons between the concentration
of ice crystals in a supercooled cloud and the measured
concentration of ice nuclei are valid only if the times
of exposure as well as the temperatures are equivalent.
It is desirable that Bowdle et al., and others who report
measurements of ice nucleus concentrations, supply
Dot only the temperature and supersaturation to which
the nuclei were exposed, but also the time. This will
provide some indication of the natural conditions for
which their measurements are relevant.
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ABSTRACT

1. Iatroduction

Considerations of the effects that can result from
seeding with silver iodide particies are often based on
estimates of the numbers or concentrations of nuclei
that are “active” at a given temperature. Such estimates
are made by observing the numbers of ice crystals that
are produced when the silver iodide particles are in-
u'oducedintoamperoooleddoudnaomcwmpuawe,
or otherwise exposed to conditions in which super-
cooledwawrorwltu'vlpormmnudwithmpect
© to ice is present.

Thenumberofsilmiodideparﬁdesﬂmmu
nuclei is found to increase rapidly with i
temperature. At temperatures lower than —20°C, the
number of ice crystals that forms approaches the total
numberofparﬁdesthatmmm.lnthisme,mﬂy
all of the particles act as nuclei (Vonnegut, 1949). At
highertempeutums,thcnumbuoﬁcea‘yﬂﬂ:iniﬁned
by a given number or concentration of sitver iodide
particles decreases dramatically, At -10°C only one
in 10’ silver jodide particles introduced into a super-
cooled cloud in a cold box may give rise 10 an ice
crystal.

There are several possible explanations for the fact
thm:thighcrtemmnmwmewﬁdumu
nuclei while most do not. Undoubtedly, as is often
assumed, some particics may be more effective as nuciei
thanothmbeuusetheymhrguin:izeorhemuse
they have surface sites that are more active. Some
parﬁclumaybelessacﬁvtbeuusetheirmxfwum
covered with contamination.

f Present affiliation: Departmen of Sciences, Uni-

versity of Washingion, Seattic, WA 98195,

Ol?ﬂAmeﬁnannloﬁnlSoday

While recognizing that silver iodide particles can
vary greatly in their effectiveness as nuclei, Vonnegut
(1949) preferred another way of explaining the fact
that only a small proportion of the particles initiate
ice crystals at higher temperatures. In accordance with
¢lassical theory (Becker and Doring, 1935; Volmer,
1939), he suggested that nucleation might be a sto-
chastic process that depends on the chance formation
of a stable assembly of molecules in the ice lattice
configuration on the crystal surface of the silver iodide.
lfmhaehmccmplaysmimponantmlein
nucleation, the fact that silver iodide particle A initiates
an jce crystal, while particle B does not, may have
little to do with differences existing between them. It
mayonlyn'aﬁfythattbeeventhappensonparﬁcch
before it happens on particie B entirely by chance. If
such chance events are important in the nucleation
process, it is to be expected that in the course of
time the chance event that occurs on A will also occur
on B.

Laboratory experiments (Vonnegut, 1949) showing
that ice crystals continue to form in a supercooled
cloud for as long as 30 min afier it has been seeded
withn‘!veriodidcparﬁdesmmthatlnochasﬁc
nucleation process may be taking place. However, there
are other conceivable explanations. For exampie, some
of the silver iodide particles may require exposure to
supersaturation for an extended period of time before
they become active, Another possibility is that they
must collide with the supercooled water drops before
they can initiate ice formation. ,

hisdiﬁmhtodﬂmnineﬁmodd—boxexpaimems
with silver iodide aerosols and supercooled clouds
whetherﬂochasﬁcmmimpomtinthcnu-
cleation of ice on the silver jodide crystal surface, We
have,thu'efou.uniedmnlmiaofaomcwhatdif-
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ferent laboratory investigations. Instead of observing
a very large number of individual nucleation events,
each caused by a different particle, we have examined
the behavior of a single sample of water containing
silver iodide particles that js repeatedly frozen and
thawed at various fixed and accurately known tem-
peratures. This technique is well suited to the study
of stochastic effects because repeated use of the same
sample eliminates some of the uncertainties that arise
when different silver iodide particles are involved in
successive nucleation events, The range of time inter-
vals that can be studied with cold-box experiments is
limited because the dispersed aerosols of nucleating
particles can change as the result of coagulation and
deposition on the walls of the chamber. There is no
Limitation, however, 1o the length of the time scale
that can be investigated with the tepeated freezing
technique. Nucleation events that occur afier the lapse
ofaweckorlongerhavebeenobscrvect

2. Experimental apparatws

The automatic device used in these investigations
has been described in detail by Baldwin and Vonnegut
(1982). The samples consisted of approximately 0.01
g of distilled water into which large numbers of small
silver iodide particles in the size range of 10 pym had
been added. The water and silver iodide were contained
inaU-shapedborosi!icateglascapil!arytubeap—

_ proximately 0.5 mm in diameter (Fig. 1).

The experimental procedure began with the im-
mersion of the U-tube containing water and nucleating
material to a depth of 10 mm into a bath maintained
at some fixed temperature below 0°C. The well-stirred
bath of water and ethylene glycol was maintained by
athermostat at any desired temperature to an
of £0.1°C. When placed in the bath, the water and
nucleating material contained in the glass U-tube rap-

FG. I.Sdaemaﬁcdimdghnupﬂh:yummfum
upuiment&M;hsupﬂhrywheiamimnﬂyOJmmin
d'nm.mdismbmamlondmhdwm.
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idly cooled, coming to within 0.1°C of the bath tem-
perature in jess than lOs.'IheU—tubewasamnged
S0 that it could be immersed in, or withdrawn from,
the bath by an electromagnetic solenoid.

Studies of nucileation of a given sampie could be
carried out only over a Limited temperature range of
the bath. If the bath was 100 cold, the water froze very

‘quickly, even before coming to the equilibrium tem.

perature. If the bath was 100 warm, nucleation events
became so unlikely that periods of weeks or longer
might elapse before freezing took place. Accordingly,
bath temperatures at which nucleation events occurred
after intervals ranging from several seconds to several
daysaﬂertbccapiﬂa:yhadbeenimmcmdinthe bath,
were chosen.

When nucleation occurred, ice crystals rapidly
propagated through the supercooled water and the
ﬁ'eaingwascomplctcinafcwseconds. The occurrence
ofﬁeczingwasmdjlydetectedbythelargcinmasc
thatitmusedintbeelecuicalresistnnoebetwecntwo
metallic electrodes immersed in the upper unfrozen
portions of the water in the U-tube, which remained
at room temperature. Upon freezing, the solidification
of the water in the lower portion of the U-tube greatly
impeded the movement of the ions and thus caused

ehangewasdetecwdbyanelecu'oniccimﬁtthat, by
actuating the solenoid, withdrew the capillary from
the bath. It then caused heated air from a hair drier
to be blown over the Jower portion of the tube and
thus melted the ice, The operation of the hair drier
was controlled by variations in the electrical resistance
between the electrodes. The water in the U-tube was
therefore warmed during each melting cycle to a fixed
temperature estimated to be about 10-20°C. On melt-
ing of the ice, the solenoid was again deactivated, the
sample reimmersed in the bath and the experiment
repeated.

Data concerning the nucleation of the sample were
recorded in two ways. A simple electromagnetic coun-
tet was actuated by each nucleation event, The average
rate at which nucleation events occurred was deter-
mined by dividing the total number of events by the
time period during which they occurred. Information

' oneachﬁw:ipgeventwasllsopmvidedbyaclock

which recorded the time interval that elapsed between
the cooling of the sample in the bath and the sudden
initiation of the ice phase.

In the publication describing the details of the ap-
paratus, Baldwin and Vonnegut (1982) present the
results of investigations on the nucleation of three
samples of water inoculated with particles of silver
iodide or silver-copper iodide. All of the samples
showed similar behavior. At a constant temperature,
the time required for nucleation was highly variable,
mdinaﬂsampleschangslpparenﬂytookplaoein
the behavior of the sample during the course of repeated
freezings. Because Sample 1 changed the least and
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showed the most consistent behavior, it has been cho-
sco $o illustrate the stochastic nature of the freezing
process, and the rapid increase in pucleation rate that
takes place with decreasing temperature.

3. Experimental results

Figure 2 shows the time that elapsed before each of
over 800 freezing events that occurred in Sample 1 at
a bath temperature of —5.5°C. It can be seen that the
time intervals before nucleation varied greatly. Some-
times the water froze only a few seconds after it had
reached bath temperature, while at other times it re-
mained unfrozen for periods of 5 min or more.

The distribution of the time intervals that elapsed
before nucleation is illustrated in Fig. 3. It can be seen
that the logarithm of the number of nucleation events
that occur in each time interval decreases linearly with
time. '

Several months after the measurements shown in
Fig. 3 were made, another series was carried out to
determine how the rate of nucleation varies over a
range of various fixed temperatures. For this series,
the average time that elapsed before freezing is plotied
as a function of temperature in Fig. 4.

4. Discussion and conciusions

It would be ideal in the studies carried out with this
technique if the properties of the nucleating material
in the sample remained entirely unchanged throughout

. tbccou'rseofl.hecxpcrimems;hmver,thisisevidenﬂy

not the case. There are apparently long-term effects.
A comparison shows that the average nucleation rate
at ~5.5°C shown in Fig. 4 is over an order of magnitude
less than that indicated for the same sample 2t the
same temperature in Fig. 3. This difference provides
evidence that the sample decreased in its effectiveness
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being immersed in the bath at -5.5°C.

as a nucleant during the several months that elapsed . _

between the measurements. Apparently some change
in the silver iodide particles occurred, perhaps as a
result of slow rearrangements in the structure of their
surfaces.

In addition to slow changes in the activity of the
dlveriodidcnufnce,othermorcnpidchangswcre
observed in the course of some experiments, such as
those evident in Fig. 2. It will be noted that between _
trial numbers 210 and 260, rather abrupt changes oc-
curred, and the sample froze almost immediately dur-
ing nearly every trial. This anomalous period may be
responsible for the slight excess of short times that can
be seen in Fig. 3. Dorsey (1948) has noted similar
behavior and suggested that nuclei can sometimes be
changed as the result of the freezing process. This effect
is not entirely unexpected, for the repeated propagation

TRIAL NUMBER

mzrmmummmumn-src.
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hﬂnlwﬁmedlpﬁnghﬁmnnduﬁonﬁ!hinﬂaﬁu&m—
m.m;vawﬁmehmnthemwmmhnd
on hundreds ofﬁeezin;even&ﬂocaﬂhehidmlmm
because they require much longer time lapscs, are based on fewer
pointsandmlhmforemoreunomain.mmueforlhehi;heu
Semperature is based on only four freczing events.

oficeaysta]sﬂuoughthemssofﬁlveriodidepnrﬁdw
will undoubtedly produce mechanijcal agitation that
could affect their surface properties.

Even though the nucleating particles may be subject
to some change during the course of the experiment,
the behavior of the single sample as it is repeatedly
immersed in the cold bath at different times can be
approximated by the behavior of a large number of

. bearly identical samples immersed in the cold bath at

the same time.

The nucleation of the sample appears to be quite
similar to the decay of & radioactive atorn, in that the
probability that an atom will decay during a given time
interval is invariant with time. If we consider the re-
peated nucleation of the same sample as nucleation
oocuninginanumbcrof:imﬂarnmples,themteof

nucleation is given by :

dN/dt = —)\N, )

wthisthenumberofremainingunﬁmnmples,
¢ is the time, and ) is a constant of proportionality,
lnlhmexperimemsthisoonstamisthuvum num-
ber of nucleation events occwrting per unit time at a
given supercooling. Integration of Eq. (1) gives

N = Noe™, @
inwhichNoistheiniﬁalnumberofun&ounnmples,
and N is the number later at time 1.

If the rate at which the samples nucleate is propor-
tional to the number of samples, and that number is
deaeasingexponcnﬁaﬂywithrespecttotime,itiscv—
identthatthcmteatwhichnucleiappearwiﬂalso
decrease exponentially with respect to time, as is in-
dicated by Fig. 3. It is ofien convenient to think in

BERNARD VONNEGUT AND MARK BALDWIN
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terms of the half life of the supercooled sample, Tip,
which is given by _
Tlﬂ - 0.69IA. . (3)

Figure 4 shows that the average time required for
tbeumplemﬁmemnpidlywithdmsing
femperature. If the data in Figs. 2 and 3 are interpreted
to indicate that silver jodide acts to increase the prob-
ability that the sampie will freeze in a given time in-
terva!,thisprobabilityincrmsesvewnpidlywith de-
creasing temperature, For each additional degree Cel-
sius of ing, the probability that nucleation
wiﬂtakeplaceduﬁnga;ivcnﬁmeinterva]incm
by a factor of 4.6. This rate of increase is consistent
with Vonnegut’s (1949) measurerents indicating that
the haif-life of 130-1400 A diameter silver jodide par-
ticles in a supercooled cloud decreases by a factor of
4.8perdegmeinthetemptmtmeinterval—10to
~13°C. '

Ashuppachumdl(lett(wn)hﬂenowd, various
other experiments on the heterogencous nucleation of
ice and supercooled water, based on the observation
of numbers of independent supercooled droplets, have
continued to give rise to divergent views concerning
the nature of the process. For example, Bigg (1955)
suggests that heterogeneous nucleation of a water drop
is similar to homogeneous nucleation and js a stochastic
procmOntheotherhand,LanghamandMason
(1958) suggest that a drop has a definite freezing tem-
Pperature which is determined by the characteristics of
the most effective nucleating particle within it. The
results of the experiments reported here, which are
based on the repeated freezing of the same sample,
lppm:tobemoreinawordwiththcpredicﬁonsof
lhestoehasticmbathanthedctmminisﬁcexplanation.

In experiments with silver halide acrosols carried
out in a large, carefully controlled, isothermal cloud
chamber, Blumenstein ef g/ (1983) and DeMott e7 al.
(1983) have shown that in the atmosphere nucleation
mnkeplaccbyuleastfourmwhmisms,andhave
intermtedtheirﬁndingsbythemeofchcmimlkinetic
theory.‘ltisevidentfromthdranaly:isthatthelp-
plication of the results reported bere to an understand-
ing of the behavior of silver iodide particles in the
atmosphere is complicated, and will depend on a va-
riety of environmental factors, :

\_lfﬁlveriodidcparﬁdesinthelunosphmbehave

similarly to those in our experiments, ice crystal for-
mation in supercooled clouds may depend not only
on the istics of the individual particle, but
also on the chance coming together of water molecules
in the ice crystal lattice on the silver iodide surface.
Thjspmcessmaytlkephceonlyaﬂuthepamgeof
a long period of time.

It is possible that other ice-forming nuclei present
intheatmosphmmaybehaveinlwaysimﬂaxtothc
silver iodide particles in our experiments. If this is true,

4



490

ﬂ:emnnerinwhichice-fmmingnuddwﬂlbehavn
annotbedetctminedbysubjecﬁnsanmpletohief
lndoﬁenunspedﬁedpuiodsofexposuretompm-
saturated condiﬁonsatmio\ntcmpuanmSuchtsts
will fail to differentiate between a population that con-
tains a low concentration of particles that each has a
high probability of causing nucleation, and a quite
different population that contains a high concentration
ofparﬁclenhatuchhnsamuch!omprobabilityof
causing nucleation during a given time interval,

lnordertochancteﬁnapopulaﬁon of nuclei, it
‘is mecessary not only 10 measure the number of ice
crystals that are produced at various temperatures, but
. also to measure the rate at which the ice crystals are
. produced and how that rate varies with time.
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Ice Nucleation by Solid Solutions of Silver-Copper Jodide

Abstract. The lattice misfit between ice and silver lodide can be reduced ‘by
partial substitution of copper atoms for sliver atoms in the silver lodide lattice.
The best crystal maich is obtained with g composition of Cul-3Agl, which cor-

responds to the most active silvercopper

Vonnegut and Chessin (1) showed
that a solid solution of 30 mole per-
cent AgBr in Agl causes pucleation in
supercooled water at sbout half the
supercooling required for nucleation by

Pure Agl. According to the nucleation

theory of Turnbull and Vonnegut (2),
this improved nucleation ability can be
attributed to the fact that while the
Agl crystal lattice is 1.5 percent Iarger
than that of ice, the lattice of & solid
solution with 30 mole percent AgBr in
Agl is only 1.0 percent larger. Pre-
sumably Agl-AgBr solid solutions with
even smaller lattice misfits should be
even better nucleation catalysts, How-
ever, 30 mole percent is apparently the
limit of solubility of AgBr in the Agl
lattice, 30 1.0 percent is the minimum
Iattice disregistry that can be obtained
with Agl-AgBr solid solutions, The dis-
registry, 8, is defined as (a—a,)/a,,
where @ and 4, are the respective lattice
parameters of the catalyst and ice along
similar Jow index planes.

In searching for solid solutions of
Agl for which we could contro] the
Iattice parameter, our attention turned
to Cul-Agl. We have prepared Cul-Agl
solid solutions, each having a lattice
Parameter smaller than that of pure
Agl by two techniques. The first was
direct fusion at a pressure of 10-2
torr and a temperature of 20°C above

a8t
°op
4.5

dodide nucleation catalyst.

the melting point of the solid solution,
about 600°C. The second involved dis-
solving the proper proportions of re-
agent grade Cul and Agl in hydriodic
acid and then boiling off the solvent.
The crystal class of the resulting solid
solutions is face centered cubic, but in
the (111) plane the crysial structure
is similar to that of ice in the {0001)
plane. The lattice spacing in the (111)
Plane is given by &/372, where a
is the edge of a unit cell in the cubic
system. The x-ray data in Fig. 1 show
that by varying the mole percent of
Cul in Agl, a solid solution can be
made to have any lattice spacing from
-58 10 4.28 A measured in the (111)
Plane. This range in Iattice spacings
corresponds to lattice disregistries with
Tespect to ice ranging from 1.5 percent
to — 5.2 percent, Since Cul and
Are not appreciably soluble in water
(10-3 and 10-8 mole/liter, respective-
Iy), they have a negligible effect in
depressing the freezing point of the
Water.

To determine their relative effective-
ness as nucleation catalysts, powdered
samples of about (.5 g of Cul-Agl
were sealed in dilatometers containing
approximately 1 g of distilled water,
and the freezing temperature was ob-
served when they were cooled in a
vigorously stirred bath. The tempera-

< Ice ' a—
i .
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Fig. 1. Lattice parameter as s function of mole percent Cul in Agl.

Reprinted from SCIENCE, jo August 1973, volume 181,

7§

ture was measured with a Beckman
thermometer with an accuracy of
0.01°C and was lowered at a rate of
0.5°C min=1 (3). The water was
singly distilled and had a conductivity
of 3 X 10~% ohm-1 ¢m—1.

Figure 2 shows the observed thresh-
old nucleation temperature as a func.
tion of composition for ten samples of
both the fusions and the precipitates.
The fusions were tested after having
been in water for about 1 month. The
precipitates were tested immediately

‘after having been immersed in water,

Reduction of the cooling rate from
0.05° to0 0.01°C min-! produced no
observable differences in threshold nu-
cleation temperatures,

Figure 3 ghows the smallest observed
supercooling for the Cul-Agl fusions
and precipitates, as & function of lattice
disregistry with respect to ice. The dis-
registry is computed for the (11n
Plane of the Cul-Agl solid solution

~and the (0001) plane of jce, Vonnegut

and Chessin’s data for the Agl-AgBr
solid solutions are also shown, along
with Turnbull and Vonnegut's theoreti-
cal curve for coherent nucleation.

The fact that the temperature of
= 2.5°C we measured for nucleation in
the presence of pure Cul is apprecia-
bly higher than the value of — 15°C
reported by Mason and Hallett @
probably can be attributed to the very
different conditions under which the
observations were made. That the Cul-
Agl catalysts precipitated from HI were
geacrally more active than the fused
Cul-Agl catalysts could be due o
particle size, decay of the fused sampies,
of the effect described by Bigg (5)
where small concentrations of HI can
raise the nucleation temperature. Al-
though the reasons for the difference
are not clear, the paraliel nature of the
data in Fig. 3 suggests that the dif-
ference is uniform.

Turnbull and Vonnegut (2) advanced
& simple theory for nucleation catalysis

on the assumption that the inter-
facial energy between ice and 2 pu-

- cleation catalyst is a minimum when
-Ducleation is coberent. Coherent nu-

cleation occurs when the Inttice of the
forming crystal matches the lattice of
the catalyst and can be likened to crys-
tal growth. If the lattices are slightly
mismatched, nucleation may still be
coberent, but the resulting elastic dis-
tortion will increase the bulk free en-
ergy of the forming embryo. Conse-
Quently, the $upercooling necessary for
nucleation increases by an amount pro-
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The symmetry of the data in Fig. 3
suggests that catalysts with s positive
disruinryhnelbou:themnuch:-
ingahiljtynthouwithmequalnegl-
tive disregistry. This result agrees with
Tumbull and Vonnegut's prediction that

function of percent lattice disregistry for
along with Turnbull and Vonnegut's (2)

AT = k8%, where AT is the supercoo)-

“ing, 8 is the disregistry, and k 5 a

constant. However, for our data the
supercooling does not approach 0°C as
the disregistry tends to zero, bwt in-
stead reaches a minimum of about
0.5°C. In their derivation Turcbull and
Vonnegut neglected other factors, such

"When other nucleation

as particle size and adsorption, which
could cause additiona! supercooling.
ion parameters are
taken into account, s suggested by
Fletcher (6), the equation for coherent
Bucleation can be written as

AT = kP4 AT,

where AT, is the supercooling due to
the combined effect of any nucleation
parameters independent of the disregis-
try. The paralie] nature of the dats in
Fig. ¥ tends to confirm this type of
relation. -

Coherent mucleation theory predicts
that nucleation will become incoherent
for large disregistries where the bulk
free encrgy of ice formation is Jess
than the free energy required to distort
the ice lattice to fit the catalyst jattice,
X nucleation is not coberent, Turnbull
and Vonnegut predict a linear relation
between the disregistry and the super-
oooling. The data for the Cul-Agl cata-
Iy:tsin!-‘i;.Bshowalhnpdipin
sipercooling between Iattice disregis-
tries of =+ 1.5 percent. This region could
correspond to coherent nucleation. The
region between — 1.5 and — 5.2 per-
cent disregistry could correspond to
incoherent nucleation, as the supercool-
ing is a fairly linear function of the
disregistry,
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ABSTRACT

Mecasurements have been carried out in a cold box on the nueleation of jce forma-
tion in supercooled clouds by silver jodide smoke particles. The smokes were
produced by atomizing an acetone solution of silver and ammonium jodides into a
bydrogen fame.

The measurements show that jce crystals do not form immediately on the silver
iodide particles., The silver iodide can be regarded as greatly increasing the
probability of ice crystal formation. The number of effective nuclei which can be
produced per gram of silver iodide varies from about 10® at —10°C. to 10" at —20°C,

) . INTRODUCTION ‘
About & year and a half ago, it was found that silver jodide smokes had the

property of causing snowflakes to form in a supercooled cloud (5). . It is be- .

lieved that silver iodide particles are good nuclei for jce formation because of the
close resemblance of their cerystal structure to that of ice. Experimentation
has been under way to learn more about the production and behavior of these
smokes. The work to be described in this sccount should be regarded as pre-

liminary. The techniques and apparatus used in the work frequently leave -

much to be desired in the way of precision. The results are tentative and await
confirmation by better experiments. This work, despite the uncertainties in
it, nevertheless sheds light on the mechanism of pucleation and suggests new
experiments and improved techniques for giving a more complete picture of the
phenomena associated with nucleation by silver jodide.

APPARATUE AND TECHNIQUES FOR MEASUREMENTS ON EMOKES
Pind tunnel

In order to determine the output of a source of silver iodide emoke, it is neces-
sary o secure & sample of smoke for testing that is & known fraction of the
total output. This was accomplished by diluting the output of the smoke gen-
erator with a large known flow of air, and taking a known volume of this dilute
smoke for testing. The smoke generator was placed in front of a #-horsepower
electric fan, 3 ft. in diameter, which sucked the smoke along with a large volume
of air into a crude wind tunnel 4 ft. square in cross-section and 24 ft. long. The
stirring action of the fan and the turbulence in the tunnel mixed the smoke with

" 1 Presented at the Symposium on Aerosole which was held under the joint auspices of
tbe Division of Physica! and Inorganic Chemistry and the Division of Colloid Chemistry
at the 113th National Meeting of the American Chemical Society, Chicago, Illinois, April
22, 148, ) )
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the air to produce a more dilute emoke, which was discharged at the other end
- of the tunnel where samples were taken. When a heavy white oil smoke was
introduced into the tunnel, it appeared to be quite uniformly mixed and diluted
as it Jeft the tunnel. The rate of flow in the tunnel, as determined by measuring
the velocity with & vane-type anemometer, was 4 X 10* cm.* per second.

Of the silver iodide smokes used, all except the ones having the largest par-
ticle size were completely invisible under the conditions of the experiment.
The smokes having the largest particles were quite transparent and of a pale
" blue or purple appearance in the sunlight.

Smoke sampling end diluting syringe

'In many of the cases, only a fraction of 1 cc. of the smoke from the tunnel is
needed for a test. Precipitation on the walls of a container of this size would be
very rapid. Therefore, 8 syringe was constructed for taking a sample of the
emoke and diluting it quantitatively to any desired amount. The syringe

T g”?“*‘
=

Fic. 1. Smoke sampling and diluting ayringe

(figure 1) consists of a metal tube 3 in. in diameter with a piston and leather
washers which can be moved back and forth a fixed distance. A sample of smoke
was taken with the syringe and then diluted to the desired concentration by
moving the piston in and out the requisite number of times in smoke-free air,
upwind from the tunnel.

Cold chamber

The early measurements on the number of nuclei contained n silver iodide
smokes were made using Schaefer'’s technique (3). A measured volume of
smoke was introduced into & supercocled cloud in a home freezer and the number
of snow crystals produced per cubic centimeter was visually estimated.

This technique has been slightly modified in the more recent work and the
apparatus used is shown in figure 2. The tests were carried out in & brass
cylinder 15 in. high and 12 in. in diameter having walls } in. thick to provide
good thermal conductivity.

This chamber, which was closed at the bottom, was maintained at a low
temperature by placing it in a 4 cu. fi. home freezer, The freczer thermostat
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was used to regulate the temperatures. A supercooled cloud was maintained
in the refrigerated cylinder by evaporaling water from wet paper toweling wound
around a 15-watt electric heater placed in the lower part of the cylinder., A
hinged masonite lid was used to close the top of the cylinder during tests. The
temperature at the top of the cylinder was found to be about 2°C. warmer than
at the bottom. The minimum temperature obtainable in the chamber was
'=20°C. In future experiments, it s highly desirable that lower temperatures
be obtainable and that provisions be made for better temperature regulation.

Smokes were tested by introducing them from the sampling syringe into the
supercooled cloud in the cylinder. A stack of cold microscope slides was placed
in the bottom of the cylinder. The snowflakes produced by the action of the
snoke scttled on the botiom of the cylinder and on the topmost microscope

L HOME FREEZER

- BRASS CYLINDER

7222022272

| WATER VAPORIZER

[-THERMOMETER

TACK OF MICROSOPE
SLIDES
IITITS

\\\\\\\\\\ - INSULATION BOARD

N\
Fia. 2. Apparatus for counting nuclei in amoke

slide. At intervals 2 min. apart the slide on which the snow had fallen was
removed, thus exposing the slide beneath. The slide which was removed was
then examined under a microscope kept in the freeser. By means of a Whipple
eyepiece, the number of flakes collected per square millimeter in & 2-min. period
was counted. When the rate of snowfall had dropped to a low value, the
total number of flakes which had fallen per square millimeter was determined
by adding the numbers which had fallen in each 2-min. sample. The total
number of snow crystals which would have been produced by the entire output
of the generator could then be ealculated from the area of the bottom of the
cylinder, the volume and dilution of the smoke introduced, and the volume
rate of production of the smoke. '

TN
X424

. Electron microscope examinalion of smoke
Smokes being tested were examined with the electron microscope to deter-
mine their appearance and particle sige. Bamples of smoke were precipitated
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on a Formvar film supported an & fine wire screen, by moving it for about a
minute in and out of the smoke stream about 3 ft. from the generator, ‘The
smoke stream at this point is still quite warm. The sample screen, because it
is in thesmokeonlynmomentn.tatime,mnainsooolnothtthmalpm— :
cipitation may play a part in the collection of the smoke. ©

Under these conditions of precipitation, it is quite likely that particles of a
certain size may be selectively precipitated, so that the sample obtained is not
entirely representative of the emoke. A more reliable method would be desir-
able s0 that more trustworthy data could be obtained. .

The smoke samples were photographed using the electron microscope, Deter-
minations of the particle size and the number of particles per cubic centimeter
of material were made from these photographs. .

NYDROGEN GAS AT 20 PS.I.

. FLAME MOLDER
- N
b o B e g
k*_.’— e Q’;ﬁ::'sv\&“é%”’“'#

SPRAY NOZILE -
SILVER 10DIDE SOLUTION -
Fia. 3. Silver iodide smoke generator

Smoke generator. :

The smokes used in these tests were produced by a smoke generator con-
structed from a cormmereial compressed-air atomizing nozzle of the sort used
for paint spraying and humidifying (Binks No. 174). The generator is shown
in figure 3. Compressed hydrogen gas at'20 1b. per square inch was applied
instead of air to the air inlet of the nozzle and a solution of silver jodide was used
as the liquid to be sprayed. The hydrogen stream as it left the nozzle was
ignited. The heat of the flame vaporized the silver jodide in the Epray into a
gas which, upon mixing with the atmosphere, condensed into & smoke of gmall
silver jodide particles. In order to prevent the hydrogen flame from being
blown out by the wind, a flame holder consisting of a piece of 3-in. pipe 24 in.
long was placed § in. from the spray nozsle. Ata pressure of 20 Ib. per square

_inch, the spray nozzle used about 3 cu. ft. of hydrogen per minute (measured
at atmospheric pressure). ) :

Stlver iodide solutions .
Although silver iodide is very insoluble in water and ‘organic liquids, it is
quite soluble in acetone or water solutions containing a seluble jodide such as

sodium or ammonium jodide. The solutions used in this work were made by
dissolving 200 g. of silver jodide and 100 g. of ammonium jodide in a mixture of

-
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750 cc. of acetone and 250 cc. of water. A dilute solution was also used which
was made by diluting the above solution to ten times its volume with acetone.
Solutions can be diluted any desired amount with acetone; however, dilution

The rate at which silver jodide whs fed into the smoke generator was varied
by controlling the rate of flow of solution by adjusting the valve on the nozsle
end by using solutions of different concentrations. '

e
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Fia. 4. Comparison of seeding with silver jodide smoke and seeding with popgun

LOGp OF NUMBER OF ICE CRYSTALS PER M

EXPERIMENTAL RESULTS
Decrease in rate of snow Jormation after seeding

There was found to be a large difference in the bebavior of the supercooled
cloud when it was seeded with the low-temperature air produced by a popgun
and when it was seeded with silver jodide smoke, From figure 4 it can be seen
that although many snow erystals were produced by the low temperature from
the popgun, all of these crystals had precipitated to the bottom of the container
ai the end of 10 min. When the cloud was seeded with silver jodide smoke,
however, 8 measurable number of jee crystals were still precipitating at the end
of almost an hour. The rate of snowfall decreases to one-half each 2 or 3 min,
This rate of decrease was not found to vary significantly with temperature or
with the particle size of the smoke although, as will be seen, the total number
of snow erystals varied over severa! factors of ten, depending on the tempera-
ture of the supercooled cloud.

Pre'cipitatﬁn of smoke sn syrfﬁye
One possible source of error in these experiments is that which might be caused
by coagulation and precipitation of the smoke in the sampling eyringe. In

L O
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order to evaluate this rate of disappearance, tests were made in which small
smoke samples were withdrawn from the syringe after it had been in the syringe
for varying periods of time. The number of effective nuclei in a sample of smoke
was found to decrease by one-half every 20 min. The time required to take,
dilute, and discharge a sample into the cold chamber was never more than a
minute or two, so that the changes in the smoke occurring during this time were
not large. :
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F1a. 5. Kumber of jce erystals formed per gram of silver iodide related to temperaiver
of supercooled cloud and rate of silver iodide consumption.

Numbcrofiucrystalcperammoflﬂmiodide

The results of experiments carried out with different settings of the smoke
generator and in supercooled clouds at different temperatures are shown jn
figure 5. In this graph, the results are also given for the electron microscope
examination.

Electron photomicrographs were made of four different samples of smokes.
A hundred or more particles in a representative section of each photograph
were measured, and a graph was made of the number of particles as a function
of their diameter. All of the smokes examined showed a large number of par-
ticles having a diameter of about 30 &, which is the smallest particle observable
with the microscope. It, therefore, seems probable that in these smokes there
are many more particles which were too small to be resolved. By neglecting
these invisible particles, it was possible to estimate the minimum number of

<7
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particles formed per gram of silver iodide by dividing the number of particles

in a representative section of a photograph by the sum of their masses computed

on the assumption that they were spheres having the same density as silver

jodide crystals. Figure 6 shows electron photomicrographs of two typical
smokes,

R W NP
gk '.‘:?.";‘-“"”""" o S : ' -
ALY %, tSMOKE FROM Mgl w1\, 1,50
P S 25 mg7/eac & ! <2
. sfm R .*t. L8 1 MIC
gl

{b) 28 mg./sec.

DISCUSSION OF RESULTS

The work thus far is not of sufficient scope to give straightiorward answers
Yo many questions which arise concerning the mechanism of silver jodide nuclea-

Formation of ice erystals
Figure 4, which shows the number of snow crystals precipitating per minute
after seeding, illustrates s significant difference between the behavior of a cloud
seeded with silver jodide and one seeded by a popgun. Seeding with a popgun
or dry ice produces very large numbers of small jee crystals by cooling & smal}
region of the cloud to a temperature at which spontaneous nucleation takes

2L
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place. These ice crystals then mix with the cloud and grow at the expense of
the supercooled water drops. From figure 4 it can be seen that although a large
number of ice crystals is produced by the popgun, all of these erystals have
precipitated out at the end of 10 min. Now if all of the silver iodide particles
put into the cloud formed ice crystals at the time they were introduced, they, too,

should have precipitated out at the end of 10 min. However, at the end of -

almost an hour, ice crystals are still precipitating. This leads one to the con-
clusion that all of the silver jodide particles do not form jce erystals immediately
and that even at the end of half an hour or more, appreciable numbers of silver
iodide particles have not yet formed snow erystals and are still present in the
cloud.

There are various poasible explanations for the time required for silver iodide
particles to initiate the formation of ice crystals in a supercooled eloud. One
possibility is that in order for an ice crystal to form on a crystal of silver jodide,

& certain critical number of water molecules must by chance arrange themselves

on its surface in the structure of ice. According to this explanation, a silver .
jodide particle would not act as a nucleus until this event took place. The

presence of a silver iodide surface might be regarded as merely greatly increasing

the probability of the formation of ice. )

If we take a simplified view of the theory of nucleation as advanced by Gibbs,
in supercooled water or in a region superaaturated with respect to ice, the
water molecules by chance, from time to time, arrange themselves in the lattice
of crystalline ice. If these minute aggregations are smaller than a certain size,
their vapor pressure is greater than that of the supersaturated region and they
are unsiable and break up. If, on the other hand, they are larger than a certain
size, their vapor pressure is such that they are stable and continue to grow. The
lower the temperature, the smaller will be the critical size necessary for stability.
Schaefer (4) found, using clean air free of dust, that the rate at which nuclei
form is very low-at temperatures above —38.9°C. However, in the presence
of a silver jodide surface, it is possible, because of the close similarity between
ice and gilver jodide, that the probability of the chance formation of a nucleus
is greatly increased and is large even at temperatures as high as —10°C.

Another way of looking at the phenomenon is to consider the growth of an
ice crystal as the formation of a erystal of ice on ice. 'We know that this takes
place with the greatest ease. The formation of ice on a large surface of ice
requires the formation of very little new ice surface; hence there is little change
in surface energy. For every new ice surface formed, an almost equal ice surface
is covered up. However, when a new ice surface is formed in the absence of
any other surface, large amounte of surface energy are required relative to the
free energy decrease in the formation of the interior of the new phase. Because
of the close similarity of ice and silver jodide, the formation of ice on a silver
iodide surface probably involves only a amall amount of surface energy, and
therefore the chances of this taking place are good.

The lower the temperature, the smaller will be the eritical size of a stable
nucleus. Because the critical size is small at low temperatures, the chances of

235
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& nucleus forming are, in general, better. Hence, the rate of nucleus formation
is generally greater at low temperatures, . L R
Another possible explanation for the time required for silver jodide particles
to form ice crystals can be based on the assumption that thé silver jodide par- -
ticles produced by the generator sre not all in the hexagonal form which js
similar to ice. Poesibly they might exist in 8 metastable condition &S & Buper-
cooled liquid or as some other modification. In this case, the rate at which they
react to form ice crystals would be detetmined by the rate at which they trans-
form into the stable hexagonal form, However, it appears for several reasons
that this factor is probably not large in these experiments. It has been found that
the silver jodide smokes used in these tests will nucleate silver jodide solutions
supersaturated with respect to the hexagonal form and that the crystals which-
result are of the hexagonal variety. The number of such nuclei in a given
volume of smoke is of the same order of magnitude as the number of particles
determined by the electron microscope. It, therefore, seems probable that at
room temperature most of the smoke particles are of the hexagonal structure.
In addition one would expect, if the rate-determining factor involved the trans-
formation of the silver iodide particles themselves, that smokes aged for a period
of time at low temperature would show a different rate of falling off of ice crystal
formation when they are put in s supercooled cloud. This has not been observed.
Another possibility is that the formation of an ice crystal under the influence
of a cilver jodide particle ean take place only in the liquid pbase, In this case,
the rate of ice crystal formation might be limited by the rate at which silver
iodide particles entered into supercooled water drops. This could oceur either
by diffusion of the particle to the drop or by condensation of a drop on a par-
ticle. It has been found that when g suspension of silver jodide particles in
water is sprayed into a supercooled cloud, ice crystals are formed, It js there-
fore probable that silver iodide particles can act as puclesting agents in a
of liquid water. However, it has not ‘been definitely established that this is a
Decessary condition for silver jodide to act. If we assume this to be the rate-
governing factor in these experiments, we are faced with the problem of explaining
the large effect of temperature on the total number of ice crystals produced.
As will be discussed later, the variation of the number of ice crystals produced
with temperature can be explained on the basis that the rate of nucleation
increases greatly with decreasing temperatures. There is no reason to expect
that the rate at which particles enter water drops is particularly temperature-
sensitive. It is quite possible that the time required for a particle to enter a
water drop is of considerable importance in these experiments, but it is probably
not the most important rate-governing factor. .
The interpretation of results is further complicated by the possibility that
small particles of silver iodide smoke may dissolve in water drops before they
have a chance to start the formation of an ice crystal. At 25°C. the solubility
of silver iodide in water is about 1 X 10~* moles per liter (1). A water drop 10
microns in diameter on this basis should be capable of dissolving a silver iodide
particle dbout 100 A. in diameter. The solubility should be somewhat greater

2¢
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for particles of this amall sise. However, the effect of particle sise should be
counteracted to some extent by a decreased solubility at the lower temperatures,
If these factors are of importance, the kinetics of the nucleation may be dependent
to a large extent: on the rate of solution-of the silver jodide partioles in the water

. The author is hcﬁned to favor the explanation that the rate of jce erystal.
formation is governed primarily by the rate of spontaneous ice nucleus formation

on the silver iodide particles.” In some as Yet unrcporied experiments on the
nucleation of supercooled water and supercooled tin, the author measured at

constant temperature the rate of solidification of systems composed of & number

of independent supercooled drops. It was observed that the drops did not all
freeze at once but froze at a rate which steadily decreased with time, This rate
of freezing increased greatly as the temperature was lowered. *In these experi-

ments, foreign particles and surfaces were present which undoubtedly served as

foreign nuclei. The time required for these drops to freeze could be best ex-
plained on the basis of the chance formation of stable nuclei on the foreign
surfaces. It seems reasonable to believe that in the case of nudeation by silver
iodide similar phenomena play s dominant rdle.

If we proceed on the assumption that silver jodide merely increases the rate
of the chance formation of spontaneous jce crystals, it is possible to come to some
conclusions as to the magnitude of the rate and its dependente on temperature.
Bome of the particles of silver iodide introduced into the cold chamber un-
doubtedly become lost as potential nuclei by precipitation on the walls of the
chamber. The rate of precipitation on the walls is probably large because of
thermal diffusion resulting from the 15.watt heater in the vaporizger. One
would expect the rate at which particles disappear by precipitation on the walls
to be .proportional to the concentration of the particles. On the basis of this
assumption, the concentration of particles would decrease exponentially with
‘time. If the rate of snow formation is proportional to the concentration, this
too should decrease exponentially with time. This is experimentally observed
to be the case. '

On the basis of the foregoing assumptions, one ean analyse the situation mathe~—-

matically,
If ¢ is the number of silver iodide particles per unit volume at a time ¢ then:
¥ = K+ K W

where K, is the rate at which the silver iodide particles form jce crystals and K,
is the rate at which they are being removed from the eloud by precipitation
or other causes. By integrating equation 1 we obtain an expression for the
concentration ¢ at any time: ‘ . '

€ = g E-EN @
where ¢y is the concentration at time ¢ = 0, 1f N is the number of jce erystals

25
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formed per unit volume, then

W e Kic= Kyogrierem @
which when integrated gives for the number of crystals formed at time ¢
A . - Kico L1 — pEE . .
| | Vr+m ' F Y
O; when precipitation is complete
K, ,
NexTr o ®
or _ .
N_ K ;
a"K+TE : - ®

The fact that the rate at which the rate of snowfall decreases with time is not
greatly influenced by temperature, while the total number of crystals produced
increases by a large factor with a small temperature decrease, indicates that at
higher temperatures K, is far greater than X,. This is-another way of saying
that at higher temperatures the rate at which the silver jodide particles form
snowflakes is so amall that a large majority of them precipitate on the container
walls before they have a chance to form enow crystals. At —20°C. the number.
of snow erystals obtained approaches the number of particles determined from
the electron microscope, so that it is reasonable to assume that at this tempera-
. ture most of the smoke particles form snowflakes. :
If we assume that the rate at which precipitation decreases with time at.the
higher tempersture is determined solely by K, then K, computed from the
curve in figure 4 is approximately 6 X 10~* per second. From the data in figure
5, N, and ¢, can be estimated and from them and the above value for K. 2, Values
for K, for different smokes at different temperatures can be computed.
. These values expressed as half-life in hours are as follows: '

. WALPLIFE
SILVER JOPIDE RANGE OF PARTICLE BAAMETER
) -15°C. - =HWC.
mg./second F dours dowrs
1.5 . 30-700 . 8.5 173
7.5 850-1070 1.9 %
37.5 130-1400 1.4 L.T

If these data are extrapolated on the assumption that the log of the nucleation
changes linearly with the reciprocal of the absolute temperature, we find that
at —5°C. the half-life is several years, while at —20°C. it is a few seconds, and
at —25°C. a few milliseconds. ' '
This large effect of temperature on the nucleation rate is of the same order of
magnitude as that observed in the measurements on supercooled water drops
and on supercooled tin drops.

-
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The curves in figure 5 show a maximum for the pumber of nuclei produced
per gram of silver jodide at a certain rate of silver jodide consumption. This is
probably because at a low rate of consumption, the particles produced are so
amall that their reaction rate is amall and many of them precipitate out before

they have a chance to serve as nuclei. At high rates of consumption, the

particles formed are larger and react more rapidly, but because they are larger,
fewer are formed per gram of silver jodide, . _
Diffusion coefficients of emoke

An average diffusion coefficient for the silver jodide smoke can be ealculated
from measurements made on the rate at which the smoke precipitates on the
walls of a container. In the experiments which were made to find the rate at
which the number of nuclei falls off as & function of the time the amoke is held
in the sampling syringe, it was found that the half-life of the smoke was about
20 min. This was for & smoke produced when the generator was consuming
20 mg. of silver iodide per second. . :

Langmuir (2) has derived the following expression for the rate of precipitation
of 2 smoke of diffusion coefficient D on the walls of a container having a volume
V and an internal area A with slight convection caused by a slightly higher tem-
perature at the bottom than the top:

‘ dinc _ 0.644D™ _ -
R R @
where ¢ is the concentration of the smoke at any time ¢.

-

-

Using this equation the diffusion coefficient is calculated to be approximately

6X10t .
Langmuir (2) has also given the following expression for the diffusion coef-
ficient as a function of particle radius: - -
. 2 I a1
D= 204 x’w- + L8 X110
v a

(8

where a is the particle radius,

According to this expression; the diffusion coefficient 6 X 10~* corresponds
to a particle diameter of 400 A. This is in reasonable agreement with the
measurements from the electron microscope, which show this emoke to have a
particle diameter ranging from 30 A. to 1400 4. with & median diameter of
about 300 A,

As has been shown, K, or the rate of disappearance in the cold chamber of
gilver jodide particles from causes other thay nucleation, is about 5.7 % 10~
per second.

Using the diffusion coefficient of 6 X 10~ and equation 7, it ean be calculated
that the smoke concentration should fall at a rate of 1.3 X 10~ per second.
* This is far Jess than the observed rate of decrease, K, which was found to be
5.7 X 10~*. This calculation, of course, does not take into account the thermal
diffusion caused by the vaporizer heater in the cold chamber, which would be
expected to increase greatly the rate of precipitation on the walls,

Using the diffusion coefficient it is possible to estimate the rate at which the

-
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toncentration of the smoke decreases because of precipitation on the water
drops of the supercooled cloud. It can be shown that the rate of change of
concentration due to this cause is given by the relation

I e —teDo ®)

where ry is the radius of the water drops and @ is the number of drops per cubic
centimeter. .
If we assume the liquid water contents to be 1 g, per cubic meter and the drop -
- radius to be 5 microns, the rate of change of concentration from this cause is
3.6 X 10—, . '
BUMMARY : )

" Measurements have been carried out on the nucleation of supercooled water
clouds by silver jodide smokes. The smokes were produced by spraying a solu-
tion of silver iodide into & hydrogen flame. The particles of the smokes were
found by electron microscope examination to range in diameter from 30 At
1400 A. The number of joe crystals produced per gram of silver iodide was deter-
mined as a function of the temperature of the supercooled cloud and the rate of
introduction of silver jodide into the flame. Yields of ite nuclei of as high as
10" per gram of silver jodide were obtained when the supercooled cloud was at
—20°C. At —10°C. the same smoke produced only 1077 jee crystals per gram.

It has been found that silver iodide particles do not react immediately to
form ice crystals when they are put into a supercooled cloud. Ice crystals were
found to be still forming at a measurable rate 50 min. after a silver iodide smoke
was introduced into a supercooled cloud. It is believed that fewer joce crystals
are produced at higher temperatures than at lower temperatures, because the
eilver jodide particles react more slowly to form ice erystals and most of them
precipitate on the walls of the cold chamber before they have time to react.

According to this interpretation of the results, the rate of reaction at ~13°C.
is thirty or forty times that at —40°C.

The author wishes to thank Dr. Irving Langmuir and ‘Dr. Vincent J. Schaefer
for their very helpful counsel and suggestions in this work. He is gratefu! to
Mr. E. Fullam for making the electron microscope examinations and photo-
graphs and to Mr. Kish Maynard and Mr. Duncan Blanchard for invalusble
help in testing the smokes.

The research reported in this paper was made possible through support ex-
tended the Research Laboratory of the General Electric Company jointly by
the Signal Corps and the Navy Department (Office of Naval Research) under
Bignal Corps Contract No. W-36-039-SC-32427. '
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The Nucleation of Ice Formation By Silver lIodide

B. Voxnecur
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Sitver jodide particles Bave been found
in super-cooled water and in water vapor
. thtn‘lveriodidemuava-yeﬂective

. Crystal structure. Both dimensions of the unit cell of jce and

to serve as nuclei for the formation of ice crystals
super-siturated with respect to ice. It is believed
nucleus because it very closely resembles ice in

silver iodide are the same to

within approximately one percent. The maximum temperature at which the silver iodide par-

ticles serve as nuclei is approximately —4°C for particles one
Angstrom units in diameter. A silver jodide
ilvcioflidepemdmdproduuc 102 effective nuclel

for particles 100
-structed which coasumes 1 mg of
per second.

micron in diameter, and —8°C
smoke generator has been con-

..

- V -J. SCHAEFER of this laboratory has
: * recently reported that super-cooled liquid
water clouds spontanecusly transform from
water to ice when the temperature is —35°C or
lower. He observed that at temperatures as low
as —20°C, the addition of fine particles of a wide
variety of substances was without eflect on the

super-cooled cloud.! - :

B. M. Cwilong,* using a Wilson cloud chamber,
found that moisture in tlean air is precipitated
as a cloud of ice crystals if the temperature
during the expansion drops to —35.0°C or lower
" and the air is super-saturated with Tespect to
_ ice at this temperature. He observed that the
ice crystals were formed even though the expan-
sion ratio was far less than that necessary to
produce the formation of liquid water drops.
LCwilong observed that if “ordinary atmospheric
air” is used, ice crystals form at —27°C, and
'V. ]. Schaefer, *The production of ice crystals in a
cloud of supercooled water droplets,” Science 104, 457459

(1946). : .
1B. M. Cwilong, Nature 155, 361-362 (1945).

that if the air is “artificially contaminated with
tobacco smoke,” the limiting temperature is
—23°C. He found “crystalline dust” to be no
more active than “amorphous dust™ in producing
ice crystals.

Following Schaefer's work, experiments were
made using Schaefer’s apparatus and technique
to see whether particles of substances very
similar to ice in crystal structure might not
serve as nuclei for ice formation at temperatures
closer to the freezing point. -

A search was made through x-ray crystalio-
graphic data for substances resembling ice as |
closely as possible in crystal system, space group,

TabLE 1. :
%

Sebatance . System Space group Lattice constant

}ﬁ E“' Zn0 'c)"-‘ fﬁg. ;:slx.r
ex. . R .
PL b Dt 45 83

* William H, Barnes, Proc. Roy. Soc. A125, 670-693 (1929),
* N. H. Kolkineijer, W, J'.WD. "l:ndaa s . H. A,
Boekehoogen, Proc. Amsterdam 3, 1014-1037 (1928).
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and dimensions of unit cell. Two substances
were chosen which are listed in Table 1 almg
with ice for comparison.

These crystaliine substances were tested to see
" if they would act as nuclei for the formation of
ice when dusted as a powder into a super-cooled
water cloud in Schaefer’s apparatus at a temper-
ature of —20°C.

Silver iodide was -without apparent “effect;
however, the introduction of lead iodide powder
caused the formation of 8 number of ice crystals
. in the super-cooled cloud. It appeared that far
fewer ice crystals formed than would have been
expected from the number-of particles of lead
iodide mtrocluoqd

The supposition that t.he Jead iodide particles ,
acted as nuclei because one of the dimensions of
" its unit cell was almost the same as that for ice
was discarded when V. J. Schaefer discovered
that iodiform crystals and ‘iodine vapor behave

in a similar way. The orthorhombic structure of
iodine bears little relation to the structure of ice.
" Later, investigations were made on the nucfe-
.ating effect of smokes produced by electric
" sparks between electrodes of various metals, . It
" was discovered that a single spark between silver
electrodes in the presence of iodine vapor pro-
duced many thousands of times as many. ice
nuclei as lead iodide particles or iodine vapor
alone. It was then found that silver iodide
smoke, produced by -heating silver iodide on a
‘hot filament -or by dispersing it in.a flame,
produced enormous numbers of nuclei. The
‘failure of the initial experiment using silver
iodide powder is attributed to the fact that the

-sample used was badly contaminated with

soluble’ salts, a fact ‘not known at the time.
‘Powdered silver iodide without ‘this :mpunty
has since been found to. serve as nuclei for ice
-formation. .

It is believed that silver. iodide acts asa vu'y
‘effective nucleus for the formation of ice crystals
because it very closely resembles ice in crystal
structure, It can be seen that both dimensions
. of the unit cell of ice and silver iodide are the
same to within about one percent. -

- According to Dr. D. Harker of this laboratory,
"the arrangements of the atoms in the unit cells
of ice and of stlver iodide are almost identical
despite their different space groups. The struc-

504
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ture of ice is the same as that of silver jodide

.with the oxygen atoms occupying positions

corresponding to the silver and iodine atoms. In
silver iodide, each silver atom is bonded tetra.

hedrally to four iodine atoms. In ice each oxygen. '

atom is bonded tetrahedrally, through hydrogen

" bridges, to four oxygen atoms.

lodine vapor alone, or fine silver particles
alone are without appreciable effect in forming
ice crystals at a temperature of —20°C. If the
arpenment is carried out using iodine vapor
alone in a system closed to the atmosphere of
the laboratory, iodine vapor soon loses its:
property of nucleating -a super-cooled cloud. It
is .believed that iodine compounds and iodine
vapor act to produce nuclei by reacting to form
Ailver jodide with minute traces of silver'in the
laboratory atmosphere. Such traces of silver
‘might be caused by sparks from electrical equip-
‘ment using contacts made -of silver or copper
that contains silver. Exceedingly small amounts
-of silver introduced into a_super-cooled cloud in
the presence of iodine vapor cause the formation
-of very large numbers of nuclei. One breath of air
blownoveranlvermheatedredwﬂlproduoe
many millions of ice nuclei if it is introduced intoa
-super-cooled cloud containing a small amount
of iodine vapor. -

Experiments are being made on methods for
the production of silver iodide smokes consisting
of very large numbers of very small particles.
The most effective method found thus far for
the production of such smokes is the following.
A cotton string coated with silver iodide is fed
st a fixed rate into an oxyhydrogen flame which
vaporizes 'the silver iodide. A few inches away
from the point at which the silver jodide is
introduced, the flame is rapidly quenched by
blowing a strong jet of compressed air through
.it. The blast of air quickly cools and dilutes the
vaporized silver iodide in the flame so rapidly
that it condenses to form an invisible smoke of -
very smali silver iodide particles. Measurements
-have been made which show that a generator of -
this sort produces ice nucléi at the rate of
approximately 10" per second with the consump-
tion of one milligram of silver iodide per second.
Mr. E. F. Fullam has examined particles of this
smoke with the electron microscope and found
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that they are of the order of 100 Angstrom units
in diameter. One milligram, it can be computed,
should yield about 3x10% particles. The dis-
“crepancy between the two values may be caused

by the fact that a portion of the silver jodide .
" tube makes it"difficult to super-cool the water
* to temperatures below about -3.5°C. '

introduced into the flame may form a few very
large particles or may form particles which for
some reason are not effective nuclei.

It has been found that the effectiveness of the
silver iodide particles as ice nuclei depends to a
certain extent on the size of the

has a particle size.of the order of 100A diameter.
This smoke does not cause large numbers of

crystals to fopn until the temperature is —8°C

. VOLUME 18, JULY, 1047

particles. The .
smoke made by the oxyhydrogen flame technique -

ahw.&nokumadebynpmiﬁng-ilver
iodide from a hot wire have a particle size of the
order of one micron and are effective at —4°C
or below. A piece of silver jodide several mill;-
meters in diameter placed in water in a test

Recently the effect of silver iodide smoke was
tried near Schenectady on a thin layer of super-
cooled fog at a temperature of ~4°C. The smoke
was produced by evaporating silver iodide on
the surface of an electrically heated wire coil,
The liquid water fog was transformed into small
ice crystals for a distance of at Jeast 150 feet
from the point where the smoke was generated,
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VARIATION WITH TEMPERATURE OF THE NUCLEATION RATE
OF SUPERCOOLED LIQUID TIN AKD WATER DROPS

Bemard Vonnegut

From ihs General Eleciric Reseorch Laboralory, MV.N.Y.
WW” 1048 :

" INTROTUCTION

In investigations of the kinetics of the formation of a new phase, it is
immportant to learn at what rate nuxlei, or centers of formation for the -
new phase, make their appearance. It is possible to investigate the rate
of nucleation by obeerving single masses of material during and after a
pbase transformation, However, in many cases it is difficult to separate
the kinetics of nucleation from the kinetics of the growth of the new phase
after nuclei have made their appearsnce. The nucleation of a substance
can often be more easily studied by dividing it into a large number of
emall mutually independent particles and observing as a function of time
the number of particles which have undergone transformation. The
time required for a particle to change from one phase to another once a
nucleus has formed will, in general, be proportional to the first power of
the particle radius. The chance that a nucleus will form will generally
be proportional to the second or third power of its radius. Therefore, by
msking the particle sufficiently amall, the time required for the occurrence
of a nucleus can be made large in relation to the {ime required for the
particle to transform once a nucleus has appeared. It is advantageous to
make nucleation measurements on s¥stems containing a suﬁclently large
number of particles to be easily trealed statistically.

Preliminary investigations have been on the nucleation of supercooled
tin and supercooled water. Observations were made at constant tem-

_penturesonthefreemgnteofmtemscomposedofhrgenumbenof
supercooled drops.

ExrerIMENTAL METHODS AND RESULTS

Nucleation of Supercooled Liguid Tin
In the experiments on tin, the samples were prepared from a fine tin
powder (obtained from Eimer and Amend) consisting of small spheres of
tin ranging in diameter from approx:mately 1 to 10 4.
) The first determinations of the mate of nucleation of supercooled tin
drops were made using X-ray d.l:Ernnt:on measurements. The sample of
563
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tin powder was mixed with a Bakelite varnish and spread as a film on a
glase slide. The slide was mounted in a small electric furnace built to fit on
a Philips X-ray diffraction apparatus. Tie apparatus was adjusted to
give a strong diffraction line of the erystalline tin powder. The sample
was then heated above its melting point (231.89°C.) to 240°C. At the
melting point, the diffraction line of the solid tin disappeared. Hydrogen
gas was run through the furnace to prevent oxidation of the sample. After
having been heated above the melting point, the sample was cooled and
held at some temperature below its freezing point. The rate at which the
supercooled particles crystallised was determined by measuring the rate
at which the intensity of the diffraction line of solid tin returned to its

wo}
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Fia. 1. Fraction of tin drops remaining unfrosen as function of time st 180°C., from
X-ny data. ) .

former value. The results of & typical experiment are shown in Fig. 1. It

was soon found that the rate of nucleus formation was greatly increased -

by a small decrease in temperature and that the temperature control was
not sufficiently sensitive t0 permit measurements with any accuracy.

A different apparatus was then set up in which the rate at which the
tin particles solidified could be measured by the rate at which their
volume changed. When liquid tin erystallises, its volume decreases by
sbout §%. The tin powder was first beated in air for about 0.5 br. at
150°C. to give it a thin coating of oxide to separate the particles. It was

sealed into a bulb of a dilatometer (see Fig. 2). The dilatometer was then

pumped out and baked at a pressure of leas than 1 u to remove any gas.
“Qotoil 8” was then distilled into the dilatometer under vacuum. A

33
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measurement of the rate of nucleation was made by first heating the

bulb to a temperature above the melting point of tin (265°C.), and then

placing it in a silicone oil constant temperature bath. The rate of nuclea- .

tion was determined by observing the rate of volume decrease as measured
by the motion of the “Octoil 8” along a graduated capiliary tube. A long
capillary tube was used in the first experiments, but it was found that
appreciable error was caused by the slow drainage of the liquid from the
walls of the tube. This difficulty was minimised by using the oil reservoir
shown in Fig. 2. During the melting of the sample, the tube was held at an
angle so that the liquid covered the end of the capillary tube. When the
eample had been cooled to almost the desired temperature, the tube

~J

was tipped so that the excess liquid ran away from the end of the capillary °

tube, thus forming the meniscus in a convenient position.

Fia. 2. Dilatomster,

The results of the experiments are shown in Fig. 3. The time has been
plotted on a log scale to condense the curves for runs made over a long
time interval. If the chances of a nucleus occurring in each tin particle
were exactly the same and were independent of the length of time it had
been supercooled, ane would expect the rate of pucleation to decrease
exponentially with time. The ‘curves show clearly that in these experi-
ments this is not the case. The fraction of the unfrosen portion of the
sample crystallizing per unit time steadily decresses with time. Bome
drops nucleate more rapidly than others, probably because they are
either larger than the others or because they contain eertain impurities
which increase the probability of nucleus formation. The data obtained
should be interpreted as the behavior of supercooled tin with whatever
impurities were present. It is probable that tin, free of impurities, if it
could be obtained, might behave very differently. : :

3¢
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Fia. 3. Fraction of tin drops remaining unfrosen as a function
. . of time from dilatometer data. :
Onedthemostsh-ikingfammofﬁednhhthemmteﬁect
of temperature on the rate of nucleation. A decrease in temperature of 7°
- ‘causes & 80-fold increase in the nucleation rate. In cbservations on the
rate of nucleation of supercocled water clouds in the presence of silver
_iodide smoke, the author has obheerved & similar large negative tempera-

ture coefficient (1). For a given smoke the rate of ice crystal formation was

approximately 30 times greater at —13°C. than at -10°C,
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Fio. 4. Nucleation rate of tin drops as & function of temperatars.
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An approximate n:!ue for the activation energy of the nucleation re-

action can be computed from the data in Fig. 3. The log of the reciprocal .
ofthetimerequiredforlofthemmp!et.oﬁ-euemplottedag;inatthe .

reciprocal of the absolute temperature to give the curve in Fig. 4. This -
corresponds to an sactivation energy of — 2 X 10* calories, The data
taken at 116.7°C. have not been used because nucleation at that tam—' '
perature proceeds so rapidly that most of the sample is frosen by the time
its temperature has come to equilibrium with the conmnt tempersture
bath. :
The fact that the tin particles had \ndely dtﬁenng diameters greatly -

" limite the deductions which can be obtained from these experimental

results. Not only is the probability of nucleus formation far larger in °

"a large drop than in a small one, but the freesing of a large drop would

produce a far greater effect on the diffraction of the X-rays or the volume
of the system than would the freexing of a small drop. The data, there-
fore, probably reflect primarily the behavior of the larger drops. .

It is highly desirable that future experiments be conducted on n.mpleu
containing drops that are as nearly :dentlca.l as pom'ble. .

Nudeaaouafsupmaad Water -

‘The luthor first attempted to measure the nueleatlon of lupmooled
water in experiments conducted while at the De-icing Research Labora-
tory at M.I.T. An emulsion of water drops suspended in lubricating oil

" was cooled to —29°C. with the expectation of measuring the nucleation

rate by the rate of volume increase. This method was not successful,
because the solubility of water in the oil was sufficiently large that dif-
fusion rapidly took place from the unfrosen to the frosen drops. :

Some preliminary studies on water have been made in this laboratory
using & variation of the above method. In these experiments, 64 drops
of distilled water, weighing approximately 3 mg. each, were placed in &
square pattern on a polished chromium plated metal plate.

On the recommendation of V. J. Bchaeferofthuhbmtory the

" chromiwm surface of the metal plate was covered with a thin film of -

polystyrene by dipping it into a solution. This had been found by Bchaefer
to lower the temperature to which the water could be supercooled. The
plate with the drops on its surface was then placed on a thermostated

copper block at some temperature below freezing. To prevent impurities

in the air from settling on the water drops, the plate was covered with a
piece of plate glass which rested on a raised rim on the copper block. The
heat transfer between the block and plate was sufficient to bring the
drops on the plate to the temperature of the block in leas than 1 min.
The number of unfrosen water drops was measured as & functiPn of time
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by visual observation. Fig. & is a curve showing the nucleation of the
drops st various temperatures. . '

Despite precautions to keep the water drops free of impurities, it is
certain that they were contaminated by foreign material from the atmo-
ephere and by the surface of the plate which inczeased the rate of nuclea-
tion. Here again the data would probably be far different for completely
pure water, The striking feature of the data is again the large negative
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F1c. 8 Nucleation rate of water drops as a function of temperataire.
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temperature coefficient which characterized the results of the experiments
on supercooled tin and on a supercooled cloud seeded with silver iodide.
. The data for the freezing of water drops given in Fig. 5 can be inter-

preted in terms of the rate of nucleus formation per gram of water. Fig. 6
relates the rate of nucleus formation per gram to the reciprocal of the
absolute temperatures. The rate of nucleation was ealoulated from the
times required for the first 22 drops to freesze at the various tempera-
tures. The energy of activation computed from the slope of the curve in
Fig. 6 is — 1.6 X 10° cal. It is interesting to extrapolate these data for
comparison with observations made by Schaefer (2, 3) in his experiments
- on supercooled clouds. If it is assumed that the liquid water content in
the cloud in the cold box is of the order of.1 g./ms3, at a temperature of
—25°C., according to these data ice crystals should be appearing at the
rate of about 10¢/sec. Actually, with clean air at this temperature,
no crystals are obeerved. It is not until the temperature falls below
— 39.0 = 0.1°C. that many crystals begin to form. The rate of nucléation
in the water drops on the metsal plate is much larger than that in the
water drops in a cloud, probably becsuse of the nucleating effect of the
surface of the plate and chance impurities, .

The sudden appearance of large numbers of ice crystals when the
temperature is —39°C., or lower, indicates that in Bchaefer’s experiments
the increase it nucleation rate with decreasing temperature must be
even greater than that found in this work.
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Summary ]
X-ray diffraction, dilatometric, and visual techniques are described
for meaguring the extent of crystallization of systems composed of many
emall mutually independent volumes of supercooled liquid. Preliminary
measurements on supercooled liquid tin and supercooled water show
their rate of nucleation has a very large negative temperature coefficient
corresponding to an activation energy of the order of — 2 X 10* ecalories,
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