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Abstract. A composite ice nucleus aerosol,
Characterized for nucleation efficiencies, rates of jce crystal formation, and
nechanisms 9f nucleation, under water saturation and transient supersaturation
conditions. The addition of HaCl to the highly efficient contact nucleus,

Agly, ulg 25 changed the nucleation mechanism to condensation-freezing at water
9d+urat1on and increased the rates of ice crystal formation dramatically, while
retaining the high efficiency of the 19121 nucleus aerosol. Under transient
supersaturation conditions, this new aerosol demonstrated improved ice nucleation
efficiancies at T > -12 €, and even faster ice crystal formation rates, sugqesting a
change of nucleation mechanism to forced condensation-freezing. This ice nucleation
aerosol should be advantageous for use ia weather modification field programs under
conditions wherz Tow cloud droplet concentrations suggast the use of a condensation-

AgIC1-4MaCl, has been generated and

freezing nucleant.

1. INTRODUCTION

Since Vonnequt found in 1947,
iodide aerosols are effective ice nuclei,
haen widely used in weather modification
axperinents and operations as cold-cloud
nucleating agents. When qenerating Agl, other
chemical substances are usually added. For
exarmle, when using Agl-acetone solution
cothustion as a generating method, “dn , KI or Nal
is added as a solubilizer. 1In AqI pyrotnchn1cs
sitver jodate Agl93 is used as an oxidizer, and
maqgnesium, and a]uw1num as fuels. Even though Aql
artificial ice nuclei can be generated by many
different ways, they are not pure A3l aerosols
hecause of the existence of other chemical
materials, Due to the different properties of the
added materials, the ice nucleation mechanisms,
the nucleation efficiencies and the nucleation
rates will therefore be different.

that silver
AgI has

Vonnegut and Chessin (1971) commared the
nucleation efficiencies of pure Agl and Agl-AgBr.
Their results showed that pure Agl has a lower
nucleation efficiency. They also found that the
Tattice structure will he closer to that of ice if
part of tha jodine atoms are replaced by bromine
atoms. Sax, et al., (1979) found that sone of the
Nuclei Engineering, Inc. (NEI) oyrotechnic
formulations contained small asounts of chlorine
and had aernsol nucleation efficiencies at -10 C,
which were one or two orders of magnitude higher
than those which did not contain chlorine, They
concluded that this increase was caused by the
c1lorine changing the lattice structure. or

{1} English translation of “An efficient, fast
functioning nucleating agent -- Composite
Aql-AgCl1-NaGl ice nuclei," originally
nublished in Collected Papers of
Meteorological Science and Technology, Mo. 3

T198%5Y, By the Academy of MeteoroToaical
§b1pnce Beijing, PRC.
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introducing active sites on the Ag! surface.

Later DeMott, et al., (1983) generated Agl*Agi1
compound nur1n1 Js1nq an AgT-NH,I- MH,C1O4-arebone-
water burning system. Such nuclei have one order
of magnitude higher nucleation efficiencies at

-12 € and three orders of wagnitude higher
afficiency at -5 C than that of pure Agl produced
hy the AgI—HH4I—acet0ne system. They alsn showed
that both of these nuclei are contact nuclei, and
the nucleation rates are relatively slow.
Blumenstein, et al., (1983) showed that the 2Agl-
Mal nucleus aerososl is strongly hygrosconic and
nucleatas by a condensation-freezing nucleation
mechanism. Under water-saturation condition, the
nucleation rate is very slow and the nucleation
efficiency is also low. !nder transient
supersaturation conditions there is a clear
increase of nucleation rate, and the nucleation
efficiency also increases at warmer temperatures.
Feng and Finnegan (in oreparation) studied the
T8-1 pyrotechnic aerosols manufactured by
different suppliers and concluded that there are
big differences i1 the nucleation mechanisms using
the same combination of substances. The
pyrotechnics made hy the #.S. Navy gave aerosols
with lower nucleation efficiencies, hut with very
high nucleation rates and which were clearly
acting as condensation-freezing nuclei. The
aerosols from the pyrotechnics made by MEI have a
Tower nucleation rate and were reacting as contact
nuclei. 0One possibla reason is that the materials
of different nyrotechnic formmlations have
different impurities. Therefore, the composition
of AgT and different chemical imnurities will lead
to different nucleation mechanisms, different
effectivenesses, and different nucleation rates.

Among various artificial nuclei, Agql-AgCl
nuclei have the highest nucleation efficiancies
(DeMott, et al., 1983), but they are contact
nuclei with Yow nucleatinn rates. 1f hygroscopic
material is added, it was thought possible that
the nucleation mechanisms would be changed to



condensation-freezing. Yith a careful choice of
hygroscopic material, the advantage of the high
nucleation efficiency could be retained, and a new
high nucleation rate aerosol obtained.

2. INSTRUMENTATION AMD PRNOCEDURES
The experiments were conducted in the

isothermal cloud chamber of the Department of
Atmospheric Sciences, Colorado State University.
The cloud produced by the ultrasonic fog
generator, was cooled to the chamber temperature
hefore introduction into the chamber. The sizes
of the cloud droplets are between 1-16 microns
with mean diameter of 7 microns. The 1iquid water
content inside the chamber was maintained at a
constant value for each experiment. The values o
11qud water content usually chosen were 5.5 g @
w1§h corrpspon11ng droplet concnntrat§on of 2100
cm™>) and 1.5 g m™7 (4300 droplets cm™ The
temperatures at different points of the chamber
could be controlled with an accuracy of +- 0.3 C
The aerosols produced by the generator were
diluted with ambient air in the wind tunnel. A
volume of 4 Titers of such diluted air was taken
by a sampling syringe then mixed, at fixed ratios,
with either pure dry air or saturated air at room
temperature. The diluted éerosol samples were
then injected into the cloud chamber. The ice

crystals produced by the aerosols, fell onto pre-
cooled microscope slides. The slides were taken
out at certain time intervals (1-3 min.) and the
aumbar of ice crystals on the slides counted using
a microscope. This process continued until the
ice crystal generation ceased. From the
cumulative number of ice crystals obtained from
each experimeat, the nucleation efficiency was
calculated. The ice crystal nucleation rate was
obtained by counting the number of ice crystals as
a function of time. D9etailed information about
this chamber can be found in Garvey (1975).

In the past, this chamber was used to compare
the nucleation efficiencies for various nucleant
aerosols and those from different types of
generators (DeMott, et al, 1983). In recent
years, in cloud simulations and aerosol
experiments, the method of chemical kinetics was
introduced into the isothermal cloud chamber
experiments (DeMott, et al., 1983). By observing
the ice crystal nucleation rates changing with
time after the aerosols had been introduced into
the chamber, the nucleation rate and its
relationships with various parameters {such as
temperature, droplet concentration, supersatur-
ation ratio, etc.) of the chamber, can be studied
and the nucleation mechanisms can he determined.
In this way, the nucleation characteristics of
various artificial aerosols can be studied. The
same methods were used in this experiment.

This exneriment was hased on the bhasic
composition of Aql*AqCl studied by DeMott, et al.,
(1983). Sodium chloride (NaCl) was used as the
hygroscopic material to add to AgI-AgCl. The
reason for this choice is that NaCl will neither
form comnlex compounds nor produce solid solutions
with Agl. This addition was achieved by adding
sodium perch]orafe (Nac19,) to the original
solution, e.g., Agl-NH;I %H b104 Mar104 -H,0-
acetone. Sodium perch%orate is easily soluble in
acetone (50 g Nall9, / 100 g acetone), and is
reduced to HaCl during solution combustion. The

AgI-AgC1-NaCl aerosols then result from combustion
of the total solution.

There were two parts to this experiment,
First, the temperaturzs in the chamber was
maintained at -10 € while changing the molar ratio
between Agl and Hall0, in the solution 1in order to
determine the optimum composition of Agl and wactl
in the generated aerosol. Secondly, the
nucleation efficiencies and rates of this optimum
composition were determined between -5 and -20 C.

3. EXPERIMENTAL RESULTS

3.1 The 3est Molar Ratio of Agl to Nall

Tn the tasting solution, the molar ratio of
Agl to MaCl0, was changed from 1:0.5 to 1:5. The
aerosols proguced by combustion were dilutad with
dry air or saturated air at room temperature, and
were then injected into the chamber at -19 C. 1In .
each, the nucleation efficiency was calculated
from the total number of ice crystals nroducsad,
the rate of formation of Agl and the dilution
ratio. The nucleation rate can be expressed in
different ways. In this study, the time that 290%
of the ice crystals formed (T90), is used as the
nucleation rate. Figure la shows the Agl
nucleation efficiency at different NaC10y motar

concentrations. Fiqgure 1b shows T90 as a function
of the NaC10, concentration. The values for pure
Agl in these figures were obtained from the
results of Dedott, et al., (1983).
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Fig. 1 Nucleation efficiencies {a) and times for

90% ice crystal nucleation (b) as a function of
the NaC1/Agl ratios at -10 C.



Figure 1 shows that the highest nucleation
efficiency and rate occur when the molar ratio
between Agl and Nalld, was 1:4. At water

a*u{3t1on, the nuc1eat1on efficiency reached 4.9
x 10 Agl at -10 C, which was very close to
th nuv1nat1on efficiency of Agl*AgCl, (5.4 x 1014

=1 Agl), under the same conditions. T90 was 3.8
min. for the composite nuclei, but for Agl-AgCl
azrosnls TIN was 16 min., When the sample was
diluted with saturated air at room temperature,
and injected into the chamber, a transient super-
saturation was induced in L?E cthher. The nucle-
ation efficiency reached 19 Aql at a molar
ratio of 1:4. The nucleation rat= increased
dramatically with T90 shortening to 1.2 min.

The Nucleation rff1f1ency and Nucleation Rate

3.2

as funct1ons o Tonpprature
with the optimun molar ratln of AgI to latlo4
~10 C were tested in the temperature range hetween
-5 C and =20 C. Two sets of results were obtained
under hoth water-saturation and transient
supersaturation conditions. These results are
shown in “igure 2.

Over the whole temnerature range, the
Agl-Agh1-4Nall composite nuclei had very high
nucleation efficiencies at water saturation, and
they were c¢lose to the nucleation efficiency of
the Agl*AgCl nuclei. The nucleation efficiency
increased dram?gically from -5 ¢ to -12 © and
reached 2 x 10 qg~* Agl at -12 C. As the
termerature was decreased further to -20 C, the
efficiancy increase was slight with only a small
increase under transient supersaturated
conditions. The nucleation efficiency was lower
than the values obtained at water-saturation in
the temperature range between -% and -7 C, but it
is higher than those for water saturation values
hetween -7 C and -20 C with the largest difference
of about a half order of magnitude (see Fiqure
2a).

The nucleation rate increased with decreasing
temperature. At water saturation, T90 was 18 min
at -6 C and 1 min at -20 C. The change in
nucleation rate with temperature was large when
T>-12C. In the -6 £ to -12 C range the
nucleation rate, under transient supersaturation
conditions, increased much faster than under
water-saturation conditions. 790 decreases from 18
min to 2 mia at -5 C, but in the lower temperature
range {-14 7 to -20 C)} there was no qreat
difference between the supersaturation and water
saturation values (Figure 2b).

3.3 4he Nucleation Mechanism

Tn"order to study the changes in the
nucleation rate with changes in the concentration
of droplets, we performed expe iments with 1§qu1d
water conteats of both 0.5 gm™ and 1.5 g m
two different temperatures, -8 { and -20 C. The
results are shown in Figure 3. The nucleation
rate of the composite nuclai does not change with
the liquid water content (or the droplet
concentration). . Therefore, Aql-agC1-4NaCl nuclei
are not contact nuclei. It is shown, from the
experinents at both water saturation and
supersaturation conditions, that these nuclei are
sensitive to water vapor density, and both the
nucleation efficiency and the nucleation rates
increase greatly under transient supersaturation
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conditions. These results show that the nuclei
are condensation-freezing nuclei.
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Fig. 2 MNucleation efficiencies (a) and times for
90% ice crystal nucleation (b) of Agl.AgCl1-4 NaCl
composite nuclei as functions of temperature and
humidity.

3.4 Comparison with Other Nuclei
There aré many other artificial nuclei
generated by acetone solution combustion which
have heen used for weather modification purposes,
but the most popular ones in recent vears are Agl,
AgI-AgCl, and 2AqI*Nal. The same Xinds of studizs
were then conducted with these three nuclei as
with our composite nuclei. Comparison between
them are as follows. Some results on Agl and
AgI-AgCl nucleus aerosols were obtained from
Nerott (1382), and the results on 2AgI-Mal were
from Blumenstein, et al., (1983). Their
nucleation efficiencies and nucleation rates at
-10 € are shown in Figure 4a and 4b, respectively.
Figure 4a shows that the nucleation efficiencies
of AgI-AqCT1-4Nall and AgI*AgC1 nuclei are quite
similar. The largest difference occurs at -8 C
with AgI*AgCT nuclei two-fold higher than
AgI*AgCI-ANaCl. At this time, AgI*AgCl nucleij
have the highest nucleation efficiency of all
artificial nuclei. This conclusion was drawn from




Tahoratory experiments where high droplet
concentration can promotz more rapid contact
nuclaation 9f Agl-AgCl nuclai to achieve the
nigher nucleation efficiencies and rates. In the
real atmosphere, the concentration of supercooled
droplets is about one order of magnituds smaller
than that in the chamber, rasulting in much slower
nucleation rates for contact nuclei.
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Fig. 3 Rates of depletion of Agl.AgC1-4 NaC}
composite nuclei after introduction into the cloud
chamber at different liquid water contents.

The AgI*AgC1-4Natl nuclei are condensation-
freezing nuclei, and will retain their nucleation
rates, as measured in the chambar, because the
nucleation mechanism is independent of droplet
concentration. The comarison of Agl°AgCl-4HaCl
nuclai with the oure Agl nuclei from Agl-NHpI-
acetone solutions shows that the nucleation
efficiency of the composite nuclei is one order of
magnitude higher at T > -12 €. The nucleation
efficiency of Agl-AgC1-4MaCl nuclei was 2-3 orders
higher than that of 2Agl-Nal auclei, and the ’
ditfferences decrease with decreasing temperature.
Figure 4b shows that after Agl-AgC1-4NaCl nuclei
were injected into the chamber at -10 C, ice
crystals were quickly vroduced, and the production
rate decreased rapidly. The nucleation rate of
the Agl*AgCl-4NaCl composite nuclei is faster than
those measured for the other three kinds of
nuclei.

4. CONCLUSIONS

As expected, if the hygroscopic material,
MaCl, is added to Agl-AgCl aerosols, the
nucleation process changes from contact nucleation
to condensation-freezing nucleation. These
axperiments gave the optimum molar ratio of
Aql*AgCi to NaCl and resulted in the fast and more
efficient coaposite nuclei, Agl'Aqll-4NaCl. The
discovery of these composite nuclei is important
in the seeding of cumulus clouds with very strong
undrafts and orogaphic clouds with strong
norizontal wind speeds, in which high
concentrations of ice crystals need to be
generated in relatively short time periods. This
factor is also important in cold fog dispersion
overations.

In these experiments, only the optimum molar
ratio of Nall to AgI-AqC1 for maximum efficiencies
and rates was determined. Information on the size
distributions of the aerosols generated and their
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chemical components still need further research
and analysis. More research is needed on whether
the nucleation mechanism of these composite auclei
will change if these nuclei are injected iato the
Tower warm {T > 0 C) narts of clouds hefore they
reach the upper cold [T < 2 C) reqions. More
experiments are neaded on how to gernerate these
kinds of composite nuclei, such as pyrotachnic
generation.
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