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l. INTRODUCTION

The tasks of this research contract have been identified in Exhibit A

of the contract as:

Task 1

Task 2

Task 3

Task &

Task 5

The main purpose of the work was to develop an ice nucleus generator which,
within the facility concept of the ACPL, would provide a test aerosol suita-
ble for a large number and variety of potential experiments.

specifications were set prior to commencing the research work. The spirit of

Establish the impact of ACPL scientific functional
requirements on ice nuclei generation and character-
ization subsystems.

Conduct detailed evaluations of potential aeroscl
generating systems with special emphasis on reliabhii-
ity, repeatability and general suitability for appli-
cation in Spacelab. )

Examine possible contamination problems associated with
aergsol generation techniques.

Determine the ice nucleating abilities of candidate
test aerosols and evaluate the possible impact of
impurities on the nucleating abilities of those aerosols.

Evaluate the relative merits of various methods of aerosol
size and number density measurements.

the effort was to try for the best performance in all regards, bearing in

mind the need for simplicity, ease of operation, small size and relatively

iow cost.

We interpreted the requirements for the generator in the following terms:

1. ° The generator must have reproducible, predibtable output with a minimum

of vartability.

2. The generating system should be simple and easy to operate.

3. It should have small requirements for power, weight and additional
apparatus.
k., [t should not produce any material other than the desired aerosol

in significant quantities (such as gaseous byproducts or heat).

Ne quantitative



5. It should present no safety hazard.
The desirable characteristics of the produced aerosol were taken to be:

1. Temperature range of nucleating acitivity such that active nuclei can
be found from the warmer temperatures (warmer than -5°C). to the colder
end of the nucleus spectrum (-20°C}.

2. Fairly well known chemical characteristics.

3. Range of sizes of active particles from about .01 to 1 um.

k. Particle shape close to spherical so that particle size and dlfoSion
characteristics are predictable.

The basic testiné procedures for selection were quite straightforward:
particles were generated, the size spectrum was determined, and thé aerosol
was tested for its ice nucleating ability.

A wide variety of geneirating methods was investigated. These are des-
cribed in greater detail later in this report. The techniques used were:

--evaporation of a nebulized aqueous suspension of Agl particles formed
by precipitation from solution

~~evaporation of a nebulized solution of Agl-NH,1 complex
-~condensation of Agl vapors within a heated quartz tube

~-~condensation of Agl vapors produced from a heated nichrome wire which
is plated with Agl (the Barchet generator)

--evaporation of monodisperse solution droplets of Ag! produced by'
vibrating orifice generator (the Berglund-Liu generator)

0f these different generating methods, the one which best fulfills the.re-
quirements is the first one' Tisted. This generator is recommended for use
by the ACPL. It is described in greater detail in a later section of this
report.

In tﬁe courge of this research, two instrumentation and aerosol charac-‘

terization workshops were conducted, the first one in Reno, Nevada, at the



of Wyoming. The details of the experiments and their results are elaborated

later in this report.

e INSTRUMENTATION AND LABORATORY FACILITIES

A. Aerosol Size Spectra

The Wyoming Aerosol System consisted of a group of three instruments and
incorporated a computer controlled data system (see Fig. 2.A.1). The three
instruments are:

| B Aitken Nucleus Counter (Environment One, Model Rich 100),
2.  An Electrical Aerosol Analyzer (Thermo Systems, Model 330),

3. An Optical Particle Counter (Climet Optics and in-house
electronics).

The Aitken nucleus counter is of the expansion chamber type, Qlth light
attenuation used for determining the cloud density. The electrical mobility
analyzer has been described by Liu, et al. (1973) and by Liu and Pui (1975).
An optical particle counter very similar to the one we used has been described
by Husar (1974).

The Aitken counter was operated in its standard form and measured the
total particle concentration of particles larger than about 0.03 um (Walter
and Jaenicke, 1973). The other Aitken counter which was frequently used was
a Gardner counter (Gardner Associates, Inc., Type CN).

The mobility analyzer (EAA) was operated under computer control, the pre-
cipitating voltage being incremented in eleven steps of decreasing duration and
with averaging performed during the later part of each step. The calibration
of Liu and Pui (1975) was assumed to apply. It is evident from the data that

measurements in the first one to three steps (smallest particle sizes) were
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unreliable, as was also found by other users of the instrument (private com-

munications). The range over which the data are incorrect appears to be some-
what variable with aerosol type and can only be judged from the shape of the
resulting spectra. Also, erroneous data are obtained if the aerosol is chang-
ing during the sampling period, or if the aerosol concentration is so low

that the measurements are disturbed by noise. Because of these problems, it
is difficult to assign accuracy limits to the observed size distributions.
From our experience the data are most reliable over the size range 0.03 to

0.3 um.

The optical particle counter was operated in the standard configuration
recommended by the manufacturer except for the tailor-made signal processing
circuitry. The pre-amplified photomultiplier output was calibrated against
particle size using monodisperse latex, salt and dye particles. Pulses from
the photomultiplier were filtered for pulse width, and sorted by pulse height
into 6 categories; the counting was performed by the computer.

At the end of each sample cycle the size distribution was calculated by
the computer in differential form. The results were then printed in tabular
form by a teletype terminal and a graphical plot was produced with an X-Y
plotter. The complete cycle for producing a size distribution required 214
sec, and the volume sampled was about 37 liters.

It should be recognized that while the size distributions are presented
in terms of particle diameter, the meaning of such equivalent diameters for
nonspherical particels (and especially for chain-like aggregates) is by no
means straightforward. The matter is complicated even further by the fact

that the three instruments in the aerosol sizing system respond to different
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characteristics of aerosol particles. In the face of these uncertainties it
is reassuring to find that the observed aerosol spectra join smoothly at the

boundaries of the size ranges covered by the instruments.

B. Deposition Nuclei Measured by the Membrane Filter Processor

The thermal gradient diffusion chamber operated by the University of
Wyoming is similar in principle to the instruments described by Bigg et al.
(1963) and by Gagin and Aroyo (1969). The diffusion chamber was used for
the activation of nuclei caught on membrane filters. The operating princi-
ple of the diffusion chamber is to maintain the samples at a fixed tempera-
ture on the lower plate of the chamber while an ice surface located a small
distance above the lower plate is held at a slightly warmer temperature,
thus providing the vapor source for the activation and growth of ice crystals.
Supersaturation is calculated from the difference in temperature between the
two plates. The chamber is further enclosed by a cold box which serves as
the heat sink and which excludes the possibility of interference by vapor
sources at higher temperatures from the surroundings of the chamber.

The construction of the diffusion chamber is shown in cross section in
Fig. 2.B.1 and a photograph of the complete instrument is shown in Fig. 2.B.2.
The lower plate actually consists of two parts, an upper layer which is re-
movable from the chamber for the loading and unloading of filters, etc, and
a lower layer in which the heater is embedded. The entire lower plate can
be moved horizontally from the position under the ice layer to beneath the
observation windows for examination of the activated crystals. The 'box"

enveloping the chamber is kept several degrees colder than the desired
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Fig. 2.B.1: Cross section of membrane filter processor.

operating temperature. The temperatures of the lower plate and of ice sur-
face are controlled by heating grids embedded between the plates and the box.
The box itself is cooled by a circulating refrigerant. Temperature sensors
are embedded as near to the surface of the upper and lower plates as possible.
The sensors are connected to the electronic control unit which in turn

regulates the power applied to the heater grids.

The ice surface is prepared by lifting off the upper half of the chamber
and by freezing a thin layer of water onto the upper plate. A new ice layer
is prepared once a week during routine operation of the chamber, at the same

time the chamber is also completely cleaned.
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C. CLontact-Freezing Nucleation Measured by the DFC Instrument

The basic concept of the contact-nucleus counting instrument (or drop
freezing counter, DFC) is to force asrosol particles into contact with super-
cocled drops of clean water and to observe the tndlvidual freezing -events
which result. The supercooled drops, which are to serve as detectors, are
supported on a cold stage whose temperature is controlled. Aerosol particles
are deposited onto the drops by electrostatic precipitation.

With the contact being .enforced, rather than depending on diffusiqn or
aeradynamic capturé, the sizes of the detector drops are only of indirect
consequence, and thetre is no need to account for the complex processes which
normatly influence the coagulation of aerosol particles with cloud droplets.
Because of the need to detect the freezing of each drop when 1t occurs,
relatively large (about 2 mm diameter) drops are used. High purity water is
used to form the drops, since nucleation by particles suspended in the drops
should not occur until temperatures much colder than the intended test
temperature.

The design of the instrument is schematically represented in Fig. 2.C.1.
A cold plate supports the drops and forms the bottom plate of a precipitator
chamber. The precipitator is a modified form of a commerical unit {Thermo-
Systems, Inc., Model 310Q). Aerosols are drawn into the chamber and are
given a small charge by diffusive attachment of small positive icns. Subse-
quently, as the carrier air moves along the chamber (with a velocity of
19 cm'sec_]) aerosol particles are foéced into contact with the water drops
by pulse-wise application of a positive voltage (4,200 V) to the top elec-

trode plate.” The magnitude of the particle charges varies with particle
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size: the mean charge on 0.1 um particles is about 8 elementary charges,- and
on 1 um particies it is 40 elementary charges. The fraction of particles
which get charged decreases with decreasing particle size and beconies quite
small below 0.01 um particle diameter. Consequently, aerosol collection
takes place with incomplete efficiency. Details of the operation of the
charger and precipitator were given by Liu, Whitby and Yu (7967).

The electric field does not in itself cause freezing of the target
drops, as is evident from the experiments of Doolittle and Vali (1975). lons
attached to. the aerosol particles can, in principle, modify the nucleating
abilities of the particle;. in view of the smallness of the charges, and
the fact that only 0.01% or less of the surface area of the particies is
covered by ions, it is not considered likely that nucleating ability is in
fact altered. There is no indication in the literature that influences due
to charges should be expected under the conditions encountered in the instru-

ment. Gabarashvill and Gliki (1967) reported enhanced nucleation on charged
naphtalene and cholesterol particles but they were dealing with ]06 um"2
elementary charges on the particle surfaces whereas the corresponding number
in the DFC instruﬁent is about 102 ym™2. It can also be argued that the
presence of charges on nuclel within the instrument is not unrealistic, as
atmospheric aerosol particles also carry charges, although usually those
charges are smallier.

The cold stage holds 75 drops. |lluminator and detector optical fibers
are embedded in the stage underneath each of the drops. [llumination is pro-

vided for all drops by a single incandescent source. A separate photoresis-

tor is used as detector for each drop. The fibers are so arranged underneath
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the drops that, if. the drops are properly positioned with respect to the
fibers, no light is reflected to the detectors as long as the drops remain
liquid. Upon freezing, the opacity of the drops increases and light is re-
flected to the detectors. This increase in light triggers the counting, dis-
play and recording circuits. There is about a 5-20 sec response time (de-
pendfng on temperature) associated with this technique of detection due to
the time it takes for a sufficient'amoynt of ice to freeze in the drops fol-
lowing nucieatio%.

To prevent the drops from freezing due ‘toc nucleation by the supporting
surface, the cold stage is covered with a mylar film of 0.01 mm thickness,
the film being further coated with a silicone varnish (General Electric DF-88,
or equivalent)}.

The dew point of the sample air must be below the temperature at which
the measurements are made to avoid the formation of frost between the drops.
A diffusion dryer is used for samples carried in moist air. The dryer is
not used for aritificial aerosols prepared with dry air, or for natural air
samples when the dew point temperature is below the test temperature, with
the dryer the dew point is lower to about -25°C, To minimize drop evapora-
tion, the optimum operating condition would be to have the dew point of the
carrier air only slightly below the operating temperature, but the humidity
control necessary for this has not yet been added to the instrument. A pho-

tograph of the complete instrument is also shown in Fig. 2.C.1.
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D. The Settling Cloud Chamber (SCC)

The product of this research effort, the ice nucleating aerosol, will
utimately be used in the cloud chamber of the ACPL. The three previously
described instruments perform rather selective and quantitative measurements,
but none of them were designed to reproduce the conditions found in a cloud
chamber. In order to perform some measurements of the nucleating activity
in a cloud chamber environment, we modified an existing flow-through type
chamber (NCAR acoustical counter, Langer, 1973) into a static chamber simi-
lar to Ohtake's (1976). A photograph of this device appears in Fig. 2.D.1.
The modifications consisted of removing the airflow lines and plugging the
chamber outlet at the bottom of the chamber. The top of the cylindrical cham-
ber was extended and covered with a removable transparent plastic lid; it
provides access to the chamber for growing the cloud, injecting the aerosol
and placing the sugar tray. The sugar tray holds a supercooled sugar solu-
tion in the bottom of the chamber; ideally, all small ice crystals which form
in the chamber settle to the tray and grow to macroscopic size for counting.
The cloud is formed in the top of the chamber when a warm, wet sponge is
inserted in place of the lid.

The experimental procedure involves cooling the chamber and sugar tray
to the selected temperature (measured by a thermistor or thermocouple) and
injecting the aerosol sample. MNext the cloud is formed, and after about two
minutes, the sponge is removed and the lid replaced. After a waiting period
of about five minutes (for crystal fallout and growth), the try is removed

and the crystals are counted.
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There were inherent difficulties with the cloud chamber that mgde
quantifying the results tenuous. Among these problems were: the sensitivity
of the sugar solution, the dependence of a nucleation event upon the cloud
droplet concentration, énd the existance of temperature gradients and convec-
tion within the chamber. Therefore, the settling cloud chamber was used
primarily to confirm the activity in a ¢loud cﬁamber environment and hot to

make quantitative measurements.

E. The CCN Chamber

During the Laramie workshop, several CCN measurements were made on both
NaCl and Agl aerosois for the purposes of aerosol characterization and instru-
mental comparison. The Wyoming CCN chamber is a horizontal parailel plate
static thermal graident diffusion chamber. The plate separation is 1.0 cm
and the aspect ratio is 8. Temperature control is accomplished with thermis~
tor sensors, an amplifying circuit and thermoelectric coolers on the bottom
plate. The sample is brought to the temperature of the top plate in a pre-
conditioning chamber which s connected with the top plate and an isothermal
bath circulator. Droplet detection is accomplished photographically with a
35 mm camera and off-axis laser illumination. The sample volume is about
37 mm3. The device is described in greater detail, and calibration procedures

are ocutlined, .in Lukow {1977).


http:outlined,.in
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101, SELECTION OF ICE NUCLEANTS AND MEASURES OF ACTIVITY

There is a very large variety of artificial ice nucleating materiai.
The requirement of having a fgirly warm threshold temperature narrows the
jist to just a few candidates, including silverihalides, organic nucleants
(Fukuta, 1966) and biogenic materials (Schnell, 1974). Further narrowing of
the 1ist was Imposed by both time constraints (insufficient time to test all
possible candidates) and invoking some of the aerosol requirements. For
example, the organic nucleants have substantial vapor pressures (compared to
the other materials) at temperatures ranging down to ice nucleating experi-
ment temperatures (say, -5°C to -20°C). Thus the organic nucleants would
pose a gaseous contamination problem for the cloud chamber. The blogenic
materials suffer from being rather large in size (larger than about 0.2 um
to-0.45 um according to Schnell, 1974) which is larger than desirable. Thus
the selection was narrowed to the silver halide compounds. Of these, siiver
iadide (and complexes thereof) has received the most attention in the liter-
ature and the widest use in weather modification activities. The natural
chaice for these experiments was silver iodide and complexes of silver iodide.

The water affintty and nucleating ability of silver iodide can-be strongly
affected hy the %ethod of preparation and by the addition of complexing agents.
"Pure' silver lodide, which can be generated using gaseous reaction and heat-
ing technique (Corrin, et al.1971}, is hydrophobic and actually quite a poor
nucleating material (threshold activiation temperature of about -10°C). In
comparisaon, complexes of silver iodide with ammonium fodide are hygroscopic
and possess rather good nucleation temperatures, with the warmest activity

near -10°C (Davis et al., 1975 and Reischel, 1976).
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Measurements of the ice nucleating acitivity of the various aerosols
depend to a large degree upon the manner in which they are tested, i.e., the
device and operating conditions. This aspect is in addition to the charact-
eristics of the nucleating material that tend ta favor certain nucleation
modes. For example, the cloud droplet concentration has an important in-
fluence upon the number of ice crystals which form by contact nucleation in
a cloud chamher. Furthermore, the activity measured in one device (e.g.,
the filter processor) can not be readily compared with that measured in a
different device (e.g., the drop freezing counter)., and predicting the activ-
ity in a cloud chamber environment from measurements in two different devices
may be very difficult. For these reasons, we chose to measure the nucleat-
ing activity using the wide varlety of instruments which were avallable in
order to more complétely characterize the aerosoils.

The results of the nucleation measurements are presented in several dif-
ferent ways. This multiplicity is necessary because several distinct modes
of nucleation were tested and because it allows easier comparison among the
different aerosols. The following definitions apply:

FRACTION ACTIVE - the number of Ice nuclei active under thelspecified condi-
tions divided by the total number of aerosol particles in the same
sample.

ICE NUCLE! CONCENTRATION - the number of ice nuclei active under the specifjed
conditions divided by the volume of carrier gas (air-or nitrogen); all
concentrations were corrected for dilution so that the reported concen;
tration refers to the output directly from the generator (or dire;tly
from the EC iﬁ the case of a classified aerosol). This is consistent

with our reporting of ‘the aerosol concentration at the same location.
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CLASSIFIED AEROSOL - an aerosol with size distribution altered after primary
generation by utilizing some characteristic of the particle size (such
as mobility). Several devices were used to obtain a classified aerosol,

namely, the EC, the EAA and a cascade impactor.

Typical activities of ice nucleating materials are quite sensitive to tempera-
ture, such that no nucleation occurs above some threshold temperature and
nucleation ét colder temperaturés is a rapidly increasing function. Thus, -
when‘the activity (FRACTION ACTIVE or CONCENTRATION} is measured as a function

of temperature, .an ice nucleus SPECTRUM results.

IV,  GENERATING METHODS. TESTED: PROCEDURES AND RESULTS

- -As mentioned earlier, many different techniques .and materials were
tested, resulting in several disappointing or failure experiments and also
several very promising experiments. The best aerosol génerating system and
nucleating material within the limitations and requirements of the ACPL was
the evaporation of a nebulized aqueous suspension of.Agl particles formed by
Q?ecipitation'from solution. Naturally this technique received the greatest
amount of our attention and ihegreatestnumber of detailed tests to determine
its reproducibility and the size and nucleating characteristics. This tech-
nique is described here first, with other, less encouraging techniques .

following.


http:temperature,.an
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A. Evaporation of a Nebulized Aqueous Suspension of Agl Particles
Formed by Precipitation from Solution.

1. Procedure for generation.

The chemicals used for generating the Agl suspension were of reagent
grade purity. The water used for preparing initial solutions and for the
final generation of the Agl suspension was singly distilled in a Corning
Ac-1b glass laboratory still and then de-ionized and filtered by a Millipore
Milli-Q system. The distilled water has a conductivity of 10 umho.

The initial NHj, I-Agl complex solution was prepared by first dissolving
0.25 moles (36.3256 g) of NHy! in 2.78 moles (50 ml) of distilled water.
Then 0.10 moles (23.4774 g) of Agl was added to the solution and stirred un-
til all of the Agl dissolved. The resulting concentrated solution was trans-
lucent and brownish in color. The solution was stable over a several month
pericd (which would allow it to be mixed on the ground for later use in the
ACPL).

The following description of the generation of the Agl suspension can
be aided by Figs. 4.A.la. through 4.A.ld. The procedure begins with pouring
200 ml of distilled water into a container (Fig. 4.A.la.). Next, 0.05 ml of
the NHyl-Agl complex solution is measured out using a mircopipette (Fig.
L.A.1b) and squirted into the distilled water (Fig. A.L.1b). This immediat-
ely produces a momentary supersaturation with respect to Agl which causes
Agl to precipitate ouf. The suspension is stirred resulting in a yellow

opaque suspension and is then ready for disperion (Fig. A.k4.1d).
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i Atomization

The simplest way to aerosolize a suspension is by breaking the bulk
liquid containing the particles into many tiny droplets; i.e. atomization. ®
Ideally, each tiny droplet would contain one particle, however, depending on
the concentration of particles and on the size of the droplets, multiplets
(droplets containing more than one particle) or droplets containing no par- &
ticles may occur. Once the suspension is atomized, the droplets evaporate,
leaving freely suspended aerosol particles.

Atomization of the Agl suspension does not leave a pure Agl particle. PY
Since the suspension consists of Agl particles suspended in a very dilute
solution of NHyl and water, the resulting Agl particle has some residue of
NHAI when the droplet evaporates. NHAI, being hygroscopic, enhances the ice PY
nucleating activity of the Agl (Davis, et al. 1975) as well as allowing these
particles to be active as CCN (discussed in another section). In addition
to the NHQI, there is some residue left from the distilled water impurities. ®
Particles from droplets containing no Agl will consist of NHAI and distilled
water residue.

Three types of atomizer were tested: a DeVilbiss Nebulizer No. 40, £

a Constant Output Atomizer and a Collison Nebulizer. Each will be discussed

separately in the following sections.

L 4
a) DeVilbiss Nebulizer
The DeVilbiss Nebulizer No. 40 is a commercially available low-cost
nebulizer (Fig. 4.A.2). Compressed air passes through a tube to a small ori- k)

fice. The air expands as it passes the mouth of the liquid inlet tube caus-

ing a pressure drop at that point thereby drawing liquid up through the tube
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and into the air stream. As the liquid enters the high velocity air stream,
. it is broken up into tiny ﬁrop]ets. The droplets aquire enough momentum so
that 99% of the total droplet mass impacts on the nebulizer walls and is re-
turned to the bulk solution (Corn and Esmen, 1976)}). The
median diameter droplet exiting the nebulizer is around & um with a geome-
tric standard derivation of about 1.8. A schematic diagram of the system
used to generate Agl particles using the DeVilbiss HNebulizer is also shown
in Fig. 4.A.2.

About 5 ml of the Agl suspension was poured into the DeVilbiss Nebulizer.
Dry fiitéred compressed air was supplied at 5 Ipm for the atomization process.
The residue particles were passed through a radiocactive charge neutralizer in
order to ensure a Boltzman equilibrium charge distribution.

The size distribution was measured with the Wyoming Aerasal System (WAS).
A typical sEze-distrihutIon for the output of the DeVilbiss Nehulizer is
shown in Fig. 4.A.3. A broad size distribution is obtained with a relatively
high concentration of large particles (>0.1 um) compared to the other

nebulizers.

b) Constant Output Atomizer
The Constant Qutput Atomizer (COA) was developed by Thermo-Systems,
tnc. Fig. 4.A.4 shows a schematic of the atomizer assembly. Dry filtered
air is supﬁlied at 35 psi and passes through a 0.343 mm orifice (#80 drill
hole) where it forms a high velocity jet. fhé suspensiop is pumped into the

jet by a syringe pump and is atomized. Ths larger droplets are impacted on

the wall and drawn into a closed reservoir. The rest of the atomized drops
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nebulized from aqueous suspension.
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are carried up and out of the atomizeé assembly and into a particle reser-
voir consisting of a 3 liter glass bottle; this reservoir serves to damp out
small scale fluctuations in output. According to the manufacturer's speci-
fications, the median droplet diameter is about 0.3 um, and the geometric
standard deviation is less than 1.9.

The suspension was aerosolized using the system shown in Fig. %.A.5.
The particles exit the partiéle'reservoir and are neutralized by a radio-
active charge neutralizer.

Fig. 4.A.3 shows a typical size spectrum produced by the COA., Be-
cause the size distribution of the aerosol is determined by the sizes of the
suspended solids, a broad distribution is obtained, very similar to the
other methods of atomization. The concentration of large particles (> 0.1 um)
is relatively small compared to the concentration of smaller particles due to
the order of magnitude decrease in the median droplet diameter produced
(d(coA) = 0.3 um; d (DeVilbiss) = b um).

This Constant Oqtput Atomizer has been selected for use on the initial
ACPL to generate condensation nuclel. Extensive tests have been performed
with the device at the Desert Resear&h lnstitu;e (Energy and Atmospheric
Environment Center) and at General Electric Company (Space Division) to de-
fine its characteristics, determine and improve its stability, and adapt it

for operation in a low gravity environment.

e) Collison Nebulizer
The Collison Hebulizer 1s widely used to produce solid and liquid aero-
sols. & is currently available from BGi, Inc., Waltham, Massachusetts for

about $210. A schematic of the nebulizer is shewn in Fig. &.A.6. |t consists
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of a stainless 'steel tube threaded into a stainless steel head. Dry fiitered
air is fed through the tube and into the head. . The bottom of the central hole
in the head is closed off so that the air will be forced through a 0.343 mm
jet hole and out through a spray nozzle. There are three sets of jet holes
and spray nozzles positioned symmetrically around the head. Small side holes
run from the bottom of tHe head up to the point where the air passes between
the jet hole and spray nozzle. When the bottom of the head.is imwersed in a
Tiquid, liquid is drawn up the side hole and into the air jet. The liquid is
broken up into Arops whitch exit through the spray nozzles. About 99.92% of
the atomized liquid impacté on the walls and returns to the reservoir (May,
1973). Impaction on the walls allows only the smaller droplets (< 10 um) to
exit the nebulizer (Green and Lane, 1964). Air exiting the spray nozzle
along with the droplets carries the droplets out of the jar. A detailed
description of the Collison Nebulizer is given by May (1973).

The Agl suspension was aerosol ized using the system shown in Fig. 4.A.7.

The Coliison Nebulizer is fed with 3.0 lpm of air at 12 psig which leaves the

DRIED, FILTERED
COMPRESSED AIR

COLLISON AEROSOL
NEBULIZER . —— > out
\
RADIOACTIVE
CHARGE

NEUTRALIZER

SCHEMATIC OF
COLLISON NEBULIZER SYSTEM

Fig. 4.A.7
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nebulizer at 4.4 1pm at ambient pressure. After the aerosol exits the Col-
Tison Nebulizer, it Easses through a radioactive aerosol neturalizer.

Fig. 4.A.3. shows a typical size distributibn-produce by the Coilison
Nebulizer. The spectrum appea;s to be very similar to that produced by the

COA.

3. Particle Appearance

A transmission electron microscope was used to examine the Agl parti-
cles, since the majority of the particles are below the range of optical
microscopes. However, silver iodide exhibits some sensitivity to typical
electron beam energies in transmission electron microscopes: silver idodide
particles will vaperize under the beam unless they are coated with some heat
conducting, less absorbant‘material, such as carbon. Therefore, the tech-
nique for samaiing and analysis was more complicated than for other, less
sensitive substances.

The suspension particles were aerosolized and collected in a thermal
precipitator onto a glass cover slide coated with a thin layer of ecil. The
cover slide was then vacuum-coated with a thin layer of carbon. Sections
of the carbon-coated Agl particles were pealed off the cover sltide and
Tloated on distilled water. Finally, electiron microscope grids were dipped
into the distilled water and pulled out with a small section of carbon-
coated Agl particles.

Figure 4.A.8a. and 4.A.8b. show electron micrographs of the Agl aerosol
produced from the suspension. Host of the particles are between 0.04 and

0.4 um in size. Smaller particies which were measured by the aeroscl system



ORIGINAL PAGE |s
OF POOR QUALITY

w
-, “
-

[

‘
2
.
- ““
T
'
%
Tt
™
R
.
.
*
P

0
o
1o

!

-l -

)

%
%
-~
F
» g r Wt dn¥

i

f

7
il

Bl
PR

al "~ “ -
”“""““'4. ' . - .
HED P ‘,. e, - .
: . : N
Foow g RS Q * Iy - r - a
= o . a..]__ ' 4 t N A Ve,
?.‘:", BRG] UL Y !

Fig. 4.A.8a

b
q
!
]
j
L ]
1
I
i
]
i
1
i
i
1
1
1
i

. .._‘b
! . . '

¥

»
v
“p
&
s
!
L

N el
.
r *_
SRS PN
- -
1y
Ry
o i
)
. -
TR
e @
.
-
» ¥
L
N
4 1,

. ¥ w . .
B t. ;—-—: 5
»

[ 2
Ll "
f
.

{ 0y . .

¥ - - an

i - AN LI ‘. -, ard
‘ . "2 - .w e . -.,’-' ,,‘.‘;1
k & ,'.‘ TR TR L ‘ ‘. J‘
!\i‘ - vow ‘ N * ¥ M
R R S :

) .. », -

- h . . Jl N X3

it Subss e Bk o L

&

o "
& -
L ]

A

:

»

. 3 L
’ & - s -, -t .
LA - » 5 N
[ wil N 1 . 1k > » ! »?;J
&y L | : \ e
il T
e e el ke Lj

Fig. 4.A.8b

Figs. 4.A.8a and b: Transmission electron micrographs of
. Ag! suspension aerosol.



32

are not in evidence for two possible reasons: elther they are not resolva-
ble from the carbon film substrate or they are composed of droplet residue -
which did not contain suspended Agl particlies, and therefere they may not be
stable in the vacuum environment of the microscope. The shapes of the Agl
particles are indicative of the hexagonal crystalline structure of silver
iodide (aipha). Shadowing with platinum or palladium revealed the three
dimensional shapes of the particles to be usually pyramids or truncated
pyramids with hexagonal or trigonal bases approximately the same dimension
as the height. The photographic evidence of the particles demonstrates thé
nearly spherical shapes (i.e., not branched or elongated or aggregated, etc.)
and also confirms the dominant chemical crystalline composition. Therefore,
the particle mass density is probably very nearly.equal to that for pure
silver iodide (alpha), 4.33 g em™3, and the aerodynamic behavior of the aero-

sol can be predicted with good confidnece.

k., Aerosol Size Classification Experiments
For experiments which include the production of ice crystals in the

ACPL cloud chamber using an ice nucleating aerosol, it is desirable to know

. both the ice nucleating characteristics and the diffusion characteristics of
the active nuclei. HNucleation theory (Fletcher, 1969} and experimental re-
sults (Garvey, 1973) indicate that nucleation occurs at active sites which
are located on the surface of the nucleating material. |If the active sites
are uniformly distributed across the surface of the materizl, then the nu-
cleating activity should be proporticonal to the §urface area of the material.

Likewise, for particles of homogeneous composition but different sizes, the
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the nucleation activity is proporational to the surface area Bf the particles,
and therefore the largest particles should be the most active. These infer-
ences have a direct bearing upon the experimental design, since the diffusion
characteristics aré also directly related to the particle éizes in a weli-
known fashion (see for example, Davies, 1966, p. 31ff). Thus, If an experi-
ment required ice particles at rather warm temperatures (above -10°C) then
the more active, large particles would be used; but the diffusion rates of
these particles are substantially slower than for the smaller particles, and
this places some time restrictions upon the experiment.

In order to assess the dependence of nucleating ability upon the aero-
sol size, for the candidate generator output, monodisperse fractions were
extracted from the aerosol and tested with the nucleation instruments. The
device used for this purpose was the Electrostatic Classifier (EC) Model 3071
made by Thermo Systems, Inc. This device has the ability to produce mono-
disperse aerosols between the sizes 0.01 ym for a polydisperse aerosol.

The EC operates on the principle of size sorting on the basis of elec-
trical mobility of singly charged particles. To ensure singly charged par-
ticles the aerosol passes through a bi-polar charging unit consisting of a
radioactive charge neutralizer which.leaves the aerosol with a Boltzman
equilibrium charge distribution. Particles smaller than 0.1 pm from a poly-

disperse aerosol.
After being electrically neutralized, the aerosol enters the top of

the aerosol classifier (Fig. 4.A.9) through an annular sheath. Filtered

sheath air flows hetween the aerosol and the center collecting rod. A
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Fig. 4.A.9: Electrical Classifier {EC) from Thermo-Systems, Inc.

negative voltage is applied to the collecting rod causing positively charged
particles to move towards -the rod. Particles with é'high electrical mobility
will be collected on the upper portion of the rod while those with lower mo-
bility will be carried along with the excess flow. Only particles having the
correct mobility (correct particle size) will be attracted to the exit slit
and swept out by a small air stream flowing through. the s1it. The particle
size attracted to the slit_is determined by the voltage applied to the'collec-
ting rod. '

Fig. 4.A.10 shows size distributions measured when the EC is set for unit

density spheresof 0.09 um and for 0.2 um diameter, corresponding to coliector



EC 0.08um
TOTAL » L& x 10%em™?

. /
BT e oopm——T
2 TOL s 99 x|
8 0 |
8 102—
g
2
T
Agl
o SUSPENSION
107
10
lo‘zt 1 1 ]
0,001 0.0l 4] 1.0 10

PARTICLE DIAMETER {(Dp) MICRONS

Fig. 4.A.10: Size distributions of the "monodisperse'’ aerosol.

rod voltages of 2.7 x 103 V and | x IOQ V, respectively. The aerosol was gen-
erated using the Collison Nebulizer and the Agl suspension; the size spectrum
before classification appears in Fig. 4.A.3. The measured distributions are
not strictly monodisperse, but a narrow distribution results with the modal
particle size corresponding to the setting on the EC. One measure of the
monodispersity of an aerosol is the geometric standard deviation, Ug. A per-
fectly monodisperse distribution has a Oq of 1.00. A typical value of o _ for
the Agl suspension in the Collison nebulizer is about 2.1. When this poly-
disperse aerosol is passed through the EC, the resul ting monodsiperse aerosol
has a Iy of about 1.6 (as measured with the EAA  The spread of the distri-
butions measured with the WAS is in part due to the "smearing" of size measure-
ments--the exact contribution of this measurement uncertainty is not known.
Prior to testing in the nucleation instruments or the aerosol system, the

monodisperse aerosol was passed through a radiocactive asrosol neutralizer to

return the positively charged particles to a Boltzmann equilibrium with zero
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net charge. The process of electrostatically classifying the aerosol is not
expected to have any effect upon the ice nucleating ability of the silver
iodide.

The upper size limit for monodisperse classified aerosol from the EC
is 0.2 um. Some other means of classifying {arger sizes of the Agl aerosol
was needed in order to examine the nucleating ability of the larger, more
active particles. For this purpose, ;he EAA was used as a sort of “high pass®
fiPter; The FAA operates by precipitating most of the small parti&!es and
measuring the current due to the-remaining larger charged particles. We
transfered these remaining larger particles out of the EAA via metal tubing
located just upstream from the electrometer Tilter. The sampie then passed
through a radioactive neutralizer and into a rigid ten liter vessel (because

of the vacuum operation). The contents of this vessel were then flushed in-

toa 150 liter atuminized mylar bag and diluted for the nucleation tests.

An example of this type of classified aerosol appears in Fig. 4.A.11. The
EAA precipitating voltage was adjusted to 7180 volts, such that all charged
‘particles smaller than 0.26 um were removed. Notice from the size spectra
that the sma]l particles were substantially reduced in concentration; in
fact, they were‘too few to obtain a measurement of the classified aerosol with
the EAA. The figure also demonstrates that the larger particles remained in
~ approximately the same concentration in both the unclassified and c]aésified
aerosols.

The results of the nucleation tests on the monodisperse, classified and

polydisperse aerosols are presented in the next section.
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5. lce Nucleus Activity
Due to the complex composition of the suspension particles and the pos-
sibility that these particies would nucleate ice through several nucleation
processes, several ice nucleus measuring instruments were used to determine

the activity of the suspension particles. The instruments used were the DFC,

SCC and thermal gradient diffusion chamber.

a)

DFC measurements were made oh the Agl suspension at various temperatures
using the Collison Nebulizer and the De Vilbiss Nebulizer for atomization.
From the Collison Nebhulizer the aerosol was passed through an aerssol duct
which brought it to the DFC and to the aerosol measuring instruments. The
particle concentration was:diluted in the duct by a factor of 354 by adding
filtered air in order to get a workable concentrat}on at the DFC. 1In the
case with the DeV}lbiss Nebulizer, the aerosgl was diluted 100 x in an alum-
inized mylar bag which was then attached directly to the DFC.

] fig. 4,A.12 shows the ice nucleus activity spectra for both nebulizers.
The figure shows the number of ice nuclei per liter output from the nebulizers
as a function of temperature. It fs apparent from the figure that both neb-
ulizers produce approximately the same nucleus concentration where their mea-
Eurements overlap. This observation is consistent with the expectation that
the nucleating ability ls predetermined by the nature of the suspension parti-
cles and therefore does not depend strongly upon the characteristics of the
nebulizer. The Tigure alsc indicates that large numbers of ice nuclet can be
?enerated, even for active temperatures as warm as -4°C (cf., 50 per liter at

~4°¢).
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Fig. 4.A.12: lce nucleus spectrum of the Agl suspension
as measured with the DFC instrument.

b)

The results of the nucleation tests for the classified aerosol are given
in Fig, 4.A.13. The data points for the EC are plotted at the selected mono-
disperse size. The total number of EC particles was taken as the cumulative
concentration larger than 1/3 of the selected diameter; in this manner the
finite width of the classified aerosol and the limited resolution of the EAA
measurement were taken into account. The EAA classifiéd:aeroso] is shown as
extending to larger sizes than the selected cutoff, 0.26 um; this reflects
the actual size distribution {(cf. Fig. 4.A.11). There are several important
features in Fig. 4.A.13:

1. The most active particles are the largest particles, in agreement
with expectations.

2. The increase of active fraction with size parallels a slope of
approximatley +2; i.e., the active fraction seems to be propor-
tional to particle surface area. .
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Approximately one in a thousand of the largest particles is active
at ~14°C; while this may seem a rather small fraction, it is act~
ually large when compared with other ice nucleating aerosols.

The results for the polydisperse aerosol {on the right side of the
figure) indicate a smalier active fraction than the large particles
of the EAA classified aerosol because of the abundance of small,
less active particles.

The Increase in active fractlon with colder temperatures occurs in a
roughly uniform manner for the classified and polydisperse aerosols.
This increase is approximately a factor of ten to thirty for a cool-
ing of 6°C.
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)

The Immersion-freezing spectra for the Agl suspension were determine
using the DFC in a different mode of operation. The suspension was filtered
through membrane filters of varying pore sizes; drops of the resulting suspen-~
sions were placed on the DFC cold stage and cooled at a rate of 2.5°C min™!.
The temperatdres at which the drops froze were noted.

The freezing spectra for the filtered suspension and for the unfiltered
suspension are shown in Fig. 4.A.14. The curves representing no filter,

0.8 um and 0.5 um filters indicate that activity at temperatures warmer than

0%~
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DISTILLED
WATER

ICE NUCLElI PER GRAM OF Agl SUSPENSION

24 -20 -6 -2 =8 -4 o
TEMPERATURE (°C)

Fig. 4.A.14: Immersion-freezing spectra for the Agl
suspension and size-separated subsets.
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about -6°C is due to particles greater than 0.8 um. The unfiltered suspen-
sion had some activity even at -1.5°C. Comparing the results obtained using
the 0.2 um filter with the freeziné spectrum for distilled water suggests
that there is some activity due to the smaller particles (< 0.2 um) up to
a temperature of -8°C.

The large range of activity for the unfiltered suspension was measured by
making three successive one hundred-fold dilutions of the suspension., The
increase in activity with colder temperatures is approximately a factor of

A

10" for six degrees cooling in the middle portion of the curve. This increase

for the hydrosol is approximately twice as rapid as for the aerosol.

d)
-The aerosolized Agl suspension for the Collison Nehulizer was collected

on membrane filters for processing in the thermal gradient diffusion chamber.

Using the EC, size cuts were made and filter samples taken. These filters
along with the polydisperse filters were processed at -16°C and either 12% or
17% ice supersaturation. Results of these tests zre shown in Fig. 4.A.15.
Again the ohservations show that most of the activity lies in the large end
of the size spectrum.

The response of the Agi activity to increased supersaturation is hot
very strong with only a factor of about 1.5 increase from 12 to 17%. Results
of other research {e.g., Vali, 1976} for thermally generated Agl usually indi-
cate a very strong dependence of Agl activity upon supersaturation, with
typical values of increases by a factor of 8 over the same range of super-
saturations. The Agl particles generated by evaporation of aqueous suspension

have some Nth residue or complex on their surface. The deliquescence point
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Fig. 4.A.15: Fraction of ice nuclei for classified and polydlsperse
Agl suspension aerosol (membrane filters).

of NH,l at ~16°C is about 85% relative humidity with respect to liquid
water, or 99% with respect to ice. Since the procsssor was operated at ice
supersaturations of 12 and 17%, liquid water probably condensed upon the
aerosol particles, and hence ice crystals formed through an immersion-freez-
ing or condensation-freezing process. This hypothesis would explain the
insensitivity of the aerosol to increased supersaturation, since the filter
temperature was held constant at -16°C. The possiblity of some nucleation

through deposition also exists.
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e)

Nucleation tests of the Agl serosol (nebulized by the Collison Nebulizer}
in a cloud chamber (SCC) yielded about 300 ice nuclel per liter at -10°C.
This is about a factor of 10 less than the DFC measurements at ~10°C (Fig.
4.A.12), however, it should be noted that these settling cloud chamber measure-
ments are difficult to make quantitative due to shortcemings in its design.
In particular, the coagulation rate of the more active, large particles with
cloud droplets 1s expected to be quite slow compared with the normal experi-

mantal times. This probiem is less acute in a low gravity environment.

f)

The final test on the activity of the Agl suspension were to determine
its stability over a period of time. DFC measurements at -10°C were made on
a freshly prepared batch of Agl suspension aerosolized by the Collison Nebu-
lizer and again 7 and 14 days later. The results, shown in Fig. 4.A.16,
indicated that even two weeks after sample preparation the suspension was
still capable of producing significant numbers of ice nuclei. This time
decay of activity is probably due to several czuses: sedimentation of the
larger (more active) particles, reduced number concentration of total hydro-
sol due to coagulation, dissolution of some particles, and reordering of the
structure of the particle surfaces. It is well known that a freshly produced
Agl surface is usually a more active ice nucleant. The change in aerosol size
distribution with time (using the same suspension) Is depicted In Fig. h.A.17.
A diffecept type of size distribution plot was used to demonstrate the
changes; if these spectra were plotted in the conventional manner {such as

Fig. 4.A.11), the plot lines would lie nearly on top of one another and be
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difficult to distinguish. The suspension was precipitated at 1030 and was
used to generate aerosol in the Collison nebulizer. The four size spectra
of the polydisperse aerosol indicate very little change in concentration

for particles of 0.3 um diameter and smaller. There is an apparent decrease
in the larger particles after about 5 hours. The decrease is consistent
with the long term decrease in activity and the greater activity of the
larger particles.

For all of the nucleation studies in this research, a fresh batch of Agl
was precipiated each experimental morning and discarded the following morning.
The day-to~day reproducibility of both size distribution and activity was
excellent. Fig. 4.A.18 presents four aerosol size spectra generated from
Independent fresh preparations of the Agl suspenéion. Particles 0.3 um in
diameter and smaller were generated in nearly equal concentrations. There
is an indication of increasing concentration of the larger particles with time;

there is no apparent reason for this increase.

Agl SUSPENSION
COLLISON NEBULIZER

Fig. 4.A.18: Size distri-
butions of dry Agl aerosol
generated from fresh Agl 10
suspensions.
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B. Evaporation of a Nebulized Solution of Agl-NH,! Complex

This technique relies on the fact that siiver iodide can be maintained
in aqueous sclution with a mole ratio of 2.5 to 1 (NHhI to Agl). When this
solution is atomizad, the solveni (wafer) evaporates and a silver lodide/
ammon i um idaide complex solid precipitates. These complex aerosols have been
shown in earlier work to have good ice nucleating ability (e.g., Davis et al.,
1975). The size distribution and concentration of the resulting aerosol de-
pend upon the solution concentration and the characteristics of the nebulizer.
For these tests, we used the Constant Output Atomizer (COA, Thermo-Systems,
inc., Model 3075) with a syringe pump metering the liquid flow rate. This
atomizer.prbduces droptets which are rather small for an atomization type of
device (0.3 um diameter) with a rather narrow size distribution (geometric
siandard deviation less than 1.9). With these well defined aerosol sizes,
it is a simple matter to generate particles in the grimary size range of
interest, generally 0.01 to 1 um diameter. A typical size distribution for
this technique is given in Fig. 4#.B.1. Notice that particles occur in rela-
tively high concentrations for particles smaller than about % um. The
broad size distribution of this aerosol suggests that this aeroso} has good
versatility for modifying it to prescribed sizes and concentrations.

The particles produced by nebuiization of the ammonium-silver iodide
solution should act as condensation-freezing nuclei since they are hygro-
scapic. The nucleation of ice may proceed by two separate processes with this
material. Initially the material will pick up water by condensation and wiltl

grow as a solution droplet. If the particles experience an environment which

is water supersaturated, the droplet will grow to an extent which will cause
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Fig. 4k.B.1: Size distribution of dry Agl-NH; | cowplex
aeroso] nebulized from aqueous solution.

the droplet to become dilute enough to preciﬁitate Agl. The freshly preci-
pitated Agl may then act as a freezing nucleus. This mode of nucleation
offers the advantage that the Agl is produced in the cloud and présents a
fresh surface of nucleant to the droplet. The ice nucleating ability of
hydrosoils of this type of Agi has been studied by Reischel (1976) and found
to be quite good and very reproducible.

[f the droplet does not experience a humidity greater than 100% the
possiblity exists that a complex hydrate (SAQI'NHQI-6H20) may crystallize
from solution and act as an ice nucleus. Davis et al. (1975) have studied
the crystal structure of this hydrate and have also found it to be a very
active ice nucleant.

, Aercsol particles from the ammonium fodide solution generator were
ex;mined under the electron microscope. The particles were found to be nearly
spherical, as shown in Fig. 4.B.2.  Their shape is an advantage from the

point of view of predictability of aerosol behavior.
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Fig. 4.B.2: Scanning slectron micrographs of Agl complex aéroso]._

The ice nucleating activity of the aerosol was tested using the settl=
ing cioud chamber and also by capturing aerosol on filters for processing in
the thermal gradient diffusion chamber. For purposes of these tests, .the
aerosol was generated in sufficient quantity to fill a 1-m3 storage bag
and samples were drawn from this bag periodically so that repéated measure-
ments could be obtained and the aging characteristic of the aeroscl examined
at the same time. These tests confirmed the expected good nucleating acti-
vity of the aerosol and also showed that the generation of this aerosal in
useful concentration can be quite readily accomplished. It is important to
note that a significant advéntage of this approach is that silver iodide is
generated from an aqueous solution at temperatures well below the dissocia-

-tion point of silver iodide {about 550°C} so that no"vapors other than water
vapor are produced. Thus no 'contaminant! vapors from the generator enter
the system. |If necessary, the concentration of water vapor can be easily

reduced with a diffusion type dryer.
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The ice nucleus activity of this aerosol was tested on membrane filters,
in a thermal gradient diffusion chamber, and in the cloud chamber. The fil-
ter results are shown in Fig. %.B.3. The fraction of active particles ap-
pears to level off at around 1.5 x ]0““ at the high §S; {> &20%). Cloud
chamber results show that the active fraction is about 1.6 x 1072 at -18.5°C.

A cascade impactor was used to determine whiﬁh portion of the size spec-
trum contained most of the activity. Using the cloud chamber the ratio of
the number of ice nuclei detected when particles greater than F um are re-~
moved to the number detected when no particles are removed was determined to
be typically 0.2. This indicates that asout 80%-of the active partic!es_
are larger than 4 um; Thé CCN activity of this aérosol was measuréd during
the Reno Workshop-with the continuous flow chambers. Table 4.B.1 summarizes
‘the results of these measdrements. -Notice that apparently‘gll_of the gen-

erator particles are active as CCN at fairly low supersaturations. This

result is consistent with our expectation of the hygroscopic nature of the

silver iodide complex.

TABLE 4.B.1 CCN Activity of Stlver lodide Complex Solution Aerosol.

supersaturation (%) droplet concentration (cm*3
0.18 1312
0.61 2038
1.00 ’ 2200
1.95 2354,

Aitken counter N 2300
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Agl=NH,1 COMPLEX MEMERAME
FILTERS AT =I&°C

6

FRACTION OF PARTICLES ACTWE AS ICE  NUCLEL

Fig. 4.B.3: Fraction of ice nuclei for Agl-NHj! complex aerosol.

There are some operational difficulties with this sytem. The solution
is highly concentrated (approximately 55% solute by weight), so that filter-

ing of the solution ahead of the atomizer is essential. This operation re-

quires the use of a pumping apd metering device to overcome the pressure
difference and varying flow as the filter becomes clogged. A syringe pump
(Howard Apparatus Compact Infusion Pump) was used during these experiments,
but its output has been shown to vary slightiy, and. it is rather heavy, con-
sidering. the task it is to perform. To overcome these sh;rtcomings, two
alternative pumping techniques were investigated. The first method used a

a high torque digital stepping motor to turn a threaded rod and push a
syringe plunger. The motor is driven by a square wave of selectable fre-
quency. This technique was also used for thg vibrating orifice generator,
and it performed satisfaétorily. The other method used regulated gas pres-

sure from a nitrogen storage tank to push the syringeplunger. This pressure



52

method was found unacceptable because of the increase in filtering pressure
which was needed as the filter became clogged. (it performed satisfactorily
for the preliminary tests using df}ute MaCl solutions, but was not useful for
the high concentrations of the silver iodide compiex.)

Anether - operational difficulty of this technique is that, due to the
high solute concentrations, the atomizer tended to become clogged after sev-
eral hours' use, necessitating cleaning with a concentrated soclution of

ammonium ijodide.

C. Conqensation of Agl vapors within a heated quartz tube

Pure silver iodide substance begins to dissociate at about 550°C and
produces sufficient vaporé that particles recondense from the vapor at about
700°C. The Yot tube' generator used for evaluation consisted of a quartz
tube with a smail Agl ampule attached to the side of one end and which was
wrapped with several coils of nichrome wire for heating the tube (see Fig.
4.C.1). Variable voltage power supplies provided power for heating the
wires. The first coil heats the Agl sample to a temperature slightly above
700°C, producing primary particles and excess vapor. These particles and
gases are transported in the carrier gas (clean, dry nitrogen) to the.reheat-
ing portions of the generator, There the temperature of the gés/particle
mixture can be adjusted from below 700 to over 900°C. Thus the particles
can be evaporated and recondensed in each of the reheat sections. The
evaporation and recondénsation cycle-is a characteristic feéture of LeMer
. type génerators; they have been used wi.th good success to produce monodis-

perse aerosols of a very wide variety of materials. The temperature at each
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Fig. 4.C.1: Hot tube generator.

of the control points in the generator was measured with alumel-chromel
thermocouples, so that experimental conditions were well defined. A typi-

cal size spectrum of the product aerosol is given in Fig. 4.C.2; the output

AN/ALOGDp (cri®)
3
1

HOT TUBE Agl
TOTAL = 1.4 x 10" em™

[ o

o'k
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PARTICLE DIAMETER (Dp) MICRONS

Fig. 4.C.2: Size distribution of hot tube Agl aerosol.
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was passed through an electrical neutralizer and a diluter to the aerosol
system. Notice that very large numbers of small particles (less than 0.1 um)
were generated. This spectrum was qutie reproducible when "fresh' samples

of Agl were used in the ampule (i.e., they had not been heated before), but
continued operation with the same Agl sample showed reduction of the total
particle production and especially of the larger particles. Generator pro-
duction and especially of the larger particles. Generator production was
also quite dependent upon the temperature of the ampule (as expected); Fig.
L4.C.3 shows several different spectra at different temperatures (power supply
voltages). Notice that the hotter temperatures (higher voltages) in general

produced larger particles and higher concentrations.

-
3 HOT TUBE Agl
a TOTAL
§ 1ot TEMP.  CONCENTRATION
a 490 1.4 = 0°
z 880 9.4 x 10°
9 o'l es0 48z 10°
760 54 10°
w°k
W'k
ﬁ‘ I L 2 -
0.001 001 ol 1.0 0

PARTICLE DIAMETER (Dp) MICRONS

Fig. 4.C.3: Size distributions of hot tube Agl aersol at four
different temperatures.
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The transmission electron micrograph in Fig. 4.C.4 shows particles
which were produced with the hot tube generator. In general, the particles
were spherical in shape, although considerable variations were observed.
The hexagonal crystalline structure of silver iodide (a) is not obvious in
these micrographs; the shapes are more suggestive of an amorphous than

crystalline structure.

Fig. 4.C.4: Transmission electron micrograph
of hot tube Agl aerosol.

The ice nucleating abilities of this aerosol were tested with the set-
tling cloud chamber at two temperatures, -15 and -18°C. The results from
tests at these two temperatures were not significantly distinguishable due
to the large variability at one temperature. The generator produced about
20,000 per liter active nuclei at -15°C. While this concentration seems

quite large, the fraction of total particles which were active as ice nuclei
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was actually quite small, approximately 5 x 106,  This active fraction is
substantially smaller than for the nebulized aerosols at the same tempera-
ture, and it indicates that the aerosol has a rather low intrinsic activity.
No CCN activity measurements were made.
This generating technique was abandoned for use in the ACPL for the
reasons enumerated below:
1) low intrinsic ice nucleating acitivity--this means that a very
large number of inactive particles would contaminate experiments;
2) undesirable byproducts of the generation process, specifically,
iodine gas and heat would have to be removed;
3) power requirements to operate the heating wires are quite large
compared to other generators; this generator required approximately

4o watts.

D. Hot Wire Generators

Two different hot wire type generators were studied for silver
iodide aerosol generation. The first was a rather simple device, a coil
of nichrome wire inside a glass tube. A small amount of silver iodide paste
was daubed onto the wire, and the wire was heated to a dull red color (about
900°C) while dry diltered nitrogen was ventilating the wire inside the tube.
The resulting aerosol condensed in the cooler downstream portions of the
tube and had to be transferred to a storage container and rapidly diluted
to reduce coagulation and diffusion losses. This device and a typical spec-
trum (corrected for dilution) are shown in Fig. 4.D.1 and Fig. 4.D.2. Notice

that the total particle count is very high (1.3 x 107 cm_3) and that the




Fig. 4.D.1: Hot wire generator.
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Size distributions of hot wire aerosol
from three different generators.



58

modal diameter is rather small, about 0.02 uym. This aerosol is quite eas-
ily produced, and repeatibility is good for the size and ice nucleating
spectra if the operating conditions are carefully duplicated. The generator
output is quite sensitive to the power setting and gas flow rate. A second
heating coil was added downstream of the generating section in order to
evaporate some of the copious smaller particles. However, clean nichrome
wire will produce an abundance of ions and very small particles when heated
to about 900°C. Thus the total aerosol concentration actually increased in
the reheat section of the generator. This type of hot wire generator has
also been used in a ''batch' mode of operation, where the heating is more in-
tense and occurs only momentarily, for about 5 seconds. The resulting high
concentration aerosol was quickly diluted and stored for prolonged use. A
typical aerosol size spectrum for this batch mode before any dilution is
also shown in Fig. 4.D.2. The higher supersaturations present during rapid
heating produce both a greater concentration and greater size than the cooler,
steady operation mode. The ice nucleating and CCN behavior of this aerosol
have been fairly well measured during the Third International Ice Nucleus
Workshop held in Laramie during 1975 (Vali, 1976). Typical results for this
batch aerosol are given in Table 4.D.1.

The second type of hot wiresilver iodide generator was developed by
Dr. Richard Barchet (Barchet and McKenzie, 1975) for laboratory ice nuclea-
tion studies. This generator consists of a ventilated glass tube containing
a heating wire which is uniformly and completely covered with a layer of
silver iodide (see Fig. 4.D.3). |In the manufacture of this wire, a silver

plating is electrically deposited on a nichrome heating wire. The silver




ORIGINAL PAGE 1S
OF POOR QUALITY

59

Fig. 4.D.3: Barchet Agl hot wire generator.

plate is then reacted with an excess of iodine gas in a heated environment.
The result is a uniform, complete coating of silver iodide on the wire. The
generator is operated continuously at temperatures somewhat below the other
hot wire device. The aerosol output from this generator is quite reproduci-
ble, although the long term output slowly decreases. A typica!‘size spectrum
for the steadily operating Barchet generator is given in Fig. 4.D.2. Notice
that the output is quite similar to the other hot wire generators. The
concentration of small particles is very large, and coagulation occurs
rapidly so that the samples must be significantly diluted (by factors of

100 to 1000) for measurement and nucleation tests. A summary of the nuclea-
tion characteristics of this aerosol is also given in Table 4.D.1. Notice
that the active fraction (IO”6 to 10-7) is substantially less than the

nebulized suspension aerosols which were described in a previous section.
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These two hot wire generators were quite simple to use and did not
have excessive power requirements (less than 40 watts for the two stage hot
wire device and less than 7 watts for the Barchet generator). However, they
did fall short of the criteria for use in the ACPL. Their worst shortcom-
ings were the production of contaminants (iodine gas and heat) and the lack

of strong nucleating ability (they had low intrinsic activity and rather

cold threshold temperatures).

Table 4.D.1
lce Nucleating Characteristics of the Hot Wire Generators.

(The values are calculated to omit all dilution factors.)

Filter Measurements Settling Cloud Chamber
Active
a fraction Concentration Active
(per liter) y at -16°C W.S. (per liter) fraction
hot wire 3 x 104 7.3 2 x 1076 107 ~1073 @ -12°C

(batch operation) (Ohtake Chamber)

4 x 1077 103 2 x 1077 @ -15°C

Barchet 2 x 104 3.5
(Wyoming Chamber)

E. Vibrating Orifice Monodisperse Aerosol Generator

The principles of operation of this device have been well known for
about one hundred years. A cylindrical jet of liquid is formed as the liquid
is pumped through a small orifice. Instabilities which form on this liquid

stream will cause it to break up into sausage-like pieces which collapse
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into droplets some distance downstream from the orifice. The size of the
droplets can be controlled to some extent by vibrating the orifice such

that all of the sausage-like pieces are of the same length (which is deter-
mined by the frequency of vibration). In the case of our experiments, we
used a RNB Associates, Inc., Model 50A which we termed the Berglund-Liu (B-L)
generator, after the developers. We tried using a saturated solution of silver
iodide in distilled, deionized water, where we counted on the low solubility
of silver iodide in water (about 1077 grams per ml) to provide a low concen-
tration. The droplets produced by the generator evaporated to leave the
solute residue, whose size was dictated by the initial solute concentration
and the droplet volume. A typical size spectrum of this aerosol appears in
Fig. 4.E.1. The spectrum was not measured below 0.1 um since the overall
concentration (350 cm‘3) was too small for the Electrical Analyzer to accur-
ately measure; i.e., it is near the threshold concentration for this device.
Notice that the spectrum is indeed of monodisperse shape and the modal dia-
meter is of the expected size. A sample of these particles for the elec-
tron microscope (Fig. 4.E.2) revealed that they were nearly spherical and
amorphous. The particles were found to be sensitive to vacuum and to elec-
tron bombardment (they seemed to evaporate in the electron beam). The im-
purity levels in the distilled, deionized water are comparable with the
solubility of silver iodide, so that the aerosol particles which form would
be some complex or mixture of silver iodide and impurities. Their ice nuclea-
ting properties were not very encouraging, with only 0.5 nuclei per liter at
-16°C and water saturation in the filter processor; this corresponds to an

active fraction of 1.5 x 10-6. Because of the limitations of impurity
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Fig. 4.E.1: Size distribution of dry Agl aerosol from
vibrating orifice generator.

Fig. 4.E.2: Transmission electron micrograph of Agl aerosol
from vibrating orifice generator.
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concentrations and the smallest monodisperse droplet, 0.4 pm is about the
smallest particle that can be produced with this generator.

An alternative liquid solution for this generator uses a solubilizing
agent {ammonium iodide, for instance) to increase the solubility of the
silver lodide. - However, the solute concentration has to be quite large for
the silver iodide to remain in ;piution. The small orifices (10 and 20 um)
have had clogging probiems witﬁ much less concentrated solutions, and trying
to use a highly concentrated solution makes the problem worse. The other
problem with this type of generator is that it often requires a considerable
amount of the operator's attention to get it started and to keep it going.

Finally, the range of aerosol sizes which could be produced is too restricted.

V. SUGGESTIONS FOR AN ICE NUCLEUS GENERATOR FOR THE ACPL

As the preceding portions of this report indicated, the agqueous suspen-
sion of Agl is our best recommended ice nucleating material, and the-most
appropriate generating method is atomizatiop. The performance characteris-
tics of the three nebulizers are quite similar, although we preferred to
work with the giass'Collison because of its simple, compact design and the
ease with which it is cleaned. The device could nof be operated in zero
gravity in its usual cénfiguration because the impacted large droplets would
not experience a force to return them to the liquid reservoir, but there are
several alternative ways to circumvent this problem.

The first alternative consists of impacting the droplets onto a porous,
permeable surface (such as sintered brass) and removing the liquid by suc-

tion. The liquid would then have to be discarded since it is anticipated )
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that a substantial fraction of the suspended particles would not be trans-
mitted through the permeable substance, and therefore, the size distribution
of the aerosol would change with time if the liquid were recirculated. This
mode of operation would be rather inefficient, since the liquid throughput
rate of the nebulizer is large compared to its aerosolized output. The
nebul lzer sprays about 5 mil of liquid per second, and of this amount only
about 0.2% (0.01 ml per second) is actually aercsolized. In the case where
only a small batch of ice nucleating aerosol were required, this method
would probably suffice; but in general, a substantial amount of liquid would
accumwlate for discarding (e.g., 3 liters in 10 minutes).

In the second alternative the droplets would be impacted on the liquid
surface of the suspension, and the suspension would recirculate through a
]}quid-gas‘5eparator to the liquid feed inlet. Unfortunately, there are
several problems with this system. The liquid feed rate and fhgﬁrecbrcula—
ting rate would have to be carefully matched to avoid the accumulation of
liquid anywhere in the circuit. Furthermore, the liquid-gas separator must
not affect the hydrosol concentration or size distribution.

Both of these aforementioned problems are avoided in the third alterna-
tive in which centripeatal forée is used to confine the liquid in a reservoir
where the liquid itself provides in a non-interfering impaction surface
for the large drops. Fig. 4.A.1 shows the fundamental
components of this system. The liquid is rotated inside a cylindrical cham-
ber by a chemically inert magnetic stirring bar. The centripetal force would
separate the liquid from bubbles which form where the nebulized jet impacts
on the 1iquid. Thus the liquid feed tube would not draw in alr bubbles, and

its stable operation would be assured.
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Fig. 4.A:1: Recommended adaptation of Collison nebulizer
for use in Tow gravity environment.
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The preparation of the 1iquid suspension has been described eariier in
the report. The suspension could be precipitated prior to launch and stored
for later use, but there‘wou]d be -a -noticeable loss in particle concentration
and changes in the hydrosol size distribution due to diffusion and sedimen-
tation to the walls, coagulation and possible dissolution and chemical effects.
For -all of the nucleation studies 1in this report, the suspension was precipi-
tated each experimental morning,‘and discarded the following morning; the day-
to-day reproducibiliéy was éxceilent. The small amount Sf concentrated solu-
tion (0.05 ml) and distilled water (200 ml) used in each batch did not war-’
rant storage; perhaps the limitations of ACPL would change this practice.

The proportions of Agl-NHL1 solution to distilled water for the precip-
itation stage of particle generation are not critical as long as the amount
of distilled water is much larger than the silver ifodide solution. This
ensures that é large supersaturation is achieved and that a large number of
particles foém quickly. The subsequent growth of(fhe-nycleated_pa}tﬁcles con=-
tinues until solute equiIib%ium is again reached. Thus,_within the range of
vaiues which we tested, the effect-of using more ASI-NHk[ solution is to
grow the same humber of particles to alarger size. For convenience we sel-
ected the r;tio of 0.05 ml Ag!-NHAI complex to 200 ml distilled water. Any
aiteration of this ratio Is-expected to change both the size distribution and
the nucleating activity of the aerosol.

It is our recommendation tﬁa; a fresh batch of Agl susbénsion be pre-
cipated each experimental day and that the excess suspension from the previous
experiment be discarde@. There are no difficulties or hazards expected in
hénd]iné either the concentrated aqueous solution or the suspension. Scrupu-

lous clearning of the nebulizer between experiments is not necessary. It is
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sufficient to remove the remaining used suspension by suction. Should clog-
ging or accumulated residue become excessive, a concentrated solution of am-
menium fodide will be required to dissolve the deposits. |t should be men-
tioned that we encountered no clogging problems during this research; we )
typically rinsed the nebulizer with ammonium iodide followed'by a distilled
water rinse at the.start of each e#perimental day. The concentrated ammonium

icdide used for cleaning can be reused, and so the amounts of cleaning sup-

plies and disposables are not excessive.
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APPENDICES

INSTRUMENTATION WORKSHOPS

The first instrumentation intercomparison workshop in support of the
subject contract was held at the Desert Research Institute (DPRI), Atmospheric
Sciences Center, during September of 1977, and the second workshop was held
at the University of Wyoming, Department ;F Atmospheric Science during March
of 1978. The active participants were-DRI and the University of Wyoming: In
order to avoid redundance in preparing reports on these workshops, the University
of Wyoming and DRI agreed that the host institutions should prepare the separate
workshop reports. Therefore, Appendix A was prepgred by DRI and Appendix B

was prepared by the University of Wyoming.
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instrumentation Workshop -~ Reno, Nevada

Detailed results from this workshop have been presented in Monthly Report
No. 10 (Oct 28, 1977) of the Desert Research Institute under their contract
No. NAS8-32313.

The conclusions given in that report were: '"Results of the first
workshop between DRI and the University of Wyoming were more than satisfactory
in view of the complicated nature of the experiments, the widely different
instruments that were used and the short time available to get everything working
Our objective for this preliminary workshop was to generate NaCl and stoh
- aerosols in the desired 0.01 to 0.1 pm size range to compare, to the extent
possible, the various aerosol analyzers.

"Suprisingly good agreement among instruments was observed in most tests.
Perhaps the real benefit, however, was in the essential background experience
that was gained which can now be used to design our follow-on experiments. With
some added analysis of the data, we should be in a position to design a series

of definitive comparisons for the next joint workshop'.
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Four main objectiyes were outlined for the workshop:

1} perform comparisons between the Electrostatic Classifier (EC), the
Electrical Aerosol Analyzer (EAA), the CNC-2 and Gardner Counter for several
dif%erént aefésols; - “

2) compare the meagurements of the CFD and SDL CCN chambers;

3) determine the CCN activity of the Agl suspension aerosol using the
different availabie equipment; and

k) examine the size dependence of ice nucleating activity of the Agl
suspension aerosol using -.the DRI classifier and the Wyoming ice nucleus
measuring instruments.

All of these objectives were met during the course of the workshop.
Many straightforward experiments wefe performed; they will not be described
in detail here, but the results.will be discussed in the order listed above.

1) EAA comparison with EC, CNC-2 and Gardner Counter

The EAALand EC instruments utilize the size fractionatiné of aerosols
according to electrical mobility, and they\have rather similar physicalb
characteristics and operating characteristics; they are both manufactured by
Thermo-Systems, Inc. The CNC-2 gnd Gardnér Counter, on the other hand, are
expansion cloud chambers; they measure the extinction of light. Tﬂe EC ~EAA
comparison consisted of generating a monodisperse aerosol with the EC aﬁd
comparing that size with the size distribution indicated by ‘the EAA. Thé
EAA-CNC-2 and EAA-GardnerlCounter comparisons were for total particle concen-
trations.

‘Several different aerosols were used for the comparisoﬁs, incIuﬁing NaCi

from the COA and Ag! suspension aerosol from the DeVilbiss and Collision
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Instrumentation Workshop - Laramie, Wyoming

Introduction

The second instrumentation workshop in support of the ACPL experiments
was held in Laramie, Wyoming, at the facilities of the University of Wyoming,
Department of Atmospheric Science during the week of 6 to 10 March 1978. The
principal participants and their affiliations are listed below:

B. Black University of Wyoming
G. Gordon " h

J. Hudson Desert Research Institute, Reno

. Katz b 1 1

U
G. Keyser .
w. Kocmnd 1 H 1 ’ 4]
D. Rogers University of Wyoming

G. Va]i il n 3]

The primary instruméntation which was used du?iné the Workshop'consisted
of equipment located at the University of Wyoming (the Wyoming Aeroéor System,
DFC ice nu;ieus instrument, SDL ceN chamber, Gardner Counéer, aerosol generators
and other components of the aerosol facility) as well as several instruments
- brought to Laramie from the Desert Research Institute (two CFD ;hambers, the
prototype ACPL CFD and saturator, an Electrostatic Classifier and a Constant
Output Atomizer COA). The better part of the first day was spent in assembling
and checking out the DRI equipment and in formulating plans for the particular
exﬁeriments of the workshop. [t was gratifying to learn that the ordeals of
disassembling, transporting 1200 miles and reassembling the DRI gquipﬁent did

not prevent its proper functioning when tested.
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nebulizers. Details of the generation process have been described in the main
body of this report. After generation, the high concentration aerosol was dIluted

slightly (to match flow requirements) and fed to the EC. The ''monodisperse'

fraction was output from the EC and fed into the EAA along with a sufficient
amount of dilution air to match flows. The modal size of the "monodisperse"
aerosol was selected by adjusting the precipitating voltage and flow rates
to predetermined values using the manufacturer's specifications.

A typical "monodisperse" aeroscl size distribution, as measured by the
EAA, is given in Figure 1. The histogram depicts the actual measurement by
the EAA channels (voltage steps) and the smooth curve represents our estimate
of the true distribution. The single solid circle with error bars indicates
the position ofthe modal value and the size of the half-width of the distri-
bution.

The "monodisperse' aerosol size distributions typically were of log-normal
shape with- geometric standard deviations of about half of the half~-width. Thus,
the region one half-width wide about the mode .contained about 95% (2 o) of
the total number of particles. (This observation is a consequence.of ;he
shape of these measured spectra and is not true in general for Tog-normal
distributions.)

The results of the first comparison, EC monodisperse size versus EAA
measured size, are presented in Figure 2. The data points gnd error bars
on the EAA diameters represent the modal sizes andefaths of the differential
size spectra at half the peak values, i.e., the half-widths. This plot
indicates a very good correspondence between the two instruments. The
correlation coefficient between these data is + .986, and the least-squares

line is: EC = 1.15 EAA .997, suggesting that the EAA measures a modal size
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which is about 15% smaller than that determined from the EC flow and voltage
calibration. A better comparison could be obtained if the resolution of the EAA
were finer. The typical size spectra as measured by the EAA had 90% of the part-
icles in two channels, so that the true shape of the spectrum in the region of

the narrow peak is not well defined. This aspect is demonstrated in Figure 1.

The second comparison, that of total concentration, is given in Figure 3.
This figure indicates that the EAA tends to give higher concentrations than
either of the expénsion chamber total particle counters. The discrepancy is
worse for the Gardner counter than for the CNC-2. Several aerosols were used
for these tests: room air, outside air, monodisperse NaCl (from the EC) and
monodisperse and polydisperse Agl. There was no apparent trend for the different
aerosols, so they were not distinguished in the figure. The CNC-2 and EAA
agree to within a factor of two for 80% of the measurements. The data also
suggest that the EAA tends to read higher for high concentrations and lower
for low concentrations. This amount of agreement seems fairly good when viewed
in the 1ight that the instruments operate on two vastly different principles,
they are sensitive to q;ite different aspects of the aeroéols, and the EAA is
operating near the lower limit of its sensitivity.

The disparity for the Gardner Counter, however, seems to be systematic,
and may be due to the inability of this device to activate the smaller
particies (less than about 0.03 um according to Walter and Jaenicke, 1975).
When the Gardner measurements are compared with the EAA values for particles
larger than 0.03 um, the agreement is substantially better.

2) Comparison between CFD and SDL CCN chambers

The operating principles for these two chambers are identical; they are

both parallei-plate diffusion chambers which use a temperature difference
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Figure 3. Concentration measurement comparisons.
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between the top and bottom plates to establish a supersaturation region in the
center. The capabilities are substantially different-because of the designs:
the Continuous Flow Diffusion chamber will provide a continuous record of CCN
concentrations active at the selected supersaturation; the temperature difference
is maintained by two thermally regulated circulating baths so that changes in
supersaturation to different values are not quickly realized. On the other hand,
the Static Diffusion Liquid chamber has temperature control via thermoelectric
coolers, and the chamber has relatively-small thermal inertia so that changes
to different supersaturations are accomplished quickly, typically in less than
one minute. However, the SDL cannot give a continuous record since the sample
must be stopped inside the chamber in order to be photographed. Thus, the CFD
is well suited for monitoring concentrations at any one supersaturation and the
SDL is well suited for obtaining activation spectra in a batch-wise mode.

Two CFD chambers were provided by DRY, so that activation spectra could be
obtained with these devices operating at different supersaturations. The
compérisons between the CFD's and the SDL were performed for sevéral different
criteria: concentrations at the same supersaturation, critical ‘supersaturation
for monodisperse aerosols of known composition, and shape of the CCN spectra
for natural air samples and polydisperse Agl.

The results of the first comparison, concentration at the same supersaturation,
are presented in Table 1. The data indicate that the CFD obtains values
approximately 50% larger than the SDL over a wide range in supersaturations and
concentrations and for several different aerosols. The consistency of the ratio,
{FD/sDL, verifieé that the chanmbers respond similarly to different particles. The
di fference in measured concentrations could have several causes, such as vapor
depletion in the SPL or time-lags in activation causing the SDL to under-count,
or others. The discrepaﬁcy between the two types of measurements does not appear

to be a function of supersaturation.
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TABLE 1. CFD-SDL Comparison

' Concentration {no.cm—3) .o

Aerosol Supersaturation{%) SDL CFD CFD/SDL
room air .28 95 168 1.77
.36 207 288 1.39
.50 164 219 1.3k
.65 243 352 1.43
1.02 1310 3596 2.75
outside air .35 320 241 0.75
polydisperse NaCl 1.00 327 497 1.52
polydisperse Agl 1.00 371 . 613 1.65
' 368 - shhy ©1.48
mohodisperse Agl 0.2 485- 750 1.55
(0.2 um dia.) 1.0 485 810 . 1.67

CFD/SDL avg. 1.57 + .47

omitting 2 extremes, avg. 1.53 i_.lh'

The 'second comparison, critical supersaturation for monodisperse aerosols,
used both NaCl and Agl aerosol. The EC was used to extract a selected mono-
disperse fraction from the polydisperse aerosol available from the generator.
The appearance of the CCN spectra was rather Tike step functioﬁg, so that no
drops were detected until a value of Sc was reached, and ipcreases-in super-
saturation beyond Sc did not add noticeable numbers of droplets. The technique
was to increment the supersaturation from less than to greater than the critical
value and to note when droplets first appeared in large numbers. The results
of this coﬁﬁarison are presented in Table Il. Notice the excellent agreement
between thetinstruments and between the Instruments and the theoretical

predictions (based on Kohler theory, see for example, Mason, 1971, chapter 1).
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TABLE Il. Critical supersaturation.

Critical Supérsativation (%)

Aerosol SDL CFD Theory
NaCl .03 um dia. .36 .32 .35
NaCl1 .05 um dia. .75 .68 .75
Agl-Nth complex < 0.2 < .25 .07

0.2 um dia.

The good agreement serves to verify the accuracy of the temperature measurements,
the assumptisﬁs about the vapor and temperature diffusion fields in the chambers,
the aerosol generation and measurement accuracy and the nucleation theory.

The final coﬁparison between these instruments involved comparing the
measured shapes of CCN spectra for several different aerosols. This compafison
is summarized in Figure 4 with four sets of paired CCN measurements. The
discrepancy in concentration which was shown in Table 1 is also apparent in
this figure. The slopes in the spectra are similar, although there are not enough
paired measurements to make this slope comparison quantitativa. The spectrum
labelled "oﬁtside air 10 March" deﬁﬁnstrates that the aerosol occasionally
" changed with time; in this case; the CFD measurements at 1% chénged by a faétor
of two dun%ng the period when the SDL was measuring the spectrum. Thi; probfem
was not as serious for the lab-generated aerosols, where the concentration was
either very steady over periods of an hour or more (from.a steadily operating
generator) or was decaying at a slow and steady rate (as in a storage bag with
-diffusion and coagulation losses). The outside air spectra measured were quite
3

typical of a continental springtime aerosol, with C-vélues of 500 to 1000 cm

and slopes (k-values) ranging from 0.2 to 1.1.
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Figure 4.

CCN spectra.
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3) CCN activity of the Agl suspension aerosol

This objective was of fundamental importance to the University of Wyoming's
effort to characterize the fce nucleating aerosol in terms of its ability to
nucleate both ice and liquid phases. For these measurements, the AgI-Nth
complex suspension aerosol was generated with the Collison atomizer, and it was
diluted and dispersed and transported inside the three inch metal duct which
supplied aerosol samples to the CFD, the SDL and the Wyoming Aerosol Sys?em.

The size distribution of this aerosol was very reproducible for this arrangement,
a typical size plot can be found in Figure 4.A.3 of the Final Report.

As elaborated in the Final Report, during the generation process the
aerosol ized droplets consist of weak aqueous solutions of NHhI and suspended
Agl particles. As the droplets evaporate, the concentration of NHhI increases
to the point where some of the Agl Is dissolved, and as evaporation continues
a complex of AgI-NHhI precipitates. Thus, the final dry aerosol probably
consists mostly (depending on its initial size) of Agl with smaller regions of
Ag|~NH4I complex and perhaps some NHQI in an uncombined form. Both Ag[—Nth
and NHkl are hygroscopic; the deliguescence point for NHAI is about 89% relative
humidity. Thus the aerosol is expected to be a very active liquid condensation
nucleus (this is in substantial contrast with pure Ag!l which is hydrophobic).

The activation spectrum for the polydisperse Agl aerosol Ts given in
Figure 4 for measurements by both the CFD and SDL instruments. The theoretical
expectation for the activation specfrum of an aerosol of pure Nth having the
size distribution of the polydisperse Agl suspension would parailel the CFD
curve and lie approximately a factor of 1.2 smaller in supersaturations. This
result is expected because of the mixed chemical nature of the particles; pure

Nth is expected to activate at lower supersaturations. The close agreement



84

(factor of 1.2) indicates that these particles are well behéved,from-the'point of .
view of condensation theory.

The activity of the Agl suspension aerosol in Figure.4 and in Tables |
and Il indicates that indeed the particles are quite active as condensation nuclei.
This characteristic allows considerab1é leeway fin the design of ice nucleation
experimerits for the ACPL, since the aerosol can be used with- good predictability
for both the cloud-forming and ice-forming parts of an experiment, if -desired.
The liquid condensation potential of the aerosol is uniquely related to the
size distribution ‘through condensation theory, and the ice forming -potential was
shown in the Final ﬁeport to be uniquely related also to the ae}qso] size
distribution (more specifically, the distribution of surface area).

L) Size dependence of nucleation for Agl suspension aerosol

The 'simultaneous presence of both the EC '(from DRI) and the Wyomiﬁg ice
nucleation instruments made possible a series of experiments to examine the
nucleating ability as a function of aerosol size. %or these experiments, the
high concentration Agl suspension aerosof from t£e Coliison nebulizer was fed
into theEC;and a monodisperse fraction of preselected size was extracted. .This
was then fed under pressure into the main aerosol distribution duct. The re-

3

. . 6 -
sulting total particle concentration was reduced from about 10 cm ~ at the

3 in ‘the duct. This concentration was within the

generator ‘to about 103cm-
range of all of the various sampling instruments (DFC, CFD, SDL, CNC-2 and the
Wyoming Aerosol System). A typical-size distribotion for the "monodisperse'
Agl suspension deroscl has been presénted in Figure~l. The results of the
nucleation tests are presented in Table 'I11' for two-different temperatures.

The concentration at’ the generator was calculated by multiplying the measured

ice nucleus concentration by the ratio, Altken particle concentration at
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generator/Aitken measurement in duct. Two trends are evident in Table I11:
first, the larger particles are more active at the same temperature, and second,
activity for the same monodisperse agrosol falls off rapidly with warmer
temperatures (factor of three less active at ~8°C than -10°C for 0.2 um particles).
As a result of this demonstration of dependence of activity upon size, further
experiments were undertaken after the workshop. These more extensive results are

contained in the Final Report.

TABLE tll. Nucleation tests on ciassified Ag! aerosol

Concentration (per
Temperature Aerosol Active Fraction liter) at generator
. -6
-10 pelydisperse 3.0 x 10 2200
-10 0.2 ym monodisperse 1.k x 10°° 10,000
-10 0.08 um monodisperse 4.5 x 1078 3300
-8 0.2 um mopodisperse 4,6 x 10»6 3400

.Conclusions
The second ACPL instrument evaluation workshop led to the following con-
clusions:
1. The COA generator - EC combination was shown to be a sufficient and
practicable way for generating monodispersed aerosols from solution.
2. With some apparent loss in size resolution, the EAA agreed with the EC
onh the concentration and modal sizes of ae}osols. These results are
quite encouraging for the planned use of these instruments in the
ACPL, although the accuracy of the measurements is indicated in these

tests to be about + 10%.
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3. The CNC-2 and the EAA measured total particle concentrations within
gbout a Tactor é discrepancy.

4. The CFD-énd‘SDL chambers were shown to agree on the set values of tge
supersaturation within the chambers to better than i_o.osg in S.

5. The SDL device indicated about a factor 1.5 lower concentrations of CCN
than the CFD. This is belleved to be due to limitations in the SDL

aperating principle.
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