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Instrument for studies of homogeneous and heterogeneous ice nucleation
in free-falling supercooled water droplets
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We have developed an instrument to study the homogeneous and heterogeneous freezing of droplets
in free fall. The advantages of this technique are high repetition rates, telemicroscopic imaging of
frozen and unfrozen droplets, and the elimination of possible contamination and nucleation effects
induced by substrates. Droplets are ejected at a rate of about 5 per s from a generator at the top of
a temperature controlled freezing tube. They fall in a stream down the center of the tube as their
images are recorded using video-telemicroscopy. The fraction of drops frozen is measured as a
function of height(and, hence, as a function of temperajusg illuminating slices of the stream

with linearly polarized laser light and monitoring the depolarization of the backscattered light; ice
particles depolarize the scattered light while the liquid droplets do not. The use of depolarization for
phase discrimination is unique in this context. We have demonstrated the usefulness of our
instrument with pure water droplets and droplets containing water and a bionu@santdomonas
Syringae, or “SNOMAX”"). The observed homogeneous freezing temperature of pure water
droplets is about-37.0 °C while heterogeneously frozen water droplets containing SNOMAX
freeze at around-8.0 °C. We find that the homogeneously frozen pure water droplets tend to be
more irregular and bumpy than those heterogeneously frozen20@ American Institute of
Physics.

[DOI: 10.1063/1.1511796

I. INTRODUCTION AND BACKGROUND situations. The peculiar ability of some biological materials

. to promote ice nucleation and others to counteract the forma-
Numerical models of the atmosphere show that forma-. L .
. o : . tion of ice in metastable aqueous solutithi$ renders them
tion of ice in upper tropospheric clouds can strongly |mpactof articular interest in studies of freezing in various geo-
cloud dynamics, cloud radiative properties, precipitation for- hpi | contexts. including atmospheri % d 9
mation, and cloud chemistfyit is therefore important to be physical contexts, Including aimospheric clouds.

able to predict the rates of ice formation corresponding to Ice .nucle-atlon is not the only mportant process creating
different environmental conditions. ice particles in clouds. Once some ice has formed by hetero-

One of the major pathways for ice formation in the at- geneous or homogeneous nucleation, secondary processes
ltiply the number of existing ice particlslt has

mosphere is through the freezing of supercooled droplets efan mu ) . i
ther homogeneouslgin the absence of surfadesr hetero- bgen suggested that splinters formed- d.urlng freezmg of
geneously(catalyzed by surfacgsThere is now substantial Single drops may also serve as embryonic ice parti‘dé'.he
evidenc&? that liquid droplets can persist in the troposphereparameters of freezing that lead to droplet deformation and
at temperatures near and below the homogeneous freezi,mj)ssible splinter production have not been systematically
temperature for pure water droplets;~37 °C. Careful stud- studied. In early studies of drop shattering during freezing,
ies of the homogeneous freezing behavior of droplets contHobbs and Alkezweerl§ observed the ejection of splinters
taining atmospherically relevant organic and inorganic solfrom droplets of radii 50-10@m as they froze in free-fall
utes are still needed. over a range of temperatures froa20 to —32 °C. Applica-

The freezing of droplets in the atmosphere usually oction of these interesting results to the atmosphere has been
curs at higher temperatures and is heterogeneous, not hom@fficult since the statistical samples were relatively small
geneous. The nucleating agents can be the surfaces of irand questions have been raised about the possible effects in
mersed particles, films at the air-water interfacepr  early experiments of high laboratory concentrations of
partially dissolved materialéor example, low solubility or- CO,.*® Also, we do not have systematic, size, temperature,
ganics that can go in and out of solution depending on drop-and humidity dependence of drop shattering or drop defor-
let history®~® Many laboratory studies of heterogeneousmation preceding shattering over the atmospherically rel-
nucleatio*® used Agl as the nucleating agent, but in theevant range of droplet sizes.
absence of a theory of heterogeneous nucleation, it is unclear Several laboratory techniques have been developed to
how to generalize these results to atmospherically relevanheasure ice nucleation rates in small droplets. Summaries of
these experiments can be found in several reviéhand in
3Author to whom correspondence should be addressed; electronic maifn€ references therein. Among the techniques that have been

brian@ess.washington.edu used are examining freezing of drops on plates, embedding
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drops in oil emulsions, and using continuous flow diffusion
chambers. Some techniques offer the advantages of repeats
heating and cooling cycles of the same samples and monitor
ing the latent heat release during freezing, useful for studies
of preactivation and memory effects in heterogeneous freez
ing. In others, the freezing of cloud drops in air can be ob-
served over a wide range of humidities and temperatures bu
without detailed examination of individual freezing events.
The new instrument we have developed provides high
repetition rate measurements of nearly identical size anc
composition droplets. Aside from freezing temperature, we
also monitor physical properties like changes in droplet
shape that often accompany freezing. The supercooled drog
lets fall in air at terminal velocity which avoids the possible |~ = = =77 Sapet 1
thermal effects and possible contamination caused by sub
strates. We maintain highly reproducible conditions which j

Electronics Rack
droplet generator

foam insulation

— double-pane windows

~
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allow for the observation of infrequent processes. | eolher poaroid n
In the next section we describe the design and operatior | camera #1 camera #2
procedures of the instrument, and in Sec. Il we describe oulL.—.—. oo e . -
results for the homogeneous and heterogeneous freezing (@)
droplets with known freezing behavior. SIDE VIEW
T
II. INSTRUMENT DESCRIPTION [ glass tube

droplet generator

A. Experimental architecture —

The instrument consists of a freezing tulbég. 1) which adjustable
is a vertical hollow brass cylinder about 50 cm in height and 4{
10 cm in diameter. There are two opposing lafgéastio
windows, 3.5¢<26 cm, on the tube sides for observation and
illumination of the droplets as they fall. These windows are I

double-pane and we pass dry nitrogen gas over and betwee

them to prevent frost formation. To cool the tube and estab- [ Gream 0]
lish a vertical temperature gradient, we circulate liquid re-

frigerant through a pair of copper coils wrapped around the l tees

top and base of the tube from a Neslab ULT-80 refrigeration ) gl
unit. We maintain a temperature inversi@older at bottom (b) [
with a throttle-valve between the two sets of coils. The in-
version stabilizes the interior air against convection andkg. 1. (a) Schematic diagram of droplet-free-fall apparatus. Droplets are
helps maintain a stable droplet stream. The tube is insulategjected from a droplet generator situated at the top of the cryogenically
on the sides and bottom with foam insulation. On top of thecooled freezing_ tube_. We use strobe iIIuminat[synchronizeq to the \_/ideo
twbe is a 2-cmthick nylon i with a central cylindrical e %o ANG i repes ana polanied s umnaton fr
socket for mounting the droplet generator assembly. with telemicroscopic zoom lenses record images or polarized/depolarized

We measure the air temperature inside the tube in théght scattering from the falling droplet stream at various heigltre-
vicinity of the droplet stream with a thermistor attached toSPonding to different droplet temperature®) Side view, showing air tem-

. . erature measurement thermistor and optics.

the bottom of a glass rod which slides up and down througﬁ’
an off-center hole in the lid. This rod can be rotated to posi-
tion the thermistor within a few mm of the droplets being B. Drool . d ch -
observed. A correction factor has been applied to the air tem-=" roplet generation and characteristics
perature measurements to account for the temperature bias We generate water droplets using a Hewlett Packard
due to self-heating of the thermistor and thermal transporb1604A thermal inkjet print cartridge. Each cartridge has a
down the thermistor wires. The overall temperature gradiensynthetic rubber bladder, which can hold about 3 ml of water,
in the freezing tube is monitored using four thermistors im-and there are 12 nozzles on its base that can be fired inde-
bedded in the tube walls. All temperature measurementpendently at frequencies of up to 1000 Hz. A nozzle is fired
were made with YSI 44011 precision thermistors calibratedby heating an enclosed resistor with a 4% electrical pulse
from 0 to —50 °C using a NIST-traceable reference PRT ther-which vaporizes a small amount of fluid to create a bubble.
mometer. The total precision and accuracy estimates for aifhe growing bubble pushes a droplet out through the nozzle
temperature measurements are aboQi2 °C but for our ini-  which then breaks off as the bubble collapses. The initial
tial experiments we have placed more emphasis on precisiomadius {4;) of the droplets formed by these cartridges is
than accuracy. typically about 35um.
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50 um Pure (HPLC) Water Droplets after Homogeneous Nucleation
—
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FIG. 2. Representative images of drops just after freezing “homoge-
neously” at about-37 °C from pure HPLC water.

-40.3C

The droplet generation frequendy,, is chosen to maxi-
mize the number of drops for subsequent statistical analysis
while preventing interference between droplets during their
fall; if the frequency is too high, a large droplet can catch up
with a precedingsmalley droplet before it reaches the bot-
tom of the tube. This interaction creates instability in the
horizontal position of the stream and may allow contact
nucleation to occur, thus possibly obscuring the effects of the
nucleation process we are trying to stufiproplet images
are shown in Figs. 2 and 3 and instances of these catch up
effects are shown in Fig.(B).] We estimate the highest al-
lowed droplet generation frequenchy nax, by setting the
average distance between consecutive droplgts,( g mas
equal toAz,,., the maximum possible change in the inter-
drop distance as two drops of different radii fall to the bot-
tom of the observation window, a distance of lendth
=40cm. Ifvmis the terminal velocity of a drop of radius
rq, then assuming Stokes flow

2
ﬁ(ﬂ_l), @
9v \ pair

where g is the acceleration of gravityy is the kinematic

viscosity of air,p4 is the density of the droplet, ang; is the (b)
density of air. ASSUMINAA U tem<Uterm, WE Obtain

Avterm= 2rdArd

FIG. 3. Representative images of drops just after freezing “heteroge-

1 L neously” at about—9 °C for drops containing bionuclear@ Images of
. =AUerm==—"- (2)  droplets during usual low-frequencyf+£5 Hz) operation. Note the
max term ellipsoidal shape of some droplet®) Images of particle deformation and

; ~ sintering observed during high-frequendy=(100 Hz) operation. Sintering
For the HP droplet generator cartridges,~1 um, so for a was not uncommon when a slightly larger droplet can catch up with a

typical droplet radius of around 3am (viem=0.13M/S),  proceedingsmallei droplet.

AV erm=0.007 m/s, and according to E@®) f,,=5.5Hz in

order to prevent droplet interactions as they fall to the bot-

tom of the observation window. This agrees closely with theStages and attached to vertical rack and pinion tracks. These
value we determined by eye, and all of the experimentafan be positioned and focused for observation of the droplets

results presented in this article were obtained using a droplét any vertical positiorz) measured from the floor of the
generation frequency of about 5 Hz. chamber over the length of the front window. The primary

camera points directly into the tube and the secondary cam-
era is at a right angle to the primary and observes the drop-
lets through a beamsplitter cube placed between the primary
Two video charge coupled device cameras with Leicacamera lens objective and the front wind¢see Fig. 1 The
Monozoom-7 zoom lenses are mountedxony translation  video output from the cameras is combined side-by-side us-

C. Strobe microscopy and light scattering techniques
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ing a video screen splitter and recorded on VHS videotape Depolarized Polarized
Analysis is done with a computer frame grabber converting
the video images to 480640 pixel digital images.

To obtain the backlit “shadow” images of the falling
droplets(see Figs. 2 and)3we illuminate with a diffused | jquig
xenon strobe lamp placed opposite the primary camera or Drop
the other side of the freezing tube. This lamp is raised and
lowered to match the camera height. The strobe lamp is syn
chronized to the video frame raté0 Hz of the primary
camera. Typical droplets produced by the HP cartridges in
our experiment havery=33=1um and vm=13
+0.7cm/s. The zoom lens configuration we use provides &
working distance of 105 mm and a range of magnification
from 9.6 to 1.4um/pixel. The camera field of view at highest F[')'r'i'g;"
magnification(7x) is just 0.07 cm so the chance of capturing
an image of each droplet is the ratio of the field-of-view
height to the distance the droplet falls between strobe light
flashes. At 60 Hz, that distance 2.1 mm for a 33um
radius droplet; so the probability of seeing each droplet at
7X is 0.7 mm/2.1 mm-33%, and the chance alis 100%. FIG. 4. Streaks showing light backscattered by two falling particles illumi-
For good image quality the duration of each strobe flash isiated by polarized laser light. The images on the left show the depolarized
approximately 1us. In this time interval a typical droplet of component of the scattered light and the images on the right show the

; _ : P component of scattered light of the same polarization as the incident beam.
radiusr 4=33um falls only 0.13um. The primary limitation The liquid drop is spherical and therefore does not depolarize scattered light,

on image sharpness is the horizontal fluctuation in the posiynile the asphericity, surface roughness, and birefringence of the frozen
tion of the droplet stream relative to the camera depth-ofparticle contribute to depolarization of scattered light.

field.

A polarized HeNe laser beam directed through the fronthe fact that the droplet falls some distance while the camera
window of the freezing tube with an adjustable-tilt mirror is shutter is operfl mm in 1/100 & A liquid droplet produces
used for ice/liquid discrimination. During an experiment we a streak only on the image made in light of the same polar-
make two general types of video observations: size angkation as the incident light, whereas a frozen particle pro-
shape observations of droplets as they fall using the strobguces a streak in both images. To be sure we image the entire
lamp and droplet phase determination using laser light illudength of the streak, we use the lowest zoom magnification
mination. An important design feature of the instrument isfor these measurements.
the ability to switch from one type of observation to the other
without any physical rearrangement of the components. We) Experimental procedure
simply turn off or block whichever light source is not being
used.

Droplet phase discriminatiarin order to distinguish be- Before loading we flush the cartridge reservoir with dis-
tween frozen and unfrozen droplets, we use the fact that tlled water to remove any residue from the manufacturing
spherical(liquid) droplet does not depolarize backscatteredprocess. The humidity in the freezing tube is adjusted by
light whereas a frozen one does due to asphericity in thedding a shallow pool of distilled water at the bottom. Before
form of cracks, bumps, and/or surface roughness as well aoling the tube, we position the air temperature thermistor
ice birefringence at short wavelengths. This is the basis foas close to the droplets as possible and turn on the imaging
the 180° backscatter depolarization technique used in remotrobe light. Imaging the thermistor with both cameras en-
sensing for cloud particle phase discriminattin the labo-  ables us to adjust their vertical positions to ensure that each
ratory, depolarization of HeNe laser light scattered at 90° hasamera will be observing droplets at the same height,
been used to detect freezing of single droplets levitated in anamely, that at which the air temperature is measured. This is
electrodynamic balancé.We are unaware of any previous important in typical temperature gradients of 0.8—2.4 °C/cm.
laboratory instrument utilizing this technique for determining After bringing the droplets themselves into view and focus,
the phase of droplets in free-fall. we turn off the strobe light and position the laser beam to

We shine a linearly polarized HeN633 nnj laser beam center the droplet backscatter streak in the field of view.
on the droplets and direct the approximately 150° backscat-inally, we orient the directions of the camera polarizers so
tered light through a beamsplitter to be imaged by two videdhat none of the copolarized scattered light from the droplets
telemicroscopic camergsee Fig. 1b)]. In front of one cam-  (still at room temperatujecan be seen with the secondary
era we have placed a polarizing film oriented perpendicularlcamera that views scattering of depolarized light. During the
to the laser’s direction of polarization. The output signalsexperiment the alignment is occasionally rechecked and ad-
from each camera are combined using a video screen splittfusted by temporarily swapping the study sample with one
into side-by-side imagesee Fig. 4, and recorded on video- that freezes at a lower temperature, such as distilled water or
tape. The backscattered laser light produces a streak due #osalt solution.

1. Instrument preparation
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We used HPLC water for our homogeneous freezing exvideo data with the temperature data and other experimental
periments and solutions of HPLC water and the ice nucleantonditions. Typically we record images of the polarized and
“SNOMAX” '8 (commonly used for making artificial snow depolarized laser streaks for about 2 min, giving us a sample
at ski resorts for the higher temperature heterogeneous iceof 600 droplets at each temperature.
initiation experiments. SNOMAX is made from processed
cells of the bacteriurPseudomonas Syring&eereafter, P5  E. Temperature analysis
one of the most effective ice nucleating agents known. Live
cultured cells of PS have been observed to nucleate ice "’Yﬁ
temperatures as high as2 °C 22 This bacterium is wide- ™€
spread in nature, found in leaf litter and is a common
aerosol/bionucleant in cloud®?® SNOMAX is manufac-
tured by York Int'® using a proprietary process involving
freezing at liquid N temperatures and radiation for steriliza-
tion purposes. It is packaged in the form of dry pellets abou

In order to compare our nucleation rate observations to
oretical predictions or other experimental data, we must
convert our measurements of the air temperature in the vi-
cinity of the droplets into the actual droplet temperature. If
the relative humidity is low, droplets evaporate as they fall
and their temperature is therefore lower than that of the ad-

jacent air. If the temperature gradient becomes too steep a
2 mm in diameter droplet may not be able to lose heat fast enough to keep up

In our experiments, one SNOMAX pellet was dissolveda”d will become warmer than the air it falls through. In order

in 100 ml of HPLC water and then that solution was filteredC calculate these effects we use a simple numerical model
through a 0.2um syringe filter. This filter size keeps out any (described ir_1 the Appendxor the evolution of the temptlara-_
intact bacterial cells, which are abouk2 um, and reduces tgre and rgd|us of yvater droplets as they fall through ar V,‘”th
the risk of clogging the droplet generator cartridge nozzles9'Ven vertical profiles of temperature and relative humidity.
We have recently found that solutions filtered at sizes up to 5

um can be used with the HP cartridges, indicating that ouf- Image and depolarization analysis

instrument can be used for studies of ice nucleation by whole  \ve record both the laser streak images and the strobe-lit

(living) bacterial cells. However, we report only the resultsdromet images on videotape at approximately one streak or

for the 0.2um filtrate here. image for every ten video frames. To analyze the data we use
o a data analysis prograrfNIH Image and computer con-
2. Data acquisition nected via an RS-232 interface to the VCR to automatically

For each data run we record the four tube wall temperaidentify and archive the video frames containing droplet im-
tures registered by the embedded thermistors, as well)as: ages. The computer advances the videotape one frame at a
droplet sizes[ry(z)], (ii) shapes,(iii) air temperature time and each image is captured and digitized with the frame
[Ta(2)], and(iv) fraction of drops frozefiF(z)] at a range grabber card. We collect 300—600 droplet streaks for each
of heightsz in the freezing tube. Nucleation is a stochastictemperature value, and bin the image$is intervals, giving
process, so not all droplets start to freeze at exactly the sames from 12 to 24 bins each containing 25 droplets. We then
temperature(or heighy. We refer to the highest point at simply count the number of polarized and depolarized
which any droplets begin to freeze ag, and the height at streaks[Because the depolarized streaks can be quite faint,
which all droplets have begun freezing as. The freezing this is done manually using appropriate background intensity
process is not instantaneous, but may be slowed by the finitdareshold settings. Typically this can be done at a rate of
latent heat loss rate. Typical observed values A@=z,  about 1 frame/s and even at low intensity levels, the charac-
-7, ranged from 1 to 6 cm depending on the vertical tem-teristic shape and position of the depolarization streak usu-
perature gradient and the nucleant properties. However, it iglly make identification of frozen versus unfrozen droplets
possible that\z could be much greater if, for example, only quite straightforwardless than 1% of the frames are am-
some fraction of the droplets contain a heterogeneous nucldiguous. The automation is important to the most time-
ant. In this case two peaks in the frozen fraction would bantensive portion of the analysis which is the initial finding
seen; the first, at relatively high temperature, and the secondf the frames with the polarized/depolarized strepkmally,
at a lower temperature corresponding to those droplets thate calculate the average value and standard deviation of fro-

do not contain nucleant. zen fractionF(T) for all of the bins at a particular height
If Az is very small and/odT/dz is too steep, then it (temperaturg
may be difficult to measure points along théz) transition We obtain strobe images of the falling droplets at both

curve at the desired resolution by raising or lowering thethe highest(7x) and lowest(1X) zoom magnifications to
cameras and thermistor very small distances. An alternativeharacterize the droplet shape, size, and fall distance. Mea-
method for obtaining measurements with higher temperatursurements of droplet size fromx7images can be made di-
resolution is to keep the cameras and thermistor at a fixetectly, but the size obtained from fall distance measurements
height, and increase or decrease the coolant temperature ymore precise because the terminal velocity depends on the
small amounts. The main drawback of this method is that isquare of the droplet radius; a 3&m radius droplet falls
takes more time between measurements because we m@s82 mm in 1/60 s which, at thexlimage resolution of 9.6
wait for the entire freezing tube to come to a new thermalum/pixel, equals 242 pixels, or about half of the field of
equilibrium rather than just the air temperature sensor. view. A droplet whose diameter is larger by Lum (the

All camera images are recorded on videotape andesolution limit at 7<) would fall 250 pixels in 1/60 s. Be-
marked with a time stamp so that we can later correlate theause we can measure the fall distance to within 1 pixel in
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Homogeneous Nucleation in Pure Water Droplets
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FIG. 6. Model calculation resultésee the Appendixused to obtain the
actual droplet temperature for the homogeneous freezing case using the
measuredl ;;,(z) andry(z). Upper left panel: measurdevith bias correc-
tion) air temperaturel ;,(z) along the droplet stream. Lower right panel:
measured droplet radiug(z) and the resulting saturation ratio model fits.
Upper right panel: Two saturation ratio modébget walls and dry wallsfor
ther =20 um case and one modg@lry walls) for ther =33 um case. These
results were obtained by fitting,,, [Eq. (A4)] so that model predictions
match the measurements Bf,(z) andry4(z). Note that the kink occurs at
the freezing point. Lower left panel: the actual droplet temperafyg(z)
expressed as an offset frofiy,(z). Typically we measurey,{z) at many
positions along the stream but in the=20 um case we see that at the
freezing temperaturé—37 °C) both saturation ratio models give nearly the
same offset.

estimated local air temperature, which is the measured air temperature mi- -
nus the estimated warm bias of the thermistor. The different symbol type¢he thermal lag effect can be significant due to the steep

correspond to datasets obtained on four different days, and different dfotémperature gradiert2.4 deg/cmused in these experiments.

sizes.(b) Same results replotted as a function of model-calculated drople

temperature. Solid line: fit to previous data from Ref. 21.

1X images, this method has a precision of about/? for
the size range of droplets in our experimentsy (
=20-35um).

IIl. RESULTS
A. Freezing temperatures

Homogeneous freezing: HPLC droplet¥he experi-

ments were performed for two different final droplet sizes:

rq=33 and 20um, where final refers to the size when freez-
ing occurred. Figure 5 showsfor frozen HPLC droplets for

a range of temperatures corresponding to different heights T
our droplet tube. The upper panel shows the data plottec
versus air temperature. The droplets can be either colder o105k

warmer than the surrounding air due (id latent heating or
cooling during growth or evaporation, and(ip the inability

of larger droplets to keep up with rapid cooling rates. We

have used our modésee the Appendjxto compute the dif-

ference between droplet and air temperature, and the bottor "
panel of Fig. 5 shows we get good agreement between dat
runs once the correction is included. We find that most drop- ,» . . . . . . . . :

lets freeze over the temperature range fre136 to —38 °C

Our model calculationssee Fig. 6 show that 33um drop-

lets are 2 °C warmer than the air temperature at the freezing
level, whereas the smaller 20m radius droplets are at the
same temperature within 0.1 °C. The maximum temperature
difference inside a droplefTenter— Tsurfacd Was always less
than about 0.15 °C which we have ignored since we do not
know where inside the droplet the freezing starts. In Fig. 7 is

Homogeneous Nucieation in Pure Water Droplets

10 T

10°E

12

235 235.5 236 236.5 237 2375 238 2385 239 239.5 240

with a small dependence on the_ drople_t siz_e. At t_hgse teme |G, 7. Same data as Fig. 5, replotted as freezing dat€ircles: r
peratures, the effect of evaporative cooling is negligible, but=20um; *: ry=33 um. Fit to previous datéRef. 21 shown as a line.
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Heterogeneous Nucleation in Snomax 0.2p m Filtrate F(T)= 1/2{ 1+erf[(T 0~ T/ 0—]} (5)

with two free parameters to extract quantitative estimates of
the freezing initiation temperature and standard deviation of
the freezing temperature distribution. The best fit tempera-
tures areT ;o= —6.7 °C, standard deviation=2.5 °C for the
heterogeneous case and initiation freezing temperdtgye
=—-36.5°C, standard deviatiom=1.0 °C for the homoge-
neous case. The width of the heterogeneous freezing tem-
perature distribution is much broader than the homogeneous
distribution and may reflect variability in the heterogeneous
nucleant concentration in the drops, variability in the loca-
tion of the bacteria and their excreta within the drops, as well
as possible variation in energies of freezing sites on each

) nucleator.
FIG. 8. Measured frozen fraction vs temperature for heterogeneouly frozen

droplets containing the bionucleant SNOMAX. The three sets of measure-

ments were made on three different dégiferent small symbols with error ¢ Shapes of frozen particles

barg. The previous measurements of the nucleation rates for whole and

fragmented PS cellflarge symbolsare shown for comparisofRef. 22. A number of previous authd?? have obtained images

The solid line is a freezing spectrum of the 0.4B filtrate of a different of frozen water drops and noted protuberances bL(lgHis
INA bacterium(M1) after sonic disruption of the cellRef. 30. . - '
culeg, and signs of drop shattering. However, these were

lotted the HPLC d . d th . leati images of larger drops and generally drops that froze on a
plotted the atdpoints and the previous nucleation substrate. With our new instrumentation we have the capa-

rate datdline) tabulated by P_ruppaché]r,the fit for drops of bility of observing hundreds of frozen droplets in air to cat-

vplumevd[m3], cooling rateT experienced by the drops is gqorize the various shapes upon freezing. Figure 2 shows a
given by representative set of imagéfr T~ —38 and —40 °C;
J[m 3s 1](T)=1006 1815458589 (3) i-e., well after the onset of freezingf homogeneously fro-
zen pure water drops taken at high magnificatib pwm/
4) pixel). Most of the droplets display bulges, or hook-like
structures. For this set of 24 representative droplets with
bulges with average frozen droplet diameter 46 the av-

where her€eT, the droplet temperature, is measured in Cem"erage bulge height is ¥4 zm. From 200 sequential frozen

grade. We not(_e that '_[he mean homogeneous freezing t(.arg'roplet images, we find at least 86% of the droplets have
perature and distribution width are in good agreement W'”bulges or spicules larger thanan high. Nearly all droplets

the previous nucleation rate data. appear to orient with the bulges “up” but since bulges in
other orientations are difficult to detect in the images, the
percentage of droplets with bulges could be larger.

A similar analysis of a representative set of high-

Figure 8 shows the freezing data for the SNOMAX resolution imagega few are shown in Fig.)3of frozen
droplets. For these droplets, we observe no significant evapgknown from the depolarization signaBNOMAX droplets
ration during their fall, and for the shallower temperatureshow very few bulges or deformations larger thaprh. In
gradients in these experiments, our model calculations shohis case, the vast majority of heterogeneously frozen drop-

that there would be very little thermal lag even for the largestiets maintain nearly spherical shapes, many more than are
droplets studied\We estimate at saturation the thermal lag isobserved in the homogeneously frozen case.

about 0.4°C and is smaller for evaporating drop)es is

shown in Fig. 8, most of the drops freeze over the temperax

ture interval—10<T;=<—6 °C. These results compare quitealv' DISCUSSION

well with those of Makiet al?? on unfiltered, disrupted cells, In these preliminary measurements, we find this instru-

but not with their 0.45um filtrate results, where they found ment works well and is useful for studying ice nucleation in

freezing began about 1.4 °C colder than ours. Liao ant? Ng supercooled droplets in free-fall over a wide range of tem-

report results close to ours for nucleant concentrations giveperatures(Although not reported here, we have performed

as 300 g/100 kga(0.8 mg/h, in droplets about 5Qum in  freezing experiments with ionic solutions at temperatures as

diameter(The weight percent of our solutions are about 0.1llow as —50 °C, also with reproducible resultS he freezing

g/l.) Our nucleating agent must be smaller in size than 0.2ate results we obtained for pure water and SNOMAX are

um; thus we are finding considerable nucleating ability ap-consistent with previous work and we are able to analyze the

parently not associated directly with the larger PS bodiesmages of the drops prior and post freezing. Although we are

themselves. unable to determine precisely how much time has elapsed
In order to easily compare the homogeneous and heter@fter freezing for each image, the fact that our mean freezing

geneous freezing data sets we have fit the frozen fractiotemperatures, recorded via the depolarization signal, are

F(T) data to the error function parameterization close to the freezing temperatures reported by previous au-

Fraction Frozen

. T
F(T):l—exp[ —Vd/TJ J(T)dT
0

B. Heterogeneous freezing: SNOMAX containing
droplets
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thors, indicate that the depolarization signal is measurablplace of the camera images to automatically measure the
well within a few seconds after freezing. The perturbations infrozen fraction in real time.
optical parameters in newly frozen droplets are sufficiently
large that they may modify the light scattering properties of
the particles in an important way, an issue that deserves fqu—‘CKNOWLEDGMENTS
ther attention. The authors thank Leo Shen and Andy Mason at the
The early deformations are characterizable and appear tdewlett Packard Corporation for supplying the inkjet car-
depend on freezing temperatuies., in our experiments, on tridges, and Wayne Palmiter at York International for provid-
freezing modg Bumps are more common in the HPLC ing samples of SNOMAX. The authors also thank Bryan
droplets. This is likely because they can freeze more comVenema for assistance in building the pulse generator elec-
pletely in the initial stage before the droplet warms up to 273tronics for the inkjet cartridges; Brian Majeres, Tim Whit-
K so that it is more likely water will get squirted out by the comb, and Robert Seguin for help with the experiment; and
pressure buildup. The droplets tend to orient in the airstrearileil Bacon for helpful experimental suggestions. Support for
such that the bumps are on top, probably because of drathis research was provided by NSF Grant No. ATM-
The few which are not on top could have been photographe8906538.
just after formation before the frozen particle had had time to
reorient. Ice particles nucleated on SNOMAX at relatively
. . . A
high temperatures seem to be more ellipsoidal than those thB{;
froze homogeneously. It is not clear what causes this differ-
ence; it might reflect differences already apparent in the lig- We use a standard Maxwell-type model to calculate the
uid drops prior to freezing or it may indicate somethingtemperature and radius of a water droplet as it falls through
about the freezing mode. Observations of later stage growtthe temperature and humidity gradient in the freezing tube.
of both heterogeneous and homogeneously frozen dropleféhe model is similar to that of Hobbs and Alkezweéhput
show that these initial deformities appear to disappear afteve have included droplet evaporation, which can be impor-
about a X increase in size but droplets frozen at coldertant for our case. For simplicity, the droplet is always as-
temperatures tend to produce more po|ycrysta||inesum6d to be falllng at its terminal VelOCity. This assumption
particles?® is reasonable because the ejected droplets slow to terminal
Although many frozen particles in this study exhibited velocity after a few cm and well before the height at which
bumps or spicules, we did not observe instances of breaku\{ye make our measurements. The range of Reynolds numbers
or the production of satellite droplets associated with droplefor droplets in our experiments was 0.2—1.1, so that we may
distortion and spicule formation. The small size of the drop-Us€ _the Oseen  drag coefficiént, Cq= (24/Re}[1
lets in this study makes these processes unlikely and sud’i(3*Re/16)]' ] ) )
short-lived processes would in any case be difficult to cap- V& neglect droplet—droplet interactions in the flux cal-
ture photographically at standard video frame rates given Ou(;ulatlons because, first, thg distance between drops is much
current illumination configuration. larger than the droplet radiu® {,m/f na=0.2¢0.1=0.02 m

For some future experiments there are several features ?frd)’ angl second, the time scalg for relaxation of the diffu-
sive gradients around each drop is much faster than the drop-

the instrument and protocol that we plan to modify. We ar .
P Pi fy eI t generation rate 7x=3X10 °s(for r=25um)<1/f
concerned that the droplet generator ejects droplets at a hig ) ) .
. =1/5Hz=0.25s), so there is plenty of time for the gradients
(and unknowntemperature. The droplets cool down quickly, . - o
. ) . around the droplet at a given position to dissipate before the
and our results from the bionucleant studies showed freezin .
o . . ext droplet arrives.

temperatures similar to those observed in previous substrate

Thus we have for the mass and heat flux

studies with unheated samples, but the heating process may

PENDIX: NUMERICAL MODEL FOR FALLING
OPLET EVOLUTION

affect other bionucleants. An additional concern is that the - D, |€edTarop €(2) AL
droplets are gjegted at high velocityd(izllo m/s a_ccording ™ URI) | Taop  Tal2)] (A1)
to HP specifications whereas the terminal velocity )

of a 35 um radius droplet is~14 cm/s?’ We estimate the Fa=To* kin/Ta* [Tarop~ Tai(2) ], (A2)

deceleration time to be less than 0.05 s, and the deceleratiavhere f,=1.0+0.108{[(#/D,)*]* (Re"?)}? is the venti-
distance to be less than 5 cm, using empirical drag coeffilation coefficient which was never greater than 1.07 for the
cients for Re>1.° The most conservative estimate of droplet droplets in our experimentRe<1.1).

cooling time, assumind@ 4 ;=100 °C andy =vgyy, is 0.1 s. We solve for the unknown droplet temperaturgy,)
This can be problematic for heterogeneous systems thdteratively using conservation of energy,

freeze at warmer temperatures if the freezing process is _

slowed down by kinetic processes in the droplet. We plan to Fo=~Fm*Lel Tar(2)] (A3)
remove these uncertainties by developing new droplet-onand ~ the  latent  heat of  evaporation s
demand systems using microvalves or piezoelectric droplett (T)=597.3 (273.15T)(0-1673.67<10 % T)x (1000/0.2388)
generators to produce nonheated and slower emitted drop<[J/kg].® The vapor pressure of supercooled liquid water is
lets. Finally, to speed up our data analysis techniques, wealculated using a sixth-order polynomial equation from
plan to explore the use of photodiodes or photomultipliers inLowe and Fick&® The temperature dependent heat capacity
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