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ABSTRACT

Rogers, D.C., 1988. Development of a continuous flow thermal gradient diffusion chamber for ice
nucleation studies. Atmos. Res., 22: 149-181.

A supercooled continuous flow, thermal gradient diffusion chamber has been developed to study
the ice nucleating properties of natural or artificial aerosols. The chamber has concentric cylinder
geometry with the cylinder axis alignment and airflow vertically downward. Sample airflow is 11
min~! and occupies the central 10% of the annular lamina; it is separated from the ice-covered
walls by filtered sheath air. The wall temperatures are independently controlled over the range
from about —4°Cto —25°C, so that the vapor concentration at the location of the sample lamina
can be set to a well defined value between ice saturation and a few percent water supersaturation.
There is a range of temperature and supersaturation values across the sample region; for lamina
center conditions of —15°C and + 1% with respect to water, the range is —14.6 to —15.4°C and
+0.63 to+1.31%. Errors in temperature control produce variations estimated as £0.1°C and
10.23%. Typical sample residence time is about 10 s. Ice crystals which form on active nuclei are
detected optically at the outlet end of the chamber. To enhance the size difference between ice
crystals and cloud droplets, the downstream 25% of the warm ice wall is covered with a thermally
insulating vapor barrier which reduces the vapor concentration to ice saturation at the cold wall
temperature, so cloud droplets evaporate.

A mathematical model was developed to desecribe the temperature and vapor fields and to cal-
culate the growth, evaporation, and sedimentation of water and ice particles. At 1% water super-
saturation, the model predicts that ice particles will grow to about 5 ym diameter, and cloud
droplets will achieve about 1 ym hefore they reach the evaporation section of the chamber. A
different model was developed to deseribe the steady state airflow profile and location of the sam-
ple lamina. i

Experimental tests of the chamber were performed to characterize the airflow, to assess the
ability of the technique to detect silver iodide ice nucleating aerosols and to distinguish ice crystals
from water droplets.

*'Present address: Department of Atmospheric Science, Colorado State University, Fort Colling,
CO 80523 (U.S.A.)
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INTRODUCTION

It has been a common observation that concentrations of ice crystals in mod-
erately supercooled clouds are substantially larger than those of ice nuclei mea-
sured under identical temperature and humidity conditions (Hobbs, 1975;
Cooper and Saunders, 1980 ). As summarized by Mossop (1985), discrepancies
between ice nuclei and ice crystal concentrations as large as four orders of
magnitude are not uncommon. Possible explanations for the discrepancies in-
clude ice multiplication phenomena and inappropriate nuclei measurements.
For many cases, cloud parcel histories must be closely examined to see if agree-
ment should be expected at all. For example, in aircraft studies of orographic
clouds, Cooper and Vali (1981) found that most ice crystals formed near the
inflow region where supercooled water cloud first condensed, suggesting that
ice crystals were forming by condensation-freezing or contact-freezing by very
small aerosols.

Four different modes of heterogeneous ice nucleation are usually distin-
guished (Vali, 1985): deposition, contact-freezing, immersion-freezing and con-
densation-freezing. Since ice nuclei have some activity in varying degrees in
each of these modes, the response of ice nuclei in an ice nucleus counter de-
pends strongly on the nucleation modes that the instrument can activate. In
this respect the continucus flow diffusion chamber design (e.g., Hussain and
Saunders, 1984; Tomlinson and Fukuta, 1985) has several advantages over
other current techniques for detecting ice nuclei.

(1) Ice and watér nucleating aerosols are sampled in normal atmospheric
concentrations.

(2) Aerosol samples are not supported on a substrate, as in the membrane
filter technique (e.g., Gagin and Arroyo, 1969; Huffman, 1973; Zamurs et al.,
1977).

(3) Large values of vapor supersaturation are possible and can be calculated
and controlled with a high degree of accuracy. This is in contrast to mixing
chambers (e.g., Langer, 1973) where the air sample is injected as a warm, moist,
CCN-enriched turbulent jet into a cooled volume; temperatures and supersa-
turations are bounded, but the thermodynamic path of sample air is uncon-
trolled and unpredictable.

(4) The sample airflow is laminar, so particle trajectories are well defined;
time resolution of the order of 1 s is possible.

This paper describes a cloud chamber that was designed and constructed to
detect condensation freezing ice nuclei. The chamber has concentric cylinder
geometry, which offers some advantages over flat parallel plate geometry: there
are no “wall effects”, the chamber is easily constructed, the inside of the cham-
ber can be easily and rapidly accessed, and the chamber is less susceptible to
air leak problems when operated below room pressure. The primary disadvan-
tage of continuous flow diffusion chambers is that particle residence time is
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limited to about 10 s or less in the supersaturated part of the chamber. Ice
nuclei requiring exposure times in excess of this amount will not be detected.
Continuous flow diffusion chambers should be capable of measuring ice nu-
cleus activities by deposition and condensation-freezing modes if nucleation
occurs within 1 or 2 s of the peak supersaturation. Because of the time require-
ment for aerosol collection by cloud droplets, it is unlikely that this technique
is sensitive to contact-freezing nucleation.

The research described in this paper is an attempt to extend the technology
of measuring ice nuclei. In the next section, a new design for a continuous flow
thermal gradient diffusion chamber is presented. Following that, a mathemat-
ical description is given, and the results of some laboratory characterizations
are shown. Measurements of natural ice nuclei with this chamber are being
published separately.

DESCRIPTION OF CONTINUOUS FLOW CHAMBER
Design principles

The continuous flow chamber (CFC) described here uses a temperature gra-
dient to produce vapor supersaturation in the region between two ice-covered
walls. It was designed to operate between —7° and —20°C and from ice satu-
ration to water supersaturation. The chamber has concentric cylinder geome-
try with the cylinder axis vertical and airflow downward. Similar ice nuclei
sampling chambers have recently been constructed by Hussain and Saunders
(1984) and Tomlinson and Fukuta (1985), but their chambers were flat, with
horizontal walls and horizontal airflow. These are similar to continuous flow
parallel plate cloud chambers used to measure CCN at room temperatures,
such as described by Hudson and Squires (1976). The concentric cylinder ge-
ometry has also been used for CCN measurements (Saxena and Carstens,
1971). Fig. 1a indicates the fundamental principles of operation: in the region
between two ice-covered plates which are maintained at two different temper-
atures, linear steady state vapor pressure and temperature fields develop (heavy
solid lines ); but the saturation vapor pressures of water and ice are exponential
functions, and consequently ice supersaturation is produced everywhere be-
tween the plates. If the temperature difference between the plates is large
enough, water saturation may be exceeded, as for the case shown, where the
warm plate is at —4°C and the cold plate is at —16°C. Notice that the maxi-
mum water and ice supersaturations are not at the same location.

Calculated chamber flow velocity profiles are shown in Fig. 1b. The aerosol
sample is injected midway between the plates, with equal amounts of filtered
sheath air on either side so that the sample temperature and vapor environ-
ment is relatively narrow and well defined. In horizontal diffusion chambers
(warm plate on top), the aerosol lamina remains centered, hut for vertical
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Fig. 1. Steady state profiles in a vertical continuous flow thermal gradient diffusion chamber
having ice covered warm and cold plates. In b, velocity profiles are for no temperature difference
AT between the plates (left) and for AT of 15°C with two different total volume flows {center and
right ). Stippling shows lamina carrving aerosol sample which iz 1/3 of the total volume flow.
Gravity points right.

chambers a buoyant circulation is produced because of the temperature (den-
sity) gradient and gravity. This results in a skewed velocity profile and dis-
placement of the aerosol lamina toward the cold side. As they are carried through
the supercooled, supersaturated region, CCN and ice nuclei activate and grow
large enough to be sized and counted at the outlet of the chamber.

In the present design, the concentric cylinders have radii 4.0 and 5.0 cm.
Overall length of the cylinders is 46 cm. T'ypical operating ranges for the cham-
ber are: sample temperature of —10° to —20°C; temperature difference be-
tween the two plates of 0° to 20° C; supersaturation with respect to water (SS,,)
—10to +10%; supersaturation with respect to ice (SS;) 0 to 30%; total flow 4
to 10 1 min—'; and particle residence time 5 to 10 s.
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As shown in Fig. 1a, values of SS,, are small (+1.6%) in comparison with
5S; (+13.4%), so the diffusion growth of water droplets 1s expected to be much
slower than ice crystals. If nucleation times are equivalent, then droplets and
crystals should be distinguishable by size alone. Another feature in the cham-
ber further enhances the size difference by evaporating the water droplets be-
fore they leave the chamber: the last 10 ¢cm of the warm ice plate are covered
with a thermally insulating vapor barrier, which allows the vapor and temper-
ature fields to relax to conditions of the cold ice plate (colder temperature and
large water subsaturation). An optical particle counter at the CFC outlet is
used to detect particles.

Hardware and operating procedures

A schematic of the continuous flow chamber system is shown in Fig. 2. Aero-
sol and sheath air follow separate paths to the chamber where they are com-
bined in a laminar fashion at the inlet manifold. At the chamber exit, all flow
passes through the optical particle counter { OPC, Climet Model AG064A ). The
flow 1s controlled by a needle valve on the vacuum source. Flow rates of the
total, aerosol and sheath air are measured by the calibrated pressure drop across
the sheath air filter. Ice crystals produce voltage pulses in the OPC which are
sized and counted by the multichannel analyzer (Nucleus Model 1024D).

AEROSOL

CONTINUCUS
FLOW
CHAMBER

CLIMET

SHEATH
Al

R
f
FILTER $

AEROSOL
IMPACTOR

DIFFUSION
DRYER

MULTICHANNEL
ANALYZER

t

VACUUM

Fig. 2. Schematic of instrumentation and airflow (heavy lines) for measuring ice nuclei. AP is
differential pressure gage. Climet is optical particle counter,
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Photographs of the inner cylinder and sample injection region are shown in
Figs. 3 and 4. Interior construction of the chamber is shown in Fig. 5. To ensure
good thermal conduction, the chamber was constructed of copper and brass
with joints silver-soldered. On the outer cylinder, the fluid from one tempera-
ture-controlled bath circulator is pumped at 30 1 min~! through 3/8 inch soft
copper tubing, which is spiral-wound around the cylinder and lead-tin soldered
for good thermal contact. The inner cylinder is a 2-1 reservoir through which
fluid from the other, independently controlled circulator is continuously
pumped. The bottom 10 cm and the bottom cone of the inner cylinder are
covered with 0.25 cm thick, closed cell plastic foam insulation. Thermal con-
ductivity of this insulation was experimentally measured to be approximately
a factor 850 smaller than that of copper or 5.3 smaller than that of ice. The
diffusivity of water vapor through this insulation was experimentally esti-
mated at 20°C as a factor 400 smaller than through air. Rigid foam insulation,
5 em thick, encloses the outer cylinder, and the whole is encased in 8-inch PVC

pipe.

Fig. 3. Inner cylinder of CFC. During operation, relative airflow is from inlet manifold (top)
toward insulated end (bottom).




Fig. 4. End-on view of inlet manifold. Aerosol sample is injected through small holes between two
rows of sheath air holes.

The chamber wall copper surfaces were ebonized to make them wettable.
Attempts to use a fabric wicking material were not successful. The routine
procedure for applying ice to the cylinder walls is to first cool the chamber to
about —5°C and then spray distilled water onto the cold metal. The slow freez-
ing rate at —5°C allows the water to spread somewhat and unite with other
ice as it freezes. The ice on the walls builds up with successive applications to
about 0.5 mm thickness with a smooth finish. After several hours of operation,
frost grows on the cold wall at a rate depending on the temperature settings
and ambient frost point. If the frost crystals grow longer than about 0.5 mm,
they can be scraped off, and the ice surface smoothed by a warm hand.

In order to confirm the presence of supercooled water drops, an inspection
window was constructed just upstream of the evaporation section of the CFC,
where cloud droplets should be maximum size. Over the temperature range
—10° to —20°C, frequent inspections through this window with a microscope
showed that no cloud particles were visible in a laser beam when the calculated
SS,, <0%; cloud drops were always visible whenever SS,, was +1% or more;
cloud visual density increased with SS,; and with particle-free air, no cloud
formed for any values of supersaturation.

Inner and outer wall temperatures were independently controlled by bath
circulators of 600 W heating and cooling capacity (Forma Model 2325) and
temperature control sensitivity of +0.02°C. The circulating fluid was anti-
freeze (ethylene glycol) and water in equal proportions. The assumption was
made that the temperatures of the ice surfaces and copper walls were equal.
The basis of this assumption is that the thermal conductivities of copper and
ice are much larger than that of air: they are in the ratios 17000:93:1 for cop-
per, ice and air, respectively. Several temperature measurements were rou-
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tinely made: the circulator thermistor readout and control (digital, to 0.1°C);
mercury-in-glass thermometers which were immersed in the bath (0.2°C di-
visions }; copper-constantan thermocouples which were electrically insulated
from, but in close thermal contact with the copper pipes carrying fluid from
the CFC (sensitivity +0.025°C per 4V ); and platinum resistance thermome-
ters which measured the circulating fluid temperatures at the exit of the cold
cylinder and at the entrance of the warm cylinder (accuracy of 0.05°C). Tem-
perature readings from these various sources were consistent to within 0.3°C.

To assess the range of temperature variation along the cylinder wall, tem-
perature differences were measured between the cooling fluid inlet and outlet
pipes. Values of about 0.2°C were typical on both the cold and warm cylinders;
e.g., fluid entered the warm cylinder at —6.8°C and left at —7.0°C, while at
the cold cylinder, fluid entered at —19.9°C and left at —19.7°C. Since the
temperature difference AT between the two cylinders is the fundamental quan-
tity in determining supersaturation, a range of values can be deduced, 12.7°C
to 13.1°C. For this instrument, the bath circulator thermistors were used for
absolute temperature and the thermocouples in the CFC walls were used for
temperature difference. With the temperatures set to give SS,, of +1% at
—15°C at the aerosol lamina, an error of 0.1°C in 4T produces an error of
0.23% in SS,,. During routine operation, values of AT were quite steady during
the usual 10-min sampling periods; typical variations were about 0.1°C.

MATHEMATICAL MODELS

Two mathematical models of the environment inside the CFC were con-
structed to assist with the design and data evaluation. Both models assume
that the chamber geometry is adequately represented with flat, parallel plates.
The first model calculates the time-dependent evolution of the temperature
and humidity fields and the growth and fallout of water and ice particles in
slug flow. The second model calculates only the velocity profile for flow dom-
inated by viscous and buoyant forces. More exact and complete mathematical
calculations of the processes would require substantial additional effort but
would not be much more informative for the present purposes. The difference
in steady state temperature or vapor pressure fields for concentric cylinders
versus flat parallel plates is at most 2% for the CFC dimensions. Furthermore,
there remain significant fundamental questions about some of the physical
processes (such as ice nucleation) which preclude a complete description.

Thermal and vapor diffusion fields
The mathematical problem and solution are the classical ones of heat and

water vapor flux across a static air gap. Initially, the warm wall, the cold wall
and the air are at three different temperatures. The solution form has been
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given by Saxena et al. (1970) for the case of water-covered walls; the present
solution is for ice-covered walls.

For the slug flow approximation, time and distance along the direction of
flow are linearly related and are independent of distance from the wall. The
Reynolds number is about 50, and the actual flow is viscous (Poiseuille). The
actual velocity profile is nearly parabolic between the concentric cylinders since
the wall separation is small compared with the radius of the cylinders (Knud-
sen and Katz, 1958). In comparison with the slug flow assumption, the Poi-
seuille velocity profile changes only the transient features of the humidity and
temperature fields during the first few time constants (or about 2 s); there-
after, the steady state solutions of the temperature and vapor fields for slug
and Poiseuille flow are identical. Because the temperature and vapor pressure
gradients are larger, the fields develop faster in time for Poiseuille flow than
for slug flow.

The one dimensional heat transfer equation is:

OTi . AT

=Koz s

with boundary conditions:
T(0,t)=T,

T(at)=T.,
T(X,0)=f(X)=T,

where the temperature T is a function of both position X and time ¢; K is the
thermal conductance of air (computed as a function of temperature and total
pressure ), f(X) is the initial air temperature distribution (taken as constant),
T, and T, are the cold and warm wall temperatures (located at X values of 0
and a), and T is the sample air temperature. The equation is solved by sepa-
ration of variables and results in a Fourier series which converges rapidly:

T(X,t):Tc+(Tw—Tc)§ (2)

2
oy D no [ nX nn
+n§l ;z[ (T,-T)+(T.,—T)(-1) ]sm( - )exp[—( X ) Kt]
The water vapor diffusion problem is similar to (1):
de 3%
5t Lax
with boundary conditions:

e{O,t} =ei(Tc}

(3)
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e(a,t)=e(T,)
e(X,0)=h(X)=¢e(Ty)

where e is water vapor pressure, D) is the diffusivity of water vapor in air (com-
puted as a function of temperature and total pressure), h(X) is the initial
vapor pressure distribution (constant), e, and e; are the saturation vapor pres-
sures with respect to liquid water and ice, respectively, and T is the sample
dewpoint. The model uses the Goff-Gratch equations for saturation vapor
pressures (Goff, 1949).

The solution to eq. 3 is:

(X =eT)+ (e T~ T 15+ 5 Z1e(Ty) —e(To)]

2
+[e(Ty)—e(Ty) (-1 )"}sin(%)exp[ - (%n] Dt] (4)

After a time interval 7 the growth section ends and the droplet evaporation
section begins. Boundary conditions change on the warm wall to be dry and
insulated (i.e., zero heat and vapor fluxes). The steady state linear profiles of
temperature and vapor pressure are achieved in the growth section. The ther-
mal problem (1) has new boundary conditions. Define:

U'=t—1
T0,t')=T,
T(a,0)=T,

aT ,
ﬁ(a,t >0)=0

T(X,7) =linear profile= (T, —T,.) X/a
Again, the solution is a Fourier series:

oo b f Nay . 240
T(Xt ) =T+ 2(To—T,) 3 =1 S‘“(B:;;’:p( BRv)
n=1

(5)

where B=(2n—1)n/2a.
Similar expressions are obtained for the vapor diffusion field with new
boundary conditions:

9(0,5’ ) =ei(Tc}
el(a,0)=¢(T,)

de )
X (a,t'>0)=0
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e(X,7) =linear profile= [¢;(T,,) —e&;(T,.) 1 X/a
The solution is:

o {_1)rai iy 241
e(Xt')=e;(T,)+2[e(T.)—e;(Ty)] Zl L) Sm(Bii;};zp( L)

(6)

Values for 7 are deduced from the length of the chamber ahead of the evapo-
ration section and the average velocity in the sample lamina. The velocity is
specific to volume flow and temperature settings, as explained on p. 166. The
thermal and vapor fields are calculated using egs. 2, 4, 5 and 6 for any location
between the plates and at any time after an air sample is placed between the
plates.

Particle growth and evaporation

Thus far in the model description, the only sinks or sources of heat or vapor
are the ice-covered walls and the sample air. In this section, water and ice
particles are added to the mathematical description. The additional equations
compute water and ice particle growth and fallout due to gravity. Water and
ice particles are assumed to nucleate and begin growing as soon as water and
ice supersaturation, respectively, are exceeded. Both kinds of particles are as-
sumed to be spherical; Kumai (1982) observed that 80% of incipient ice crys-
tals formed by propane seeding were spheres (0.3-6 um diameter). Crystals
do not grow large enough in the chamber to justify including shape factors.
The assumption is made that all growth is governed by a spherically symmetric
diffusion field and by surface kinetic effects. Vapor pressure depression from
dissolved substances and vapor pressure elevation due to surface curvature of
very small particles are ignored for both water and ice particles. The growth of
small ice particles is modeled analogous to droplets. The diffusion growth is
given by the integrated form of Maxwell’s equation (e.g., Fukuta and Walter,
1970):

d*=d,*+F(T,d) SS At (7)
where:

8
A L2 BT

- +
kR, T 2f3a €1 Dfaﬁ
dis particle diameter, d, is initial diameter, SS is supersaturation (ice or water),
At is time interval, L, is latent heat of vaporization (ice or water), k is thermal
conductivity of air, R, is water vapor gas constant, e;, is saturation vapor pres-
sure (ice or liquid water, as appropriate) at temperature 7', and the factors f,
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and f,; account for thermal accommodation and condensation (or deposition)
surface kinetic effects (Fukuta and Walter, 1970) which can significantly re-
tard the growth rates of small water and ice particles:

d

foa= +2K\/2nMaRT (8)
aP(C,+R/2)
d

he="3 o= (9)
B~RT

where M, is the molecular weight of air, R is the universal gas constant, is
the thermal accommodation coefficient, P is total atmospheric pressure, C, is
molar heat of air at constant volume, and f is the condensation (or deposition,
y) coefficient. Following common practice, « is taken as 1. There is a wide
range of published values for fand y, from <0.01 to 1 (e.g., Pruppacher and
Klett, 1978; Mozurkewich, 1986). Some recent evidence from droplet growth
studies suggests that # depends on whether the droplet is growing or evaporat-
ing (Hagen et al., 1986). Also, y exhibits a temperature dependence, with val-
ues comparable to § near 0°C and increasing to near unity at about -50°C
(Pruppacher and Klett, 1978; Fukuta, 1978). The present model uses 0.04 for
both Band y. Other values were also used to see if the choice made a significant
difference in the simulations; the results are discussed later in this section.
Within each time step, total water mass is conserved so that water vapor is
subtracted from the diffusion field when particles are growing, and conversely:

vapor density+bulk water content=constant (10)

Using unprimed values to indicate the predictions of eq. 7 in a constant super-
saturation field and primed values to indicate adjustment to include mass con-
servation, eq. 10 can be written:

po+W=p,+W
or:
6le—e')
NnR,Tp
where p, is vapor density, p is particle density, W is water concentration, and
N is particle concentration. Substituting for d' from eq. 7:

6(e—e")
N=nR,Tp

+d?—d'?=0

3/2
+d3—[d§+F{T,d)(f——1)At] =0 (11)

€)1

The equations describing particle growth (eq. 7) and water mass conserva-
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tion (eq. 11) are solved iteratively within each time step using a Newton-Raph-
son method. The equations are coupled, with particle growth reducing
supersaturation and particle evaporation increasing it. The conservation of
heat energy could also be solved to account for heat sinks and sources in the
sample volume (latent heat from growing and evaporating particles). For this
chamber, the thermal and vapor fields are determined almost entirely by the
walls; heat exchange from cloud particles is negligible by comparison. To sim-
plify the mathematical model, the constraint of conservation of heat energy in
air parcels in the chamber was not included. The temperature of droplets which
may contain incipient ice nuclei is important for ice nucleation. Fukuta and
Walter (1970) have shown that for typical SS,, of 1%, the temperatures of the
environment and growing droplets differ by less than 0.1°C. Hence the tem-
perature of particles is assumed to be the same as the chamber air at the same
location.

Computations with identical initial conditions and successively higher con-
centrations N of water or ice particles showed no significant difference in the
calculated size until the concentration exceeded ~ 3000 cm~?, a value larger
than anticipated during typical experiments with the chamber. This apparent
insensitivity to N is because the conditions in the sample volume are domi-
nated by the vapor and heat fluxes between the walls; particles in the sample
volume make an insignificant difference unless they are large or occur in high
concentration.

Cloud particles are assumed to be small spheres, and their fall speeds are
described by the Stokes equation (Davies, 1966):
d*pg

Fall d= 12
all spee 181 (12)

where g is gravity, and u is dynamic viscosity. Particle fall distances are accu-
mulated during each time step for both ice and water.

In actual use, the model is given initial conditions of: warm and cold plate
temperatures, temperature and dew point of the sample air, plate separation,
concentration of particles (which become water droplets and ice crystals), ori-
entation of the plates (horizontal or vertical, with respect to gravity), the lo-
cation within the chamber where the calculation is performed (X, in the
equations), and the time 7 when the droplet evaporation section of the cham-
ber begins. For horizontal orientation, the X-coordinate “falls” with the ice
particles. The model uses 0.1 s time steps and runs for total time of 10 s, the
maximum particle residence time in the chamber.

Some example model calculations are shown in Figs. 6, 7, and 8 for condi-
tions of above or below water saturation and for vertical or horizontal orien-
tation of the chamber. In these three figures, the steady state temperature in
the center of the aerosol lamina is —15°C. Fig. 6 shows the evolution of a
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Fig. 6. Calculated temperature T and water and ice supersaturations (SS,, and SS;) in CFC at the
center of the aerosol lamina. D; is diameter of ice crystal formed by deposition nucleation. Sam-
pling temperature —15°C. Boundary conditions (top) change on warm wall at 5.8 s.

sample at a location X=0.39 ¢m from the cold plate in the vertically oriented
chamber; this value of X is the center of the lamina, as explained in the next
section. The environment at this location is ice supersaturated after 1.5 s, and
the temperature is within 0.5°C of the steady state value after 1.9 s. Ice parti-
cles are assumed to nucleate by deposition as soon as SS;> 0%. They grow to
4.3 um diameter at 5.8 s when the warm wall boundary conditions change; ice
growth then ceases. Crystals ultimately reach 5.4 um diameter.

Fig. 7 is similar to Fig. 6 except that the temperature difference between the
plates is increased from 10.0°C to 12.9°C, so water saturation is exceeded by
1% in this part of the chamber. The greater supersaturation results in larger
ice particles and in the activation of water droplets. The droplets grow to about
0.3 um diameter by 4.5 s and then evaporate afterwards in response to the
altered boundary conditions. If a droplet contains a condensation freezing nu-
cleus, it freezes as soon as SS,, > 0% and then grows rapidly in response to large
SS;, ultimately reaching about 6 um. Crystals forming by deposition form ear-
lier and are slightly larger, 7 um. At the first time step when water saturation
is exceeded, the environmental temperature is —14.9°C, within 0.1°C of the
steady state value of —15.0°C. Therefore, the steady state temperature is an
appropriate estimate of the temperature of condensation freezing nucleation.

In order to assess the effects of fand y on particle growth, some simulations
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droplets evaporate.

were done with values other than 0.04, namely 0.01, 0.1, 0.4, and 1. For sam-
pling conditions of —15°C and +1% SS,,, small coefficients led to small par-
ticles and large coefficients gave large particles. Ice crystals were always larger
than droplets by a factor 6 to 20 in diameter. The maximum sizes achieved by
droplets ranged from 0.14 um ($=0.01) to 2.0 um (f=1). Forice crystals, the
maximum sizes were, respectively, 2.8 um to 12.3 um. In all cases, when the
boundary conditions changed, the droplets quickly evaporated to zero size, and
the crystals stopped growing further.

Transient high supersaturations can occur in the sample injection region if
the sample is both saturated and colder than the warm plate (Fitzgerald, 1970).
No transient high supersaturations are expected with the CFC since the warm
plate temperature never exceeds —1°C and the sample is brought nearly to
room temperature (20°C) in the inlet tubing and passes first through a diffu-
sion dryer. No transient high supersaturations are predicted by the model for
any of the typical operating conditions; a few simulations confirmed that the
model will correctly predict transients when they are expected from appropri-
ate initial conditions.

These simulations for a vertically oriented chamber are significantly differ-
ent from those for a horizontal chamber because of the effects of gravity on the
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Fig. 8. Similar to Fig. 7, but chamber orientation and airflow are horizontal, so particles sediment
from gravity. Values plotted are for a falling ice particle. The computation stops when the ice
particle falls 0.5 cm and hits the lower wall.

particle motions. During the brief residence time in a horizontal chamber, ac-
tivated and growing particles can sediment across the streamlines and may be
deposited on the lower wall. The horizontal chamber of Tomlinson and Fukuta
(1985) relies on this sedimentation to place small crystals on the bottom sur-
face where they are later grown to visible sizes. Sedimentation can be signifi-
cant: 5 to 10 um diameter particles have terminal fall speeds of 0.1 to 0.3 cm
s~ !, and they have to fall only 0.5 cm to hit the bottom (cold) surface. Fig. 8
shows sampling conditions similar to Fig. 7 (—15°C and +1% SS,,), except
that the walls and air flow are horizontal, and the boundary conditions do not
change. The X-coordinate starts in the center of the chamber at 0.5 cm since
there are no buoyant air circulations. The calculation follows a falling ice par-
ticle which hits the cold wall after 7.7 s, stopping the calculation. Other forces
which cause particle drift (thermophoresis and diffusiophoresis) are neglected
in the model since displacements of less than 0.1 cm are estimated for the case
of greatest AT (15°C), according to the work of Sinnarwalla and Alofs (1973).

In addition to the numerical simulations for —15°C, calculations were done
for —10°C and —20°C with g and y of 0.04 and SS,, of —5%, —2%, —1%,
+1%, +2%, and +5%. They showed that the ultimate size achieved by ice
crystals is consistently 5 to 10 um diameter; crystals forming on deposition
nuclei are 0.5 to 1.0 um larger than those forming by condensation freezing.
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With the exception of +5% SS,, water droplets reach maximum diameters
<1 um and rapidly evaporate in response to the altered boundary conditions.
For the +5% SS,, cases, the maximum is 2.8 um, which also quickly evaporates.

Comparisons between this model and a model developed for NASA’s At-
mospheric Cloud Physics Laboratory (Nimitz and Plooster, 1980; Plooster,
1985) were made for the evolution of the temperature and humidity fields and
the growth of water droplets. The NASA model has flat parallel plate geome-
try, parabolic velocity profile, continuous adjustment of water droplet size and
concentration according to the CCN activation spectrum, and fixed boundary
conditions. It does not simulate the growth of ice particles. Since it was de-
signed to simulate cloud physics experiments in the Space Shuttle, it does not
include the effects of gravity. Both models showed comparable growth rates of
cloud droplets for —15°C and SS,, of +1%and +5%. In the Nimitz and Ploos-
ter model, the temperature and humidity fields developed slightly faster (0.2
s) because larger gradients are present with parabolic flow; after about 3 s, the
solutions were virtually identical.

Sample airflow

Because of the vertical plate orientation and the large temperature differ-
ences involved, a buoyancy-induced air circulation will be present; air near the
cold plate will tend to sink, and air near the warm plate will rise. This circu-
lation is added to the viscous Poiseuille flow and results in a rather skewed
looking velocity profile, as shown in Fig. 1b for two values of temperature dif-
ference, 0° and 15°C, and for two different values of total flow, 6 and 12 1
min—'. Notice that some reverse flow is possible (negative velocity), and that
the initially central aerosol sample lamina is displaced towards the cold side.
The velocity profiles in this figure were calculated by approximating the an-
nulus-temperature gradient flow as flat parallel plate-isothermal flow (para-
bolic velocity profile) and adding the buoyant velocity term (Sinnarwalla and
Alofs, 1973):

3
3v(1-Z P_aUngAT[(é) Z}
V(Z,AT)_2V(1—d2)+ oy (13)

where V is the velocity, V is the mean velocity, Z is the distance from the
centerline of the flow, 2d is the plate separation, p, is the average air density
and U is the volume coefficient of expansion of air. Equations for viscous an-
nular and parallel plate flow from Knudsen and Katz (1958) were compared
for the CFC geometry. Because the plate separation (1 ¢cm) is much less than
the radii of the cylinders (5 cm), the flat parallel plate approximation used
here is not a critical compromise: for equal total flow, the velocity profiles differ
by at most 2.5% over the central region carrying 95% of the flow.
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In order that there should be no reverse flow, eq. 13 requires AT'< 18VT'u/
gd?p,. Reverse flow can be avoided by increasing the total flow, so that the
buoyancy circulation is small by comparison. Increased total flow results in
smaller particle residence time in the chamber. In terms of affecting particle
growth, the two effects are somewhat compensating: larger temperature dif-
ferences produce larger buoyant velocities and larger supersaturations; thus
smaller residence times are needed since the particles will be growing faster
due to the larger supersaturations. However, because the sample lamina is dis-
placed toward the cold wall, the processing conditions (temperature and su-
persaturation ) for the aerosol sample are not those at the center of the chamber.
The sample location depends on both total flow and temperature difference.
The aerosol sample flow was adjusted to be a small fraction (1/10) of the total
in order to reduce temperature and supersaturation differences across the sam-
ple lamina. The location of the lamina was calculated for a variety of V, AT
and sample flow fractions by integrating eq. 13 between the walls and the lam-
ina coordinates such that half the mass flux is on either side of the sample
lamina and solving the resulting fourth order polynomial equation for the roots
(the lamina coordinates):

(1—gq

d
5 2de. V(Z,4T)dZ= 1l)-,.![V(Z,.ﬁi?“)dz (14)
where @ is the total volume flow rate, g is the fraction of total flow represented
by the aerosol sample, and @ and b are distances from the geometric centerline
to the boundaries of the lamina (see Fig. 1b).

Fig. 9 shows calculated profiles of the velocity, SS,,, SS;, and locations of the
aerosol lamina for different operating conditions of @, AT and T, (aerosol
lamina temperature ) chosen for routine ice nucleus sampling work. The veloc-
ity was calculated from eq. 13, SS,, and SS; from the steady state linear profiles
of temperature and vapor pressure, and the aerosol lamina location from eq.
14. In these calculations, and in actual sampling with the chamber, total flow
was adjusted to be 10% larger than the minimum needed to avoid reverse flow.
Throughout the entire range of conditions shown, the aerosol lamina occupies
the region extending from X=0.36 to 0.42 cm from the cold plate; thus the
sample lamina center is at X=0.39 ¢m, which was used in the mathematical
simulations discussed earlier. Fig. 9 also shows that the lamina is approxi-
mately centered on the SS; profile but is offset from the peak of the SS,, profile.
The variation of temperature and supersaturation across the lamina is not
insignificant. For example, to achieve +1% SS,, at —15°C, AT of 12.9°C is
needed between the warm and cold plates. Across the 0.06 cm width of the
lamina, the temperature varies from —15.36° to —14.61°C, SS; varies from
16.84 to 16.80%, and SS,, varies from +1.31% to +0.563%.



168

Ta -10°C Ta =-15°C Ta =-20°C
SHESE T e R - T 3 T 3
S | 3 E | = | E
& - I 3-15—:— ! -0 i 3
; S tcmaa sssassssoey C LT S I 3 Sagas p
o e E\m..__.,[-——'-':"‘” 0. ! = WY f - SSw
17 E T | £ i -] -5%
GO i 3 s ST F e BN 7
! E | i E H c EoS T =
(-1 = 1 4 2B | 4 2.F i =
1 E 1 n2cC 3 E 1 woc 3 £ H nsc 3
L anar I a3 w.E E ium_j} b 7.0
0.0 .5 1.0~ 0.0 .5 1.0° 0.0 .5 1.0
-20. T R - 3. T i
JC.E_ : 3 0F i 3 -n0.E i s
=L 3 E | E E i -1
o : .-q E i E E 3
£ o et it X ! S+, ot SSw
- | —=-=1 Co // 3 B —1 %
o o ———t=" TN P TN AN @
ik i TN N T {HER [ 3
E | 3 i 3 Bt L= 3
1 0. i 20. = i N = 20. S =1
B SRR S I T
I 30,k ol E 5 3 x.E . E
i 0.0 .5 1.0~ 0.0 3 1.0~ 0.0 .5 1.0
I
I - - 1%
. T 3¢ | S .
E i E. i 3 3
-10. E- : ‘Zil =10, | 3 -
: E i = 2
- i E | = =
3 0. T = - - 2 S Sw
E 0.} ! i gt % e 1 +1%
S | 3 e |~ 3 E
20 | s b —‘__{ woe 3 3
t ] | 5.6 L 3 o 78U =
S oo .5 1.0 0.0 .5 1. 1.0
o
o A.p T 7 -20. ¢ T 7 ~&0. T 3|
w E | E B, | E ! 3
> -10. : = -10. = } = -0, = : 3
B.E - : 1 of f Gt A ! SSw
~4 2 l.. =
10 T - 3 1B ‘ AaEa
SrERel |l RN, T Tt i X (A A
2 T 1 a.F ™ i 1 aF \ R 3
d I" 129cd ="F T wecd TF | | ~"158c 3
o | L P : | mEum E S~ samd
0.0 3 1.0 0.0 . 1.0 0.0 5 1.0

DISTANCE FROM COLD WALL

(cm)

Fig. 9. Calculated profiles of vapor and flow velocity for routine sampling temperatures and water
supersaturations. Each plot has warm wall on right and cold wall on left. Plots show supersatu-
rations with respect to water SS,, (dotted) and ice SS; (dashed) given in percent, airflow velocity
(solid, cm s~!) and calculated location of aerosol lamina (stippling) carrying 1/10 of total flow.
Within each vertical column of plots, the central temperature of the aerosol lamina is constant
T.,. Within each horizontal row of plots, SS,, in the center of the aerosol lamina is the same. Values
of temperature difference between ice walls and total flow rate are shown in corners of each plot.

LABORATORY CHARACTERIZATIONS
Sample airflow

Some tests of airflow and aerosol residence time were performed using the
CFC in series with the optical particle counter (OPC) and the multichannel



169

analyzer (MCA) in a dwell time mode. During these tests, the chamber walls
were dry, and the wall temperatures were controlled. Pulses of aerosol-laden
air were admitted into an otherwise steady stream of particle-free air. In dwell
time mode, the MCA accumulates counts over a specified time increment in
each channel (e.g., 0.1 s). An example aerosol pulse is shown in Fig. 10; there
are no particles for the first 7.6 s, then there is a rather abrupt rise in concen-
tration which persists for about 7 s, and the concentration then rapidly decays
back to that of clean air. These time intervals were used to estimate the transit
time and width of the aerosol pulse; the pulse width was defined as the time
duration within which 90% of the counts occurred, and the transit time mea-
sured the lapse from when particles were first admitted to the inlet until 5% of
the total was counted. In the case shown in Fig. 10, the pulse width at the inlet
was 5.0 s and at the outlet 5.0 s; the transit time was 8.5 s.

Three factors influence the pulse transport characteristics of the CFC, and
they are interrelated: the total flow, the temperature difference, and the frac-
tion of total flow represented by aerosol. With Reynolds numbers of generally
30 to 100, flow through the CFC is expected to be laminar. Numerous experi-
ments, such as Fig. 10, provided evidence of the laminar nature of the flow,
including relatively smooth injection of the aerosol lamina. Fig. 11 shows the
dependence of pulse width and transit time on aerosol fraction when total flow
was fixed and the temperature difference was varied from 0° to 15°C. For all
the cases shown, the pulse width at the inlet was 5.0 s. The figure demonstrates
the expected trends: as the aerosol fraction increased, the pulse width in-
creased (spreading due to the velocity profile) and the transit time decreased
(with greater aerosol fraction, less time was needed to flush the tubing leading
to the inlet with particle-laden air). Furthermore, as the temperature differ-
ence increased, the pulse width increased (greater velocity shear), and, for
sufficiently large temperature differences, the pulse width increased drasti-
cally (reverse flow extended within the aerosol lamina). Significantly, two of
the triangle data points in Fig. 11a show much larger pulse width, and the
temperature difference for these points exceeded the reverse flow criterion of
eq. 13.

20

COUNTS
o

1 1
50 100 150

o

CHANNEL (or TIME, seconds x |0)

Fig. 10. Output from multichannel analyzer (MCA) showing passage of a pulse of aerosol at the
outlet of CFC. Pulse duration was 5.0 s at inlet.
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three temperature differences AT. All pulses were 5.0 s duration at inlet.

Optical particle counter

Fine resolution sizing and high efficiency of particle detection are required
because particle size is used to distinguish ice particles from vestigial cloud
droplets (haze). This requirement is met in the current instrument with the
combination of the optical particle counter and the multichannel analyzer. All
of the flow from the CFC passes through the OPC. The OPC inlet is 0.3 cm
diameter and is located 10 cm below the end of the chamber outlet; they are
connected by insulated tubing of 2.5 cm inside diameter. The MCA sorts volt-
age pulses from the OPC into one of 256 channels covering the size range 2 to
23 pum diameter, and it accumulates the data as a pulse height spectrum for the
fixed duration of an experiment. The pulse height spectrum is translated into
a size spectrum by a polynomial equation which was derived from calibrating
the OPC-MCA system with monodisperse aerosols of known size, shape and
refractive index. Monodisperse glycerin particles (transparent spheres of re-
fractive index n=1.47), and particles of NH,I (n=1.70) and NaCl (n=1.54)
were produced with a Berglund-Liu vibrating orifice generator (Berglund and
Liu, 1973; Thermo-Systems, Inc., Model 3050, St. Paul, Minnesota). Also,
monodisperse latex particles (opaque white spheres, n=1.58) were produced
by atomizing a hydrosol dispersion. Calibration aerosols were generated in di-
ameters from 2 to 23 um. For the glycerin particles, the voltage pulses were
quite uniform, and the pulse height spectra were narrow (peak half-
widths < 10% of peak values). The accuracy of this system was estimated to be
+0.7 um. The resolution is size-dependent and amounts to 10% or less of the
mean size above 6 ym diameter.

These estimates of accuracy and resolution apply to the glycerin aerosol
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which was used for calibration - transparent spheres of homogeneous compo-
sition. Pulse height spectra for the salt particles invariably showed much wider
distributions, probably due to the variations in shape, orientation and surface
area of the aerosols. The salt particles had the appearance of cubes or clusters
of cubes (NaCl) or of raisins (NH,I). Perhaps the larger voltage pulses re-
sulted from specular reflections off prism facets of optimally oriented salt par-
ticles. A similar broadening is expected for ice crystals if they have prism facets
as well formed as the salt. Thus, in spite of the excellent accuracy and resolu-
tion capabilities of the system for transparent spheres, there is reduced capa-
bility for particles with faceted shapes. Crystals which form by condensation
freezing probably begin as small spheres, but for deposition nucleation, the
incipient crystal shape is unknown. In cold room propane seeding experiments,
Kumai (1982) found 80% of the ice crystals younger than 0.5 s and 0.3 to 6 um
in size were spherical. At later times, the habits of crystals smaller than 100
Mm were primarily hexagonal plates and columns. The time needed for small
frozen drops to alter their shapes from spherical and begin showing facets and
hexagonal symmetry is not known.

The ability of the Climet-MCA system to size water droplets is expected to
be as good as for glycerin, and the calibration based on glycerin should be valid
for water drops since the effect of refractive index is small for the Climet sensor
(Cooke and Kerker, 1975). Thus the optical system performs very well as a
particle size discriminator for the CFC in that small water droplets can be
precisely sized, and larger ice crystals will be sized as large as or larger than
their true sizes because of the broadening phenomenon. Coincidence errors in
the Climet are not significant for the present application.

Inlet particle impactor

Natural concentrations of dry aerosol particles of 5 to 10 um diameter are
similar to the concentrations expected for natural ice nuclei at —15°C, of the
order 1 per liter. In order to avoid errors due to counting these large dry par-
ticles as ice crystals, an aerosol jet impactor was constructed for the sample
inlet to remove particles larger than 5 um diameter (Fig. 4). Calculations of
collection efficiency for the design followed Ranz and Wong (1952). The ef-
fectiveness of the impactor was measured experimentally with the OPC. Two
impactors were cascaded in series, with the outlet of one leading to the inlet of
the next in order to increase the efficiency. Fig. 12 shows the calculated and
measured efficiencies of particle removal versus particle size for three different
typical flow rates. The measurements were obtained in a dust-laden environ-
ment with and without the impactors on the OPC inlet. Even for the lowest
flow rates (poorest impaction efficiency), fewer than 7% of the particles larger
than 6 um passed through the two stage impactor.

In addition to this deliberate effort to control the size distribution of sample
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Fig. 12. Theoretical (Ranz and Wong, 1952) and measured impaction efficiencies of aerosol inlet
impactor for three different flow rates. Also shown is particle removal efficiency of inlet tubing
and diffusion dryer.

aerosols, the majority of large aerosols was lost to sedimentation and impaction
within the inlet tubing and diffusion dryer. Another experiment with the OPC
estimated this loss; the results are also shown in Fig. 12. Even with no impac-
tors on the inlet, only about 8% of the particles larger than 5 um were trans-
ported through the tubing and to the CFC. Overall, the particle transmission
efficiencies are cumulative and multiplied. Overall, only 0.6% of the aerosols
larger than 5 um enter the CFC. For higher flow rates, this fraction is less than
0.1%. Therefore, the likelihood of erroneously interpreting large particles at
the outlet of the CFC as ice crystals is substantially reduced, and essentially
all particles larger than 5 um grow to that size inside the chamber and can be
interpreted as crystals which form on active ice nuclei.

The uncertainty arises that perhaps a significant number of ice nuclei are
present in the sample air as large particles which are removed by the impactor
and therefore are not sampled by the CFC. This problem is common to almost
all ice nuclei sampling techniques, since particle losses in the tubing and inlet
areas selectively, if unintentionally, remove large aerosols by impaction or
sedimentation (with the possible exception of open face filter sampling).

Experiments with silver iodide aerosols

Some limited experiments with artificial ice nuclei were performed to assess
the performance of this instrument. In particular, proof was sought that the
fundamental assumptions about ice nucleation and growth in the CFC could
be verified for a relatively well known ice nucleating aerosol, and that the ideas
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and theoretical predictions of the evaporation of water droplets could be ex-
perimentally demonstrated.

The artificial nucleant used in these experiments was an atomized hydrosol
of Agl-NH,I complex (Vali et al., 1978). The hydrosol was prepared by adding
a small amount of Agl-NH,I complex solution to distilled water, whereupon
Agl precipitated. Most of the Agl particles were a few tenths of a micrometer
in size. When this hydrosol was atomized, the aerosol particles were not pure
Agl, but had some residue of NH,I. This added salt has several effects. It in-
creases the ice nucleating activity over pure Agl. It is hygroscopic, so the Agl
particles behave as wettable but insoluble CCN, and the aerosol was shown by
Vali et al. to nucleate ice by both contact and deposition modes. Because of its
high activity as both a CCN and an ice nucleus aerosol, it was expected to also
nucleate ice via condensation-freezing.

The aerosol was generated in a Constant Output Atomizer (COA, Thermo-
Systems, Inc., Model 3075) and then forced under pressure through a diffusion
type dryer and through an electrostatic size classifier (Thermo-Systems, Inc.,
Model 3071) to extract a selected monodisperse fraction for study. This frac-
tion was then electrically neutralized in a radioactive type aerosol neutralizer
and stored in a 10-liter flexible bag of Velostat (an electrically conductive plas-
tic material made by 3M Company). The CFC sampled from the bag for 1-min
time periods and used about one liter of aerosol per sample run.

Results are given for two different aerosols, 0.06 4m and 0.09 um diameter.
Both aerosols were tested at —15°C over a range of vapor saturations. Pulse
height spectra measured by the OPC-MCA system at the outlet of the CFC are
shown in Figs. 13 and 14. Counts of zero particles per 10 channel bin were
plotted as 0.1 on the logarithmic ordinate. The figures show that no particles
larger than 5 um were seen at the lowest supersaturations. As supersaturation
increased, both the size and concentration of particles larger than 5 um (ice
crystals) increased.

An impactor similar to that used to remove large aerosols was used at the
CFC outlet to impact ice crystals onto a glass slide for microscope examination.
The slide had a thin layer of vacuum grease to hold the crystals. A micropho-
tograph of a crystal impaction sample from one of the 0.09 um Agl tests ap-
pears in Fig. 15. For this sample, the OPC was replaced with the crystal
impactor; other experimental conditions were the same. The particles are ap-
proximately 6 um in diameter but are not easily recognized as ice crystals. The
images are similar to Kumai’s (1982) in that only a few suggest hexagonal
shapes. The size distribution of 98 crystals from this impactor sample is also
plotted on Fig. 14. There is a significant difference in the actual sizes and that
deduced from the OPC calibration data. The ice crystal pulse height spectrum
is considerably broadened and indicates optically larger particles were present.
Analogous to the NaCl calibration aerosol, this broadening and increase in
apparent size may be due to the importance of crystal shape and orientation:
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Fig. 13. Four pulse height spectra of crystals nucleating on 0.06 #m monodisperse Agl-NH,I aero-
sol at —15°C and four different values of water or ice supersaturation which increase in value
from the bottom spectrum to the top spectrum. Particle diameter is based on calibration with
monodisperse glycerin particles.

specular reflections from crystal facets may scatter as much light to the pho-
tomultiplier tube as much larger transparent spheres. The ice particle growth
model predicted crystal diameters from 5.5 to 7.5 um for all the tests shown. It
appears that the OPC can be used to detect ice crystals in this size range, but
impaction samples may be required if accurate information on crystal size is
needed.

Fig. 16 shows a more conventional presentation of these Agl ice nucleus data,
where the measured concentrations are plotted against supersaturation. The
concentrations are based on the pulse height spectra and show the concentra-
tion of particles larger than channel 30 (6 um diameter for a transparent
sphere). This size was selected as appropriate for discriminating the smaller
water or haze droplets from the much larger ice crystals. If the size had been
chosen as 10 um, similar results would have been obtained, but the concentra-
tions would be reduced by approximately a factor 2. The values shown here for




175

09um AgI-NH,I —15°C
AEROSOL
PARTICLE DIAMETER (um)

5 10 15 20
g P R TRANEATS, 1y o)
2
10" - SSy+l.8%
SS; 17.9%
10° [] []
)
— 0% ~
z £ o SS,, +.4%
E_ L S5, 16.3%
g @
€ E o
= el0 -
2 £
w 9
O - 1 | L | J
Z0
Q 2
O 0% -
L& SSy -1.6%
R ) SS; 14.0%
E = 0% - H
g5 . BaS N
g
10 55, -4.9%
SS; 9.9%
IOO -
1 1 L | I
o] 100 200

CHANNEL

Fig. 14. Same as Fig. 13, but 0.09 um aerosol. Also shown (stippled) on +1.8% SS,, graph is size
distribution of 98 ice crystals from impactor sample, sized by microscope.

this aerosol are in approximate agreement with contact freezing measurements
as given in Vali et al. (1978). The response of the aerosol to increasing super-
saturation was quite strong and seemed to be rather like a threshold or step
function which rises rapidly below water saturation and slowly at higher su-
persaturations. This kind of nucleating behavior was also observed in Tomlin-
son’s (1980) experimental studies with thermally generated Agl.

These experiments with Agl demonstrated the ability of the CFC to activate
and detect ice nuclei. The assumptions about ice nucleation and growth were
shown to be reasonable for the particle growth model, but they are inadequate
for completely characterizing the nucleating response of the Agl aerosol. The
results suggest that deposition and condensation-freezing ice nucleation can
be measured with this technique.

Experiments above freezing

There are several sources of uncertainty in identifying ice crystals at the
outlet of the CFC on the basis of optical size alone. First, the sizes of ice crystals
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Fig. 15. Microphotograph of ice crystal impaction sample.
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Fig. 16. Supersaturation dependence of ice nucleus concentrations for monodisperse Agl-NH,I
aerosol. Temperature was — 15°C for all data points.

are difficult to predict because of unknown nucleation rates and uncertainties
in growth rate at small sizes. Second, the evaporation of cloud droplets may
not be complete before the sample enters the optical counter. In this section,
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the feasibility of discriminating ice crystals from droplet residues is examined
from several different perspectives.

The ideal case of a perfectly insulating and vapor impervious barrier on the
warm wall of the droplet evaporation section is not physically realizable. Ex-
perimental estimates of the heat and vapor fluxes through the insulation sug-
gested that the zero vapor flux assumption is better justified than the zero heat
flux assumption. To evaluate these effects, the particle growth model was mod-
ified so that in the droplet evaporation section, the boundary conditions were
zero vapor flux but the same wall temperature and heat flux as upstream of the
insulation. This case represents a hypothetical condition much worse than is
realized in the chamber. For +5% SS,, and — 15°C upstream, the calculations
showed that removing the warm vapor source caused negative water and ice
supersaturations downstream. Water drops evaporated sooner, and ice parti-
cles also began to evaporate. Ice particles were still larger than 5 ym at the end
of the evaporation section. Thus, the concept of using an evaporation section
to enhance the difference in size between water and ice particles was reinforced
even for this worst case approximation.

For conditions of +1% SS,, at —10°, —15° and —20°C in the growth sec-
tion, the residence times of droplets in the evaporation section were estimated
from the airflow calculations to be about a factor 2 greater than what the growth
model predicted was needed to evaporate the drops completely. However, for
+5% SS,, the droplets grow larger, flow rates are greater, and the residence
times are approximately a factor 2 less than needed. Thus, at +5% some small
water droplets are expected to reach the outlet.

The problem of distinguishing crystals from droplets was also studied ex-
perimentally by operating the CFC at a warm temperature (+15°C) to pro-
vide information on the droplet background to be expected at cold temperatures.
In order to retain water on the walls of the CFC, paper towels were used as
wicking material; they were saturated with water and held in place by surface
tension. Measurements of natural air were performed over the range 0% to
nominal 9.8% SS,,.

The results are summarized in Fig. 17 as pulse height distributions showing
the response of natural aerosol to successively higher SS,,. The bottom spectra
show dry aerosol as sampled directly into the optical counter and also at the
outlet of the dry CFC where the influence of the aerosol impactor and tubing
and dryer losses is apparent. At 0% SS,, a few haze drops appeared. From
+0.43% to +9.8% SS.,, there were consistent increases in both total numbers
and sizes of droplets, indicating nucleation and growth of water droplets. Note
the distinct difference in the shape of the distribution in Fig. 17 (cloud drop-
lets) compared with Figs. 13 and 14. Fig. 17 suggests that the size of the largest
droplets can be used as a threshold to discriminate water droplets from ice
crystals (e.g., channel 30 or 6 um at SS,, of +1%), such that all larger particles
are considered to be crystals. These experiments at + 15°C overestimate the
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Fig. 17. Results of a series of warm temperature experiments shown as pulse height spectra of
particles. Particles larger than about 5 um were removed from natural aerosol by the impactor
(bottom figure ). The remainder went into the chamber where some particles grew as CCN. Com-
pare with Figs. 13 and 14 which indicate large particles are only associated with active ice nuclei.

size that droplets would achieve at —15°C for equivalent SS,, and growth time
since the theoretical growth rate at +15°C is about a factor 4 larger than at
—15°C because of thermal dependencies of saturation vapor pressure, latent
heat, diffusivity and thermal conductivity. Thus, the sizes of residual droplets
in the CFC at supercooled temperatures are overestimated by the tests at
+15°C. The evaporation section will further reduce droplet sizes below those
observed at +15°C.

CONCLUSIONS

A technique for measuring ice nuclei both below and above water saturation
was developed using a continuous flow thermal gradient diffusion chamber. A
mathematical model was constructed to simulate the development of thermal
and vapor fields and the response of cloud active particles to these fields. The
model calculations indicated that ice nuclei would produce crystals of 5 to 10
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um diameter in the chamber. Experimental tests confirmed the concepts of
chamber operation, particle nucleation and growth, and optical detection.
Within the sample lamina, the ranges of temperature and SS,, are typically
less than 1°C and 1%. Errors in temperature control produce variations of
about +0.1°C and *+0.23%.

The advantages provided by this design could be applied to nucleation and
growth problems that are otherwise intractable. Some ideas for future experi-
mental studies with the CFC are offered here. The growth rate of small ice
crystals could be studied by varying the total flow with supersaturation fixed.
The measured change in particle size could be used to extrapolate to the nu-
cleation point and compare with theoretical predictions. Nucleating behavior
of different artificial ice nucleants could be studied for deposition and conden-
sation freezing modes. Other experiments to separate the size of ice nuclei
could be pursued. For example, in a manner similar to Twomey’s (1972) stud-
ies of CCN size, natural aerosol could be first sorted by size, and the resulting
ice nucleus activity could be related to aerosol size. Another study might use a
continuous flow CCN chamber attached to the inlet of the CFC to grow active
CCN at warm temperatures and separate them by impaction from the non-
activated aerosol. Since CCN activity is probably a slowly changing function
of temperature, the contribution of condensation-freezing ice nuclei could be
deduced by comparing ice nucleus measurements for aerosol containing differ-
ent fractions of the most active CCN. The fundamental parts of the chamber
are small enough that the design could be adapted to mobile use. The temporal
response capabilities would be well suited for aircraft-based studies. It is sug-
gested that doubling the entire length of the chamber would improve the ca-
pabilities of this instrument. It would provide twice the crystal growth and
droplet evaporation time and enhance the size differences.
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