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AN EXPERIMENTAL DETERMINATION OF THE
HOMOGENEOUS NUCLEATION RATE OF WATER VAPOR
IN ARGON AND HELIUM

Abstract

An cxpansion type cloud chamber was used to mecasure the nucleation
rate of water vapor in an atmosphere of helium and argon. A careful
study was made of the thermodynamic characteristics during the expansion
so that the nucleation data could be interpreted with reasonable accu-
racy and consistency.

A fine wire thermocouple was used to measurc the yas temperature
during the course of an isentropic cxpansion in the dry chamber. When
the finite heat capacity of the thermocouple is accounted for, it is
found that there is almost perfect agrcement with the temperature cal-
culated frem the cquation of state and the pressure measurement. This
¢stablishes the expansion cloud chamber as the instrument with the most
accurately known thermodynamic characteristics and the one where the
supersaturation mﬁy be calculated with the greatest precision.

The homogencous nucleation rate of water vapor in a helium atmo-
sphere was measured as a function of temperature, supcrsaturation and
sensitive time. It was found that there exists a form of heterogencous
nuclecation occurring above the <on Ilimit at abodt the eritical Supér~
saturation predicted by the classical Becker-Doring theory for homogene-
ous nucleation. This form of heterogencous nuclcation appears to occur
upon chemically bonded centers whose concentration is very low and de-
pends upon the vapor pressure before the expansion. The consistency of

the number of these nucleating centers indicates that they may be a
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neutral product of the action of natural radioactivity and cosmic
rays.

A semiphenomenological theory was developed along the lines of
the classical theory but which includes the chemical bond energy of
the heterogeneous nucleating center. The theory predicts a different
temperature dependence for the heterogeneous and homogenecous nucleation
rates and at least qualitatively explains the essential features of the
experimental data.

A considerable disparity in the temperature dependence of the
critical supersaturation limit has existed for many years. The vari-
ation in the temperature dependence with nucleation rate as determined
by the author's data shows: (a) that a large part of the disparity is
due mainly to the interprectation of the experiments and (b) that the
different temperature dependence of the heterogeneous and homogeneous
nuclcation rates is responsible for the different temperature depend-
ences rcported by the various experimenters.

It was definitely established that the nucleation rate of water
vapor is higher iﬁ an argon atmosphere than in a helium atmosphere.
This may be duc to a disruption factor related to the higher velocity
of the [ight helium atoms. It is, however, more iikcly due to the
hydration of the argon atom into the critical cluster with a resultant

incrcased stability in the critical clusters.
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CHAPTER 1

STATEMENT OF THE PRCBLEM

Man has long been studying the atmosphere, yet it is only in the
last few years that technolcgy has advanced to the point where a true
understanding of atmospheric processes is possible. This understanding
must be turned to useful ends if we are cver to forget the fear of
storms, maXke the deserts bloom or to continue *to have clcen alr to
breathe. O0Of all the problems facing atmospheric scientists, perhaps
the most fascinating is that of the action of water vapor in the atmo-
sphere. VWater vapor content determines the stability of atwospheric
layers and exerts control on the energy balance in the atmospherel.
The details of the processes by which the size distribution of drop-
lets in a cloud changes with time is not well understood.?»3

Before an understanding of complex processes may be attained,

the most =lcmentary and basic processes must be comprzheaded. Nucle-

}o

aticn, the formation of new droplets, is net the simple process that
it was cnce theought to be. Nucleation on particulate matter is a
form of hsterogencous nucleation. Atwmospheric nuclei serve to lower
the cnergy barrier for coendensation. Ions also serve to reduce the
frce energy of formation of clusters. In the absence of condensatjon
nuclei and ions, Jdroplets begin to form as a result of chance fluctu-
ations at a supersaturation of 4.8 and higher. The latter has bcea
»5,6,7,8

termed homogeneous nucleation. Early experimental results,®

cbserving the so-called critical limit for heterogeneous nuclecaticn



on smoke particles, dust particles, ions and homogecneous nucleation,
showed that at least a qualitative explanation was provided by clas-
sical theory?. Classical theory is based on the idea that a barrier
to nucleation exists and that statistical fluctuations carry the
embryos over the barrier. A critical size of embryo is associated
with the peak height of the free energy barrier. It now appears that
a full understanding of homogencous nucleation is required before the
various forms of heterogeneous nucleation may be comprehended.
Heterogenecus nucleation, which is the dominant form of nucleation
found in nature, cncompasses the features of homogeneous nucleation
with the addition of extra interfacial energies which greatly compli-
cate the problem.!0

The semiphenomenological classical theory, developed by Farkas!l,
Becker and Doringl?, Zeldovich!3?, Frenkell!“ and others for the homo-
geneous nucleation of liquid drops, seemed at first to predict nucle-
ation rates which showed good agreement with experiment. More definitive
experimental data on the nucleation of water drops from the vapor by
11¢€

various groups, namely Volmer and Flood!® and Powel , exhibit self

consistency within themselves but display considerable disparity when
intercompared. Attempts to compare results comprehensivelyl7,18,19,20
have only emphasized the pecular naturec of homogeneous nucleation in
water vapor.

The c¢xtent of renewed interest in nucleation phenomena is evi-
denced by the .amount of recent theorctical activity?!-35.  This renewed
interest also indicates a general lack of confidence in the classical
nucleation theory. Moreover, there has been a resurgence of interest

. . ' . . -40
in the experimental measurement of homogeneous nucleation rates, 19,20,36



Most experimental studies have observed the critical supersatur-
ation limit only. The critical supersaturation limit is usually taken
as that point where noticeable droplet feormation occurs in the expansidn
chamber. This may be for nucleaticn rates of from one to one million
droplets per cubic centimeter per second, depending upcn the details of
the obszrvation system and the sensitive time of the apparatus. Due to
the nature of most of the experiments where sensitive times and droplet
densities are estimated only tc an order of magnitude, a given experi-
ment may be intrepreted differently by different authors.20:3® Since
both the estimates of sensitive times and drop densities are usually
consistent for a given investigator, the temperature dependence is
adequately dctermined but the nucleation rate to which it belongs is
somewhat ambiguous.

Definitive experimental work must be done so that a comprehen-
sive picture of the homogeneous nucleation process may be constructe
for comparison with theory. It is the purpose of this study to provide
a set of data overlapping that of several other experimenters and to
provide the most extensive measurements possible, utilizing the cap-
abilities of the highly automated and instrumented cloud chamber of
this labovatory. The investigation undertaken by the author will ex-
verimentally determine the homogeneous nucleation rate as a function

of sensitive time, supersaturation and temperature.

1-1. Instruments for measuring the nucleaticn rate. Nucleation theory

specifically predicts the rate of formation of droplets as a function
of supersaturation and temperature. It is the function of experimenta-
tion to verify the essential features of the theory. ‘“he nucleation

rate is such an exceedingly steep function of increasing supersaturation



that, in a rather crude manner of speaking, it exhkibits a supersatur-
ation af which_the nucleation rate first becomes observable. This has
become known as the ceritiecal supersaturation. Early work dirccted to-
ward the confirmation of nucleation theory was done with the expansion
cloud chamber which was used te measure the aforementioned critical
supersaturation. This technique involved an estimation of droplet con-
centration. Moreover, it was necessary to 2stimate the nucleation period
or sensitive time of the cloud chamber in order to convert the observa-
tions to a nucleation rate. Little advance in technique has been re-
ported until recent years. It is improbable that any major developments
in nucleation theory will cvolve until more definitive experimental
measurements are forthcoming. It is to this end that work in this Jab-
oratory has been directed.

Several experimental techniques are useful for studying nucleztion
phenomena. Each possesses its own characteristic advantages and disad-
vantages. All achieve a state of supersaturation either by adiabatic
cooling or by nonisothermal vapor diffusion. The expansion cloud cham-
ber ecmploys the nonisothermal diffusion of vapor to produce supcrsaturation.

Nucleation phenomena have been studied by means c¢f expansion noz-

techniques by Ruedy“!, Wegener“? and Pouring"3. The nozzle method

N
r
(¢}

—

1as the advantage of providing a steady state observation. DPressure
is measured as a function of position in the flow stream. Deviations
from the characteristic isentropic flow indicate the presence of con-
densation. The complete removal of dust and ions is impractical, but
under conditions of rapid production of the condition of supersaturation
such high nucleation rates are achieved that any contribution due to

heterogeneous nucleation is obscured. Because very high nucleation rates



arc associated with very small critical cluster sizes, it is improbable
that nozzle experiments will be of value in evaluating a nucleation
theory which is essentially a precatastropic’theory. Mereover, it is
likely that the liquid drop model breaks down for such small cluster
sizes.

The diffusion chamber was invented in 1939 by Langsdorf*“, but it
was not fully developed until the early 1450's.45,%46,47 The gas in the
upper part of the chamber must be less dense than the gas in the lower
part of the chamber in order to prevent convection currents. Most ther-
mal diffusion chambers operate with the upper plate at the higher tem-
perature. Franc and Herz"® first described an inverted diffusion cloud
chamber, a chamber with water vapot diffusing up from the bottom. A
very light gas such as hydrogen or helium must be used for the atmosphere
in order to maintain the stability of the system. Katz and Ostermier3?®
have used the inverted diffusion chamber to measure the temperature de-
rendence of the critical supersaturation ratio for a number of vapors.
Since the determination of the supersaturation is dependent upon an ac-
curate knowledge of the diffusion coefficients for the vapor through
the non-condensible gas, they have.resorted to measuring the diffusion
coefficients over a wide range of temperatures themselves.

The primary advantage of the thermal diffusion chamber lies in the
fact that it is a steady state device. However, the fact that the ther-
modynamic coordinates are changing continuously as a function of posi-
tion between the parallel chamber plates presents a problem in the
determination of the state of supersaturation. Moreover, only a thin
layer of the chamber exists at a state of high supersaturation. The

thermal diffusion chamber suffers from the disadvantage that it can
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measure only very small nucleation rates or the so-called critical
supersaturation. It is most useful for mcasuring the temperature de-
pendence of the critical supersaturation.

The expansion cloud chamber is the oldest device used for measur-
ing nucleation rates. It was highly developed by nuclear physicists
for the detection of ionizing particles. Moreover, it has undergoane
additional development in this laboratory as a tool for investigating
nucleation and condensation phcnomena.“’-52 Extensive studies of the
thermodynamic characteristics of the expansion cloud chamber in this
laboratory and in other laboratories make it the best understood of
all devices available for studying nucleation phenomena. It can yield
more information than any of the above mentioned instruments.

Expansion cloud chamber experiments have been customarily designed
to yield only a measurcment of the critical supersaturation, this is the
simplest expcriment which can be peivformed. The definition of the criti-
cal supersaturation, as it is used by a given investigator, is obvicusly
influenced by the geomstry of the observation system. Droplet densities
have either been estimated visually or determined by light scattering
techniques. Nucleation rates are estimated by making an cducated guess
for the sensitive time of the chamber, i.e. that time during which the
bulk of the nucleation occurs.

The major advances made in this laboratory are the continuous
measurement of the pressure throughout the expansion and the develop-
ment of techniques for maintaining almost complete control over the ex-
pansion cycle. With proper instrumentation and automation, the expan-
sion cloud chamber has an overwhelming advantage over other cxperimental

methods in that nucleation measurements may be undertaken as a function



of supersaturation, temperature and sensitive time. No other instrumcnt
has been used to measure the dependence of the nucication rate upon
either supersaturation or time. Such diversity of information makes it
possible to distinguish more clecarly between different types of nuclea-
tion schemes. For this rcason, the expansion cloud chamber has been

selected for this work.



CHAPTER I1

EXPERIMENTAL TECHNIQUE

The cloud chamber used in this work was first put into operation
in March, 1962 and has undergone continuous improvement since that time,
Fig. 1. CGreat strides were made in regulating the temperature of the
cloud chamber. A servo pressure regulation control system was develcped
which made possible more accurate control over the starting pressure,
thereby insuring accurate saturation at the starting temperature. A
mechanical brazke was added to the piston guide for damping out piston
oscillatiens during the expansion. A program board was installed to
facilitate the interconnection of the programming circuitry to the oper-
ating devices such as val?es, lights, recorder, etc. These improvements
were initiated in whole or in part by the author and contributed sub-
stantially to the success of the measurements made during the course of

this work.

2-1. Temperature control. Allard“?® used a top to bottom gradient of

one Centigrade degree in order to eliminate condensation on the top
glass and side walls of thé cloud chamber. It was felt that such a
large gradient should not be necessary and that a gradient of several
hundreths of a degrece should suffice. Packwood®?, Schmitt>!, Dawbarn®2,
Smith®3 and white®* sl1l1 attempted to reduce the magnitude of the gra-
ient without much success. Before the problem could be properly asses-
sed, a set of thermocouples was constructed and mounted inside the

cloud chamber. They were spaced one inch apart up the side wall and
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across the top. Comparison of temperatures on both sides of the tep
glass immediately indicated that there was snore than one-half degrce
gradient through the glass. iHoreover, about one-half degree difference
in temperature existed between the center and the edge of the vicwing
window, see Fig. 2. The addition of another glass plate on top of the
c¢loud chamber for added insulation did not remedy the problem. Fine
heater wires were stretched across the viewing window for independent
temperature control of the center of the top glass. One-half watt of
heater power sufficed to eliminate the temperaturc variation across the
top glass.

The vertical temperature gradient had to be reduced drastically.
It was evident that the top half of the cylindrical wail was too cool.
This allowed condensation to occur on the walls where the light beam
from the fiash lamps passcd through the cylinder. This was very un-
desirable because the condensation scattercd the light beam. Heater
tapes were mounted just above the light beam. This tape nearly fil-
led the space between the clearing field ring and the light beam.

After a wecek of adjusting the voltages on the three side heaters and
two top heaters, good temperature control of the interior chamber was
achieved.

As the gradient was brought to less than one-tenth degree, uneven
condensation occured at various parts of the chamber top and sides.
This indicated that there were gradients acwvoss the chamber which were
not previously recognized. Before this problem was solved: (a) the
convection currents from the air conditioner had to be completely baf-
fled from the chamber by draping one-quarter inch rubber sheet around
the chamber frame and associated plumbing, (b) extra foam rubber was

added around 2ach of the four sides of the chamber and (c) four separate
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heaters were added in the top cavity, one on each of thec four sides.
Temperature gradients across the top cavity due to the forced air con-
vection currents from the room air conditioner are climinated by indi-
vidually adjusting the power input to each of the four heaters.
Elimination of the cross gradients is best accomplished by lowering
the gradient and allowing slight condensation to take place on the top
glass and sides. Observation of the condensation tells the location
of the cooler areas.

During the regular cycling of the chamber, the tempcrature of the
bottom of the chamber drifted out of control. This was due to the heat
pumping action of the cycle. Elimination of this problem consisted of
installing new heaters in the aluminum plate under the piston and con-
trolling the temperature of the air coming into the manifeold system.

The temperaturc contrel during the periods of data taking was not
quite as good as the temperature control during the time when the ther-
nocouples were installed in the chamber. Temperature control did not
prove dependable enough to use a gradient under 0.05°C and a gradient
of about 0.1°C was finally used for convenience. The temperature of

-the central volume of the cloud chamber in which measurements were be-
ing made was therefore known to within the same accuracy as the water

temperature, *0.05°C.

2-2. Pressure regulation. Leaks always occur in the plumbing under

the cloud chamber. These leaks must be counteracted by letting excess
air into the manifold system at a rate which exactly compensates for
the leaks. Up to the time of this series cof experiments, there had
been no need for the initial pressure regulating system to be adjust-

able. The pressure regulator described by Allard consisted of a
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mercury manometer with platinum wire contacts which controlled a regu-
lator valve. This system was naturally oscillatory; the best regulation
possible after careful adjustment gave pressure oscillations of about

2 mmHg.

In the new control system a pressure transducer takes the place of
the mercury manometer and a servo motor attached to a variable orifice
vaive, Fig. 3, does the regulating. A trickle of air is continously
leaked into the manifold system as with the earlier system and the servo
motor conircls the valve opening so that the proper leak rate is estab-
lished to maintain a ccnstant pressure.

Some difficulty was encountered when trying to get the servo sys-
tem to work. When the servo valve was allowed to pass by the completely
”opgn position™ and on to the completely ''closed position' or vice versa,
an oscillating condition occured., With this arrangement control could
only be established when the system pressure was nearly regulated
beforechand. Installation of a clutch and stops at the fully opened
and fully closed pesitions eliminated this problem so that the servo
system cculd bring the pressure to regulation from an expansion or com-
pression configuration very quickly without disrupting the sense of the
servo control.

It was also found that the location of the pressure transducer con-
trolling the scrvo motor is critical. It must be located in the same
pressure line as the servo valve and be very close to the orifice in
order to avcid pressurc oscillations. The same biasing technique is
used with this transducer as with the pressure transducer in the sensi-
tive volume. The starting pressure may now be held to within one mmiig

with practically any volume of trickle air leaking into the manifold
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system.  Recovery is so good that recovery times of less than ten
seconds are required to establish any given pressure. The regulating
\J

ability of this system seems to be limited only by the capability of

the pressure transducer.

2-3. The pressure measuring system. The precision measurecment of the

pressure in the sensitive volume throughout the expansicn is the most
critical part of a nucleation experiment. If the supersaturation is

to be determined within one percent accuracy, the pressure must be
reasured to within one mmllg. This requires much better resolution

than can be obtained with an ordinary recording system. The stability
of all comporents in the pressure measuring system must be of the order
of 0.01 percent. The pressure measuring system employed in this work
was essentially the same as that described by Packwood®®., A block dia-
gram of the pressure measuring system is shown in Fig. 4.

The pressure transducer is a one-quarter inch diamcter, flush
diaphragm, strain gauge type pressure transducer. Its diaphragm is
imounted nearly flush with the inside c¢ylindrical wall of the scensitive
volume. It rezads absolute pressure. The transducer is excited by a
highly isolated transducer power supply which possesses 0.1 micromicro-
farad capacitance between its output and power line sides. This speci-
fication is nccessary to keep the common mode signal to the California
Instrurents wide band D.C. amplifier at a low level. Triply shielded
twisted pair lead wires are used to interconnect all the units. Three
separate mutually insulated shields are nccessary to keep the A.C. noise
level to a minimum. It was also necessary to mount the amplifier and

the isolated power supply as close to the pressure transducer as possible.
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In order to obtain the desired accuracy in the recorded pressure
signal, a type of scale expansion system was cmployed. Approximately
1.2 volts D.C. signal emerges from the California Instruments amplifier.
Most of this signal is biased out by a constant D.C. voltage from the
automatic bias mcdule, having a 0.01 ohm impedence. The remaining 40
millivolts signal is recorded by a light beam oscillograph. Four dif-
ferent bias levels are provided by the automatic bias module. The
automatic bias module's circuitry maintains a high level of isolation
from both power line and chassis ground. The peak to peak noise level
in the recorded signal corresponds to about 0.5 mmilg, Figs. 5-7 show

typical data output firom the oscillogram.

2-4. Pressure calibration. Pressure calibration was greatly facili-

taced by the addition of a Texas Instruments Model 145 Pressure gage
with a precision servo nulling readout. This type of gage uses a
quartz spiral bourdon tube which exhibits no mecasureable hysteresis

and retains its calibration indefinitely. The servo readout follows
pressure changes automatically, allowing instant comparison of recorder
and pressure gage readings. Hysteresis in the cloud chamber pressure
transducer and in the recorder galvanometers presented a problem. The
calibration of the pressure transducer had to be accomplished by ap-
proaching the desired calibration point in the same manner that the
cleud chamber would reach that same point in a normal data taking cycle.
Approximately the same magnitude of pressure excursion was used in the
calibration procedure as in the data taking cycle. It is probable that
some of the difficulties encountered by Allard“? and Schmitt®! resulted

from improper calibration procedure.
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As the chamber began cycling, the zero offset drifted for about an
hour. It is believed that this is the resulf of the cstablishment of a
slightly different operating temperature brought about by the heat pump-
ing characteristics of the cloud chamber. Calibrations were run every
fifteen minutes until three consecutive calibrations, identical tc with-
in 0.3 mnmilg., were obtained. Thercafter, the calibration was repeated
every half hour. Note that by judicous choice of cycle parameters this
heat pumping can be almost eliminated.>%

Since the pressure transducer used a semiconductor strain gage
element, it is quite sensitive to changes in its ambient temperature.
1t was found that the equilibrium temperaturc of the strain gage cle-
ment was dependent upon the thermal conductivity of the gas used in
the cloud chamber. The calibrations for different gases differ slightly
in their zero offset. However, the heat capacity of the pressure trans-
ducer was sufficiently large so that temperature changes during the ex-

pansion had a negligible effect on the transducer's calibration.

2-5, Photographic technique. 1In order tec determine the nucleation rate,

the nunber of droplets per cubic centimeter nust be determined with con-
siderable precision after the expansion. The necessity for imaging indi-
vidual drcplets places strict requirements on the illumination system
and photographic technique. Conditions are accurately known only within
the central region of the sensitive volume so only this portion is il-
luminated by means of a horizontal shect of light whose vertical thick-
ness is about one centimeter, sce Fig. 8. Figs. 9 and 10 show the
quality of the collimation of the light beam used in this work. The

top and bottom edges of the beam exhibited a sharp cutoff in intensity.

The droplets have diameters from ten to fifteen microns at the time
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Lamp number 1: collimated July 18,1867 Louis Allen
Don Hoffman
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Lamp number 2; collimated July 19, 1967 by Louis Allen
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they are photographed. It was found that one lamp does not give suf-
ficient illumination. Two lamps were flashed simultaneously on oppo-
site sides of the cloud chamber. The total energy input to the lamps
is about 800 joules. The camera was set eighteen inches above the
beam. Suflicient intensity and depth of ficld were obtained with an
f-stop setting of 3.5. A grid of Qires spaced at one centimeter inter-
vals was photographed and used for calibration of the field of view of
the projected film. see Plate 1.

Thzre is an optimum time for photographing the droplets after
they arc nncleated. Droplet growth is dependent upon several factors
which were varied during the course of the experiment, namely super-
saturation and the transport characteristics of the inert gas. The
optimum time for photographing the droplets was experimentally deter-
mined in each case. Growth times varied from 0.05 second in helium at
high temperatures to nearly half a second in argon at low temperatures.
Plates 2 and 3 show typical homogeneous nucleation for several different
droplet densities.

An anomoly showed up in the photographs which was not expected.
Droplets photographed at precisely the time they are coming into visible
size form rather large diffraction rings on the photograph. Pictures
taken slightly later have ;harply focused images. This is probably a
case of Fraunhofer diffraction through the lens. A calculation assuming
Fraunhofer diffraction gives droplet size of the order of ten microns
which is the size calculated from the droplet growth computer program.
It appears that this technique could be used to determine the droplet
growth rate for an accurate verification of the droplet growth law, see

Plate 4.



Plate 1. Grid used for calibrating the camera magnification. A 1 cm.
grid made from .4 mil tungsten wire is placed in the sensitive
yoclume of the chamber and photographed.



Plate 2.

Nucleation. Examples of typical data are shown with the same
magnification as the grid in Plate 1. Upper 250 drops/cm?,
lower 140 drops/cm3.
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Plate 3.

Nucleation. Examples of typical data are shown with the3same
magnification as the grid in Plate 1. Upper 42 drops/cm?,
lower 2.5 drops/cm3.
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Plate 4.

Diffraction from small droplets. The upper picture shows qrop-
lets as they appear when small enough to give noticeable dif-

fraction rings on the film. The lower picture shows the same
droplets 0.1 sec later.
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Another strange effcct showed up on the film developed on Feb. 8,
1968. Between some of the frames where the camera stopped, lines of
static electricity or something similar sensitized the film. There is
no shutter in the camera and the lines seem to have been catalyzed by
light reflected onto the film. The static electricity itself was prob-
ably the result of strains induced into the emulsion by the motion of
the film. During this particular data run the room and consequently
the camera was maintained at 40°F. The atmosphere in the room was very
dry. This particular combination of physical conditions is probably
responsible for the effect. A developed print of this effect is shown
compared with a normal print in Plate 5.

2-5.1. Fiim and development. Duc to the very small area of the images,

much denser blackening is required than in the case of ordinary photo-
graphy. Moreover, grays are of no interest so that a fast, high contrast
film can be employcd. A degree of over development materially increases
contrast and thereby the effective film speed. A wide range of results
can be obtained with different film and developer combinations. Film

and developer combinations which yield high speed and high contrast tend
to yield a large grain size in the developed film. If the grain size
becomes too large, the effective image diameter is increased.

Virtually all interesting fiim and developer combinations have been
investigated in this laboratory, carefully noting the effective rclacive
speeds and the maximum obtainable resolution. It was found that Lastman
Kodak Lirnograph Shellburst film developed in Acufine film developer made
by Baumann Photo-Chemical Corp. gives the greatest reclative speed as well
as a fine grain size. Eastman Kodak Tri-X is not quite as fast and gives

considerably larger grain size.
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Plate 5. Static. Stresses in the emulsion of the film under certain con-
ditions when developed display a lightning like effect which
seems to be catalyzed by light. These are frames exposed dur-
ing the waiting interal between expansions. This effect is
shown compared to a normal frame.



A seven minute developing time is used in full strength developer
at 20°C. An 18 minute developing time is used in half strength devel-
oper at Z0°C when the Nikor develeping machine is used.

2-6. The mechanical Brake. During the normal operation of the cloud

chamber, the piston is in free suspension between the upper and lower

gas volumes. Such a system is oscillatory. The original design of the
cloud chamber used a hole plate suspended in the water volume for damp-
ing the piston oscillations. Although the hole plate did reduce the
waves in the surface of the liquid pool, it was inefficient as a damping
mechanism. A solenoid operated brake was connected to the guide cylinder.
It was originally designed so that the braking action could be electri-
cally controlled. However, it was found that it could be adjusted for

a4 constant slight drag which was sufficient to critically damp the piston.
Small oscillations in the rubber diaphragm were unavoidable., The re-

maining oscillations were so small, however, as to be insignificant.

2-7. Program board. A programming patch board was added to the cloud

chamber in order to facilitate the programming of different experiments,
see Plate 6. It was hoped that this would reduce the down time required
for reprogramming and add to programming versitility. The program board
contains 1632 contacts., These are used to interconnect the timing units
with the control apparatus of the cloud chamber. A sequencing unit was
installed in conjuncticn with the program beard. This allows a secquence
of up to ten expansions, each of which can be differcnt. Morcover, a
numbering system for the photographs is provided. The entire instal-
lation consists of more than 10,000 conncctions and three miles of wire.
A patchboard is wired for cach type of experiment. As long as the

patchboard remains intact, the experiment may be repeated at any time,



Plate 6.

Program board.

A rear view of the program board is shown.

The patchboard used for the author's data is in place.
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If two different experimencs can use the same cloud chamber cenfigur-
ation, the appropriate program board may be installied and ir 2 matter
of minutes that experimenf,can be underway. This system makes more
efficient use of the cloud chamber facility. It is also possible for
several different cloud chambers to be run at alternate times using

the same clectronic control system and data processing equipment.

2-8. Purification of the water. For homogeneous nucleation rate meas-

urements f{rom supersaturated vapor, every effort must be made to obtain
the purest possible vapor so that one may be reasonably assured that
the nucleation is indeed homogencous and not influenced by impurities.
The purificaticn of water is hampered by the fact that it is an almost
"perfect” solvent. Under normal conditions water is saturated with sil-
icates, various mctal ions, and all atmospher ic gases including carbon
dioxide. Water has such an affinity for impurities that freshly dis-
tilled water left open to the atmosphere for a few minutes will not pass
conductivity tests for purity. This is due mainly to dissolved gases.

Since the nucleation rate studies were to be done with water vapor
in an atmosphere of a pure rare gas, a special purification procedure
had to be deviscd to provide pure water free from not crily dissolved
solids and liquids, but £free from contaminating gases. These gases
might atfect either the vapor pressure or bonding characteristics of
the vapor molecules and modify the nucleation rate.

Varicus methods of purification were considered, including ioan ex-
change techniques in conjunction with distillation. The final conclusion
reached was that distillation is the most effective means of obtaining

very pure water, provided that scveral stages are uscd with each stage

performing a different function.
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General distillation procedure was worked out with the aid of
Dr. James L. Kassner, Sr., an expert in the field.

The first operations were dcvoted to eliminating organic comrpounds
since these impurities were deemed tc be the least desirable, the most
likely to ccntaminate the vapor and the hardest to remove. One should
keep in mind that the amount of a substance present doesn't have to be
large in order to have a great number of molecules present. For instance,
a tolerably good vacuum of 10°% torr still has ten billion molecules per
cubic centimeter. Compared to normal operating pressure, this level of
impurity represeats about 1x1077 per cent at a total pressure of one
atmosphere and only one impurity atom for each 107 water molecules.
Keeping iapurity ievels down to just a few molecules per critical em-
bryo becores impossible and one must settle for the greatest dilutien
of impurities pessible.

Ordinary distilied water contains some organic matter. Tap water
was used as the starting water since it requires no less treatment for
purification then ordinary distillied water. Potassium permanganate
(ten grams per liter) with enough potassium hydroxide to assure an alka-
linc solution (PH of about & or 9) was added to the water and left
standing in five gallon glass stoppered jugs for a few days. This solu-
tion was then cooked for twelve hours and refluxed for twelve hours
(that is boiled and rccondensed into the same flask) in such a way that
any volatile gases had ample opportunity to escape. Cooking and reflux-
ing are done so that all of the organic compounds are broken up either
into volatile gases which escape or else into nonvolatile compounds
which arec removable by distillation. Carbon ends up as potassium car-

bonate provided there is sufficient potassium hydroxide in the solution.



This liquid was then dis;illed through a two stage continuously running
still at about one-fourth liter per hour, see Fig. 11 and Plate 7.

It should be noted that the water was taken through the distil-
lation apparatus beginning with twenty gallon batches. The first few
liters as well as the last few liters, from each batch at each stage
were discarded in the sense that the water was not kept as pure water
but used for cleaning bottles and flasks, see Fig 12, and other such
procedures'necessary to the successful operation of the stills. This
technique requires that four gallons of water start through the still
to get one gallon of pure water out.

This permangnate solution was distilled and redistilled immed-
iately after refluxing. Both stills were then dismantled and thor-
oughly cleaned so that the second stage of purification could begin.

A very small amount of phosphoric acid (ten ml in 3000 ml) was added
to the first still and the entire batch run thrcugh the stills in the
same manner that the permanganate solutions was run through the still.
Phosphoric acid was added to form insoluable phosphates of the heavier
elements present and to make the solution acid.

It is not commonly known, but very pure water has a tendency to
superheat. Boiling beads of many different materials were tried. With-
out a single exception, either the substance did not aid the boiling or
interacted with the water and dissolved. Substances tried included
ceramic beads, glass beads, carbon chips, various stainless steels covar
metal alloy and other materials. Covar worked nicely but dissolved very
quickly. Pure nitrogen works very well as a nucleating agent when slowly
bubbled through the liquid in the boiling flask. This method was pro-
hibited in this experiment, however, since the purification had to elimi-

nate gaseous impurities as well as dissolved liquids and solids. In fact,
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Plate 7.
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First stage still. The arrangement of the first stage still
is shown. Water enters on the right and emerges on the left.
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a system of steam generators had to be devised to keep the water in
the stills agitated with superheated steam in order that purification
beyond the first stage could be used with any degree of success, sce
Fig. 13.

The steam gencrator is simply a glass tube inserted in the boiling
flask, drawn out to a point, bent into a double U shape and wrapped with
a nichrome heater. A head of water is kept on the generator by con-
densing a small amount of water into the generator tube before it gets
to the cordensing column. This head is kept from flowing into the boil-
ing flask by the nichrome heater which is adjusted so that about 200°C
steam only enters the boiling flask.

No steam generator ever failed in service and they were kept in
continuous operation for a period of two months which attests to the
dependability of the steam generators. When distiliing in the final
stages of distillation, the need for the steam generators can be dra-
matically demonstrated by shutting off onc and watching the tecmperature
in the boiling flask rise degree by degrece with no boiling. This is
a dangerous procedure because the great amount of energy stored in the
water is released with explosive force when boiling does begin again.

When a bubble of steam comes to the surface in the boiling flask,
it bursts and sprays tiny water droplets in all directions, some of
which are light enough to be carried into the condensing column. Smith>3
has shown that evaporating droplets do not ecvaporate completely. This
is probably due to surface active materials which are concentrated in
the surface. Thus, small re-evaporation nuclei which form as the Tesult
of the evaporation of sprays can effectively tranqurt low vapor prcs-
sure organic materials through a still. This action effectively cancels

part of any purification which might be effected by the distillation.
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It was found that this problem could be effcctively overcome by using
small stainless steel chips closely packed in an 18 inch column above
the boiling flask.

This method is cspecially effective when enough cocling is pro-
vided on the column containing the stainless steel chips so that suf-
ficient water is condensed on the chips to continuously wash them
clean. Resultant distillation rates ﬁre consequently lowered. The
nuclei leaving the boiling pot are taken out hy the chips of the column
packing by both impartion and diffusion. TImpaction requires a finite
fiow velocity and sharp edged plates while diffusion requires time ond
a snall diffusion distance. The distillation rate was about one-fourth
liter per hour.

A commercial Corning still was modified for use as an intermediate
distillation unit before the water was put into the final stage, sce
Plate 8. The final stage is designed to rcmove the last traces of at-
mospheric gases. This intermediate distillation was considered neces-
sary because the water was of necessity kept in ordinary glass jugs
after the first two distillation stages.

The final stage of the distillation is not a continuous operation
but a baich operation. This stage has a five gallon flask, so that a
reasonable batch may be prccessed, see Plate 9. A single batch of this
size suffices for any cloud chamber experiment yet devised in this
laboratory. Water is continuously boiled and recondensed in the final
stage while maintaining the pressure at five to ten pounds above atmo-
spheric pressure. Gases dissolved in the water arc released as the
temperature rises and are allowed to leak out through a small capillary
leak. This action is continued for two or three days or until about one-

fourth of the water is lost to the atmosphere. For an operation of this



Plate 8.

Corning still.
is shown.

A front view of the modified corning still
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Plate 9. Third stage still. The lower part of the third stage still is
shown. The packed column is cn the left, the temperature
sensor is in the center and the pressure sensor is out of the

picture on the right,
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type, continuous automatic pressure and temperature scnsinge are required
to maintain safe operation. The pressure stays fairly constant hecuuse
the temperatuve is held (o a presct value of approximately 108°C.
Distillaticn from the final stage was done directly into a five
gallon jug containing a helium atmosphere. There is no reason, however,
the distillation could not be done directly into a vacuum bottle 50 that
all gases are eliminated and the purest possible water obtained. Siice
the final distillation occurs in the cloud chamber, the materials dis-
solved from the glass are not troublesome. If the glass jugs are used
for the same purpose for some time they may eventually become very clean.
A system of more automatic operation of the first stages than had
been used is currently being incorporated into the system. Improvements

include automatic filling and temperature control of the first stage

4
-t
-

ills. Other improvements include continuous conductivity and periodic
mass spectopraphic checks of purity. There is every reason to belizve

that this distillation system is very effective.

2-§., P

reparation of the chamber. The process of readying the cleoud

x

chamber for a particular data run begins scveral days in advance of the
data taking process itself. Assuming that all equipment is in opcrating
condition, the chamber is thermostated at the desired temperature. Room
temperaturc nust be kept five to ten Fahrenheit degrees btelow the chamber
temperature for proper thermal regulation. Air tanks must be maintained
at a temmwerature near that of the cloud chamber. Otherwise too much
heat is pumped into or out of the lower drive chamber for.good temper-
ature stability. Some adjustment of heater controls is usually required

to maintain proper heat input. The constant temperature bath which is
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used as a thermocouple reference is usually maintained within one-half
degree of the cloud chamber temperature. These thermocouples are used
to thermestat the cloud chamber.

In order to assure gas purity, the cloud chamber is flushed sev-
cral times immediately before each data run. This procedure eliminated
gascous impurities which may have diffused from the glass walls or the
water. 1If a change in the gas type was made, flushing was done on two
consecutive days prior to operation of the chamber. This allowed time
for the former gas to diffuse out of the water pool in the chamber.

Even though it would have been desirable to use new water for
cach set of data, this was not possible because of the difficulty in
changing the water in the chamber. No check was made of water purity
after the water was in the cloud chamber, but because of the close
agrecement of the data taken at widely spaced intervals, it is believed
that neither water purity or gas purity affected the nucleation rates
measurably during the course of the entire experiment. As discussed
in the section on water purification, there is little hope of having
an atmosphere which is completely free of gaseous impurities. Since
the author's data corresponded so well with that of the other research-
ers in this laboratory who used various means of water purification,

it is felt that water purity is not a problem in these experiments.

2-10. The cloud chamber program. For the measurcment of homogeneous

nucleation rates, the cloud chamber is programmed as shewn in Fig. 15.
Expansion AB requires about 0.2 sec. The interval BC can be varied
from 0.01 sec. to about 1. sec. The slight compression CD reduces the

supersaturation by an amount sufficient to stop all subsequent nucleation.
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After the droplets have had ample time to grow to photographable size,
the xenon flash is triggered and the droplet density is photographed.

An electrostatic clearing field of 80 volts per cm. is used to
sweep out ions which are produced in the cloud chamber between expansions.
The clearing ficld is turned off just prior to the onset of condensation.
Any tracks which are formed during the sensitive time of the chamber
appear as essily recognizable ion tracks. Such tracks are carefully
avoided when drop counts are made. Therefore, the data presented in
the course of this work is not biased by the presence cf ions.

Two cleaning expansions were used betwecen data expansicns to
insure that re-evaporation nuclei had been eliminated. The second
cleaning expansion was photographed in order to determine the background
level. Except for additional sophistication in the experimental tech-
nique, the method cmployed is basically the same as that employed by

Allard"9,
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CHAPTER III

CLOUD CHAMBER THERMODYNAMICS

The most important picce of information to be extracted from the
data for a cloud chamber expansion is the state of supersaturation of
the atmosphere as a function of time during those parts of the cloud
chamber cycle when nucleation is taking place. When the cloud chamber
was used as a particle detector for high energy nuclear physics, the
supersaturation needed to be controlled with only moderate accuracy
so that dreop formation occurred only on ions and an exact knowledge
of the state of supersaturation was not necessary. In addition, it was
useful to know for what period of time the cloud chamber was actually
sensitive to the ions. Experiments measuring homogeneous nucleation-
rates and droplet growth are critically dependent upon an exact Kknow-
ledge of the supersaturation as a function of time during the cloud
chamber cycle.

There is no way to directly mcasure the water vapor content of
the cloud chamber atmosphere during an expansion. The cloud chamber
establishes a state of supersaturation by means of an adiabatic  2x-
pansion as shown in Fig. 16. In the initial condition a nencondensible
gas is satvrated with water vapor at temperature T;. The dashed line
shows the course taken by an adiabatic expansion. At a representive
time the water vapor pressure has been reduced from Py to P, by the
expansion itself. The temperature has dropped from T; to Tz. The
_ equilibrium vapor pressure corresponding to T, is P, so that the

. - . A
supersaturation ratio established by the cxpansion is P,/Pj.



mm Hg

VAPOR PRESSURE

o WATER VAPOR IN HELIUM
(2]
EQUILIBRIUM
- SATURATION YAPOR
PRESSURE
ol _
~ R ADIASATIC EXPAHSION CURVE
INITIAL CONDITIONR
|
b
b
|
L
j |
o]
[ | '
l | N
! | { ] i1 i | | !
-10 0 10 20 30

TEMPERATURE ‘¢

Fig. 15+ Creation of supesrsaturation in belium and waler vapor by means of

an adiabatic expansicnr.e



52

3-1. Measuring temperaturc directly. It had been hoped that zn in-

strument could be developed which weculd measure temperature with suf-
ficient speed and accuracy to permit its use in the cloud chamber. In
recent years tfine wire bolometers and fine wire thermocouples have been
available which are seemingly fast enough to measure temperature accu-
rately in an expanding gas. llowever, in a moist gas condensation occurs
cn the thermocouple, liberating the latent heat of condensation. The
wet thermocouple tends to approach the equilibrium temperature T, shown
in Fig. 16. The exact temperature of the thermocouple will depend upon
the rate cof change of conditions in the cloud chamber and upon the sur-
face properties of the water film on the thermocouple. Moreover, surface
conditions do nat reproduce nicely and even this condensation does not
take place reprcducibly. The prospects for overcoming these effects are
not favorable so that all temperature data must be obtained from other

socurces when the cloud chamber is in a supersaturated state.

3-2. ‘Reliability of volume measurements. Packwood®? has shown that cal-

culations of temperaturc made from volume expansion ratios give erroneous
results. This can be rcadily understood in terms of the thermodynamic
processes taking place in the cloud chamber. During the expansion the
walls of the apparatus remain at temperature T;, Fig. 16. Since the
interior gas is at a much lower temperature, T3, and since the wet cloud
charmber walls would have to be at temperature T, in order te be in equi-
librium with the existing vapor demsity, P,, the rapid diffusion of both
heat and vapor takes place from the wet chamber surfaces while only the
diffusion of heat takes place from the dry chamber surfaces. The net ef-
fect is that boundary layers (affected by diffusion processes) expand and

thereby produce a compressive effect at the interior of the chamber.



The sensitive volume of the cloud chamber as a whole is nonuniform and
it makes no sense to talk about the adiabaticity of the whole volume.
In fact, volume measurements are useless because the computational com-
plexity of dealing with the real nonuniform gas situation is unduly great.
If the expansion process is slow enough so that shock waves are not
created, the pressure throughout the system will everywhere be the same.
Morcover, diffusion processes are inherently slow so that a finite time
is required for the central regicns of the cloud chamber to be sensibly
affected, Figs. 17 and 18. Even though the compressive effect has been
active, the center of the chamber remains truly isentropic until actual
diffusion reaches these regions in perceptible magnitude.
Ordinarily, the final temperature is calculated from one of the

ideal gas relationships for a constant cntropy process.

B

vyt constant (3-1)

1]

PVY constant

TP(l'Y)/Y = constant

The first two involve the volume and are not useful where great accuracy
is required. Before using the last equation, however, an appropriate
gamma for the cauation must be known. Since the cloud chamber operates
with a gas mixture, the difficulty in finding an appropriate gamma is
magnificd even more than for a single component gds system, Packwood>?
does a thorough analysis of error propagation and concludes that an cr-
ror of 0.06 in the supersaturation (at a supersaturation of 5.0) pro-
duces an error of 100% in the nucleation rate. This can be caused by

an error of only 0.005 in the composite gamma used in the ideal gas

relationship.
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3-3. Method of Richarz. Therefore, if the third of Egs. (3-1) is to

be employed, a gamma which is averaged over the range of thernodynanmic
coordinates must be employed. Methods for surmounting this difficulty
are discussed in the following section. Richarz®° derived a relation-
shib for determining the composite gamma of a system of two noninter-
acting gases when the respective partial pressures and gammas are known.
The following is a variation of the translation of his procedure as
given by Laby7.

Assign a mass of 1 to the mixture so that each component is 1-up
and u respectively. Let the densities by p, p', p" which are under-
stood to be measured under standard conditions. The specific heats
at constant volume are C,, CG, C;, and the ratic of the specific heats
Y, ' and y'".

Conservation of cecnergy requires

- ' - "o ' 1 _(t -
c, = Cv(l w) + wCy o= Co o+ u(CV CV) (3-2)

The specific volume of the mixture is

1
’5’1

1 1 1 1
E.(I‘U) + 11'5,, = E’—' + U(E‘n'

L ) (3-3)
[o]

Let Cr,Cé,CS be the specific heats at constant pressure
) . )

|

C -C = (K= constant) (3-4)

p v Jb

—
O |
e

since M is proportional to p, and R and J are constant

. - IYal I Al .
K', ——— = LVK (3-5)

1 \
whence 3T ° CVK, v Y1
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Now eliminate u in Eqs. (3-2) and (3-3)

C,(p"-p") = (p-p")o"Cy + (p"-p)p'C, (3-6)
and by Eq. (3-5)
1 p-p' 1 c''-p 1
YT % otopr YT Y piopr YOOT (3-7)

This ecquation looks at first sight to be most adaptable to the
conditions of cloud chamber work. The problem which arises is that
gamma (even for the most ideal gas, helium) is a function of the ther-
modynamic co-ordinates to such an extent that it is not constant over

the range of even a typical 30° expansion.

3-4. Temperature-entropy diagram method. Accurate temperature calcu-

———

lations have been made using a method devised by Schmitt®! and Dawbarn52,
This method makes use of the temperature-pressure-entropy diagrams for
the individual componcnts of the gas. The expected temperature change
during the expansion is determined by interpolating between isobars on
a line of constant entropy. This temperature change allows one to cal-
culate a gamma which is automatically averaged over the thermodynamic
co-ordinates (sometimes referred to as an effective adiabatic index).
The formula of Richarz is then used to calculate the composite adiaba-
tic index. This procedure neglccts the entropy of mixing and the ex-
change of energy between the component gases. As a result the method
gives good results only when one of the gases is the dominant species.
Another method which should be even more accurate involves making
a composite eatropy diagram for the gas mixture and finding the temper-

ature directly from the diagram. This latter method has the serious



drawback in that these composite entropy diagrams are very cumbersome

to make and a new diagram is needed every time the initial temperature
is changed since the mole fraction of vapor changes with temperature.

In additjon, this method is not adaptable for use with a high speed

digital computer so all work has to be done by hand.

3-5. Comparison of methods of temperature determination. All temperature

calculations ultimately come from an equation of state for the gas. Equa-
tions of state use three variables to completely describe the gas. Cloud
chamber expansions are adiabatic so one of the variables used must be
entropy. It may be set equal to a constant during the calculation.
Derivations of these equations are given in standard thermodynamics
texts.?7,38 Pressure, temperature and entropy are the variables chosen
when pressure is measured during the cloud chamber expansion.

The most accurate method is that which integrates directly the

equation

_—} dp | (3-8)

This equation refcrs to one mole of a single gas. For a gas mixture
the mole fractions nj and n, are used where n;+n,=1 and the total ent-

ropy change is the sum of the individual entropy changes.

ds = nids, + nyds; (3-9)
During an expansion

ds = 0 = nids; + nadsy (3-10)

A numerical solution of this equation including the most accurate values

of the heat capacities and compressibilities, (BV/aT)p, has been used to
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provide calculations of temperature. Calculations of temperature using
Richarz's method for average gamma as described by Kassnmer and Schmitt3?
were also used and compared with the results of the preceding method.

It is concluded that there is essentially no difference in the results
obtained with the two methods.

When iwmmediate calculations are needed and no computing machine
is available, the graphical method of temperature determination is use-
ful. This makes the graphical method very adaptable to uses involving
Aitken nuclei counters because of the independence from office machines.

The course of a perfectly adiabatic expansicn is a vertical line
on the entropy diagram. Latent heat is easily accounted for through the
definition of entropy ds=dQ/T. !hen using air, there is so little dif-
fercnce in the diagram with a small mole fraction change that small
changes in the mole fraction due to droplet growth are negligible.

Use of this technique complete with droplet growth corrections is
outlined in detail by Kassner®? et al. Refering to the diagram, Fig.
19, the expansion begins at the top of the diagram proceded straight
down to point A where a correction is made for vapor depletion (negli-
gibly small at this time). At points B and C the corrections for latent
heat begin to be sizable. An excessively large droplet concentration,
10,000 droplets per cm3 was assumed in the calculation to make the ef-
fects show up vividly. Comparison of this method with the exact inte-
gration technique shows essentially no difference in accuracy.

In conclusion, any of the three basic methods of temperature cal-
culations may be used with cenfidence. Each has its adventages and
disadvantages depending upon the situation. Richarz's method for aver-

age gamma is most useful where a desk calculator is used and vapor
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depletion effects are ncgligible. The graphical techaique requires a
tedious plotting of a new entrepy diagram for each new mole ratio, but
is very adaptable where no calculating machines are available and where
the same initial conditions are used, The exact numerical integration
technique is not adaptable to hand calculations, but is the only method
easily programmable for large computing machines when taking all cor-
rections into account. It appears that all three techniques will con-
tinue to be used as each has its own range of uscfulness making it

uniquely adaptable to a given situation.

3-6. Experimental test of ecquations of state and measuring tcchniques.

Use of temperature entropy diagrams requires knowledge of entrcpy values
to quite high accuracy. These values have ordinarily been derived by
differentiating the equation of state which is risky at best. ‘there is
not and has been no doubt that the accuracy of these eguations of state
is quite good. The following question arises. Since the derived func-
tions such as heat capacity and entropy are obtaired by taking first

and second order derivatives, just what accuracy is retained in these
derived fuﬁctions? F. Dinep most aptly states the problem in his work

on argon:

The first differential coefficient was difficult enough to
derive even with nominual accuracy whilst values derived for
the second differential co-efficient were uncertain in the

extreme. It was decided to perservere and values of

ar 32r 22r
R = BT L
P P p

were derived, tabulated and smoothed, valucs of Cp, cntropy
and enthalpy were then calculated by integration and it was

immediately apparent that they were untenable. They showed
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considerable irregularities when plotted and were in no sense

systcmatic.

Considering that the data for argon is perhaps the most accurate
and consistent of that for any gas, also that argon is the most ideal
of all gases after helium and neon, it is not difficult to imagine in-
consistencies arising in the entropy tables.

It was decided that in order to obtain good results with nuclea-
tion work, dependable data on the various gases in the cloud chamber
mist be obtained. The aim was to take sufficient data to check the
existing data. It was felt that the accuracy that could be obtained
with static measurements was not better than had been obtained by other
~experimenters, for instance in the case of argon at Leiden by Crommelin
and Onnes®! and coworkers, at Reichsanstalt by lobborn,62 by Masson®3,6%
and coworkers, at the Van der Walls laboratory by Michels®> and coworkers
and by Bridgman®®,87, Therefore, a means was sought to exploit the ad-
vantages of the cloud chamber. Data would not be taken recording pres-
sure, volume and temperature, but recording only pressure and tempera-
ture during a constant entropy process. Data of this type plotted on a
temperature entropy diagram, should yield a vertical line if our results
are consistent with the diagram.

The remaining question is, just what sort of accuracy must an ex-
periment provide so that the data obtained is of equal or better quality
than the published data. A true error analysis of published data is dif-
ficult to carry out. One can judge, however, from the number of signifi-
cant figures published in a table, the confidence with which an author
rates his calculations. This confidence is expressed by publishing one
more significant figure than the accuracy of the computations would

indicate. This is a necessary evil, however, in order that internal



consistency might be obtained. Using this criterion, the data taken
should exceed the accuracy of published data if pressure measurements
are maintained to an accuracy of 0.5 mmlig and temperature measurements
to 0.05 C°.

With very little modification, the Wilson expansion chamber of
this laboratory may be used for making thermodynamic measurements.
Temperature and pressure are recorded during an expansion or compres-
sion of a zas under conditions of constant cntropy. These measurcments
must be made with extreme accuracy and specd.

3-6.1 Obtaining a pure atmosphere. A new cloud chamber was constructed

for this work. It has the advantage of a larger available piston motion
so that sizable volume ratios might be obtained without partially filling
the sensitive volume with water.

Asserly of the new cloud chamber was done with the greatest care.
Every bolt, nut and screw was cleaned with the same care that one would
use in a hospital surgical room. The sensitive volume was exposed only
to the rubber diaphram, O-ring seals, stainless steel and glass.

In order that no water vapor or other volatile material cnter the
chamber, a dry ice and acetone cold trap was installed in the inlet line
to the sensitive volume. This cold trap was kept in operation at all
times during the period from assembly of the chamber to the completion
of the data taking. Each time a new gas or gas mixture was used, a
flushing operation was performed which virtually eliminated all traces
of the former gas. A vacuum pump was uscd to remove as much gas as
possible., New gas was then run into the chamber so that the final pres-
sure was about three atmospheres. This gives a flushing action whereby

three-fourths of the gas is removed each time so that the remaining gas
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of the former kind after filling is about twenty-five percent of the
totail. Usually cight flushing operations of this type were performed
for each gas exchange with the result that the purity of the gas as it
came from the cylinder was the determining factor in its purity in the
cloud chamber.

A pressure transducer such as is used in this laboratory has a
natural frequency of 40,000 Hertz. The oscillograph galvanometers
have the slowest response of any component in the pressure detection
system with a flat response from zero to 240 cycles per sccond (lieiland
type M400-120, 8.62 MV/in, undamped natural frequency 400 cycles per
second). Amplifier frequency response is good enough that no differ-
ence in gain is noticed for a d.c. signal or a ten kilocycle signal.
The ﬁet result of the pressure detection system is that pressures are
measured to *0.02 percent accuracy with a time response which is short
compared to anything happening in the cloud chamber.

The thermocouple employed in these measurements was designed to
minimize thermal pertubations due to the thermocouple itself while main-
taining the lowest possible resistance. The thermocouple is shown in
Fig. 21 and its position in the clcud chamber in Fig. 22. It is neces-
sary to maintain the lowest possible resistances for the thermocouple
element since the noise level at the output of the amplifier is roughly
proportional to the input impedence. In the case of chromel-ulumel the
output is of the order of forty microvolts per degrce centigrade. In
order to read a temperature to one-hundreth of a degree, it is there-
fore necessary to know the voltage coming from the thermocouple to bet-

ter than one microvolt.
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Considering thatwide band d.c. amplificrs generally have a noise
level referred to the input of the order of tens of microvolts it is
easy to sec the difficulty in trying to accurately read an output signal
to one microvolt. The Model 3101 Californmia Instruments amplifiers used
in this laboratory have a rated noise level of seven microvolts rcfer-
enced to input. Four amplifiers were available so a complete check of
ecach was made to determine which had the lowest noise level in the cir-
cuit configuration used with the thermocouple. The amplifiers were run
in the potcntiometric mede since it showed consistently lower noise
levels than the differential mode.

Noise level tests with shorted input were made and recorded for
cach amplifier. It turned out that two of the amplifiers just met
spccifications while two were significantly better. Of the other two,
one had a noise level of five microvelts peak to peak. The thermocouple
usced has a resistance of approximately 390 ohms. This value of carbon
resistor was then placed across the input of each amplifier and a check
made on the noise level. As expected, the noise level was higher, but
only by about two microvolts in the case of the lower noise amplifier.

A triply shiclded twisted pair cable 25 fect long was constructed which
has thrce 95 percent ccverage shields. This cable was attached to the
amplifier input and shorted, at the other end. Shorted at the end, it
gave practically no noise increase, but with the 390 ohm resistor in
place, the noise level was intolerable. It was therefore decided that
the amplifier must be placed as closely as possible to the thermoccuple
so that stray capacitive pickup would be minimized.

After the thermocouple was installed and connected to the amplifier,

several configurations of grounding the shields were tried. At best, the
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noise level referred to the input was down to about eight microvolts
peak to peak. This included about five microvolts due to the amplifier,
one microvolt duc to the bias module and two microvolts duc to stray
pickup by the thermocouple.

It should also be mentioned that the thermocouple hanging out in
the center of the cloud chamber as it did, acted as a very good antenna,
picking up signals from every valve and a.c. power line in the vicinity.
There was rno alternative but to encase all operating valves in a copper-
clad one-sixteenth inch iron case. Even the sola transformer operating
the amplifier had to be moved from under the chamber. IWhen all these
changes were made, the noisc level was again down to about eight micro-
volts peak to peak of mostly sixty cycle noise with some 400 cycle noise
from the chopper in the amplifier.

Luckily, the noise peaks from the pressure signal and from the
temperature signal were in phase. There also was a flat place in the
signal between each peak which corresponded to a period of zero noise
level. Because of this, even though noise was present in the signal,
readings were taxken every 1/120 second during the quiet period of the
noise cycle, thereby achieving the same effect as if the noise were a
factor of ten smaller. One disadvantage of this is that in orxrder to
get a large number of data points on each run, the expansion or compres-
sion time had to be increased almost to the limit. A block diagram of

the temperature measuring system is given in Fig. 23,

Therimal characteristics of fine wire thermocouples. The output

3-7.

response of fine wire thermocouples to a changing environment created
by an expanding gas is more complex than many investigators have

recognized. The seemingly instantaneous response to a fast expansion
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has been erroneously assumed to be indicative of the accuracy with which
the thermocouple follows the temperature change. 1t was the purpose of
this investigation to place the interpretation of fine wire thermocouple
measurcments on a sound basis. The commercial availability of 0.0005 in.
dia. thermocouple wire and the rclative case with which thermocouples can
be fabricated from this size material strongly recommend it for temper-
ature measurements. liowever, data taken in an expansion cloud chamber
with such fine wire thermocouples indicated that the thermal capacity of
the thermocouple itself was not negligible.

Let us look briefly at the physical situation. The thermocouple
is initially in thermal equilibrium with the gas. Suddenly the gas
temperature begins to decrease. The thermocouple wire has a finite
thermal capacity and must communicate its excess heat to the surrounding
gas by diffusion,

If the expansion proceeds at a constant rate, the temperature of
the surrounding medium drops nearly linearly and the thermocouple becomes
a steady source of heat just as surely as if it were being heated with an
¢lectrical current. Now under these circumstances the rate of diffusion
of heat away from the thermocouple will adjust itself so that a stcady-
state condition exists, i.e. heat diffuses away from the thermocouple
just as fast as it is being developed in the thermocouple (to use the
electrical analogy). The establishment of the steady-state requires of
the order of 10" scc. and so we see a very fast response to sudden en-
vironmental changes. But the temperature being indicated by the thermo-
couple is not the true temperature of the gas.

The question then arises, how far off are the temperature rcadings?
This point cannot be resolved by experiment alone. First let us decter-

mine the speed with which temperature equilibrium is attained within the



therimocouple wire itself. The solution to this problem is given by

Churchill.®8

2 K t
T(r,t) = 1-2 E Jolanr/r) e—(Oln E;.;bé] (3-11)
n=1anJ1(an)

where « is the thermal conductivity, Cp is the heat capacity, ry is the
radius of the thermoccuple and the o, are the zeros of the Bessel functions.
ayp = 2.405, ap = 5.520, a3 = 8.654 and a, = 11.79. The chromel-alumel
thermocouples used were made from 0.005 in. dia. wire. It is seen that
a perturbation on the outside of the thermocouple is felt at the center
with a half life of 3.0 microsec. After ten microsec. the center is
within two percent and after 100 microsec it is within 1078 percent of
the outside temperature. Therefore, the relaxation time of the thermo-
couple itself is completely negligible. This is, of course, one necessary
ingredient for fast response.

The calculation of the heat flow from the thermocouple surface out
through the gas is much more difficult because the radial symmetry is
lost when the gas begins to move past the thermocouple as it does in
expansion cloud chambers. l!lowever, in this case the gas velocity is
small and laminar flow may be assumed,®3,70

Since things are everywhere the same in the direction of the axis
of the stretched out thermocouple wire, the problem rcduces to a two
dimensional hcat flow problemn.

aT 32T 52T

el Supea s X 3-12
Cpat '(:g_ ax’z + ayz + f(X,)’,X,t) ( 1 )

where Cp is the heat capacity of the gas at constant pressure and xg is
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the thermal conductivity of the gas. (f(x,y,i,t) is a source funﬁtion
which allows for varying expansion speeds and also allows for the motion
of the thermoccuple through the gas. Only numerical solutions of this
problem were attempted.

Figs. 24 and 25 show the results for an expansion in dry argon.
The 0.0005 in. dia. (12 microns) thermocouple was located 3 in. from the
top glass. The evacuated chamber was filled with tank argon which was
passed through a liquid nitrogen cold trap to insure its dryness. Note
that Fig. 25 indicates close agreement between the theoretically pre-
dicted thermocouple temperature and the mcasured thermocouple temperature.
The differcence is about 1.5 C° after a short time for a gas velocity of
2 cm/sec. Clearly, the fast response of the thermocouple is no indica-
tion of thc accuracy with which it reads the gas temperature.

A simple calculation shows that the heat capacity of the wire is
sufficient to cause a 0.1 C° rise in temperature in a cylinder of gas
with a radius of 0.3 cm. This is only misleading since the small grad-
ients make the dispersal of the evolved heat very slow.

Isracl and Nix’! investigated the thermodynamic procecsses in the
Pollak counter by inserting a fine wire thermocouple into the dry cham-
ber, Fig. 26. They reported only a fraction of the temperature change
expccted from a calculation of the temperature drop by means of the
adiabatic law. This result is exactly what one would expect from the
foregoing analysis.

Moreover, their Fig. 2 showed a peculiar anomaly at a time of 1.5
sec. One can explain this feature as follows. At the cnd of the ecxpan-
sion the thermocouple still has a heated gas mass surrounding it and so
it reads a temperature which is too high. The heating of the gas adja-

cent to the walls excites convection currents which take a moment to get
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started. At 1.5 sec. after the expansion the convective motion sweeps
the heated gas surrounding the thermocouple away, allowing it to read
a temperature which more clesely approximates the true temperature.
The temperature readings from about 2 sec. on should more ciosely ap-
proximate true values and an extrapolation of this part of the curve
back to the time immediately after the expansion gives more nearly the
temperature drop brought about by the expansion.

In conclusion, we might say that thermocouple measurements of gas
temperature present a degree of complexity which has not been generally
recognized. The actual response of the fine wire thermocouple (as op-
posed to the speed with which it responds to a sudden change in 1its
environment) is very slow. Moreover, the equaticns of state for the

gases tested check very well against the data obtained in these experiments.
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CHAPTER 1V

NUCLEATION MEASUREMENTS

The first homogereous nucleation mecasurements to be made in this
laboratory were made by Allard and Kassner.2C Later, additional meas-
urements were made by Kassner and Schmitt37 with some improvements in
technique and data analysis. One of the principal problems was related
to the inability to adequately account for the various aspects of drop-
let growth: bulk depletion of available vapor, effect of diffusion
profiles around growing droplets on subscquent nucleation (dead space)
and competition for the available vapor supply by closely spaced droplets.
Droplet growth measurements are conspicuously lacking and much effort has
been expended in studying these effects.

The author has attempted to elucidate the disparity which exists
in the literature on the nucleation rate of water vapor by providing
comprehensive measurements of the nucleation rate as a function of super-
saturation, temperature and seasitive time. Fig. 27 shows data repre-
senting the average nucleation rate as a function of average supersat-
uraticn for narrow nucleating pulses of sensitive time 0.01 sec. The
circles represent data in argon whilc the crosses represent data in
helium, both for an initial starting temperature of 22.5°C. Note that
the data in Argon are noticeably and reproducibly higher. Dawbarn3?2
first observed this effect in this laboratory. Classical thcory predicts
no cffect on the nucleation rate due to the nature cf the non-condensible
gas. This effect might be the manifestation of the alteration in the

frce energy of the critical cluster duc to the inclusion of an argon
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atom in a clathrate like structure of water molecules in the embryo.
Pauling’2>73 has hypothesized such a hydration scheme for xenon in the
bulk water structure. Fig. 28 shows a possible arrangement of 20 mole-
cules when an ion is included in the cluster. Fig. 29 shows a possible
arrangement of 24 necutral molecules into a clathrate like structure.
These two arrangements are dodecahedral and tetrakaidecahedral respec-
tively and are the smallest possible configurations where cach oxygen
molecule has three hydrogen bonds and the bond angles are maintained
near the normal bond angle. If such a configuration actually exists,
these structures should be particularly stable and there should be a
minimum in the free energy curve for these particular configurations.

Parunge and Lodge’" have measured the effect of nonpolar gases
upon the freezing point of supercooled water. Their water was of suf-
ficient purity that small droplets normally froze at -16°C. Their data
is reproduced in Fig. 30. It is seen that there is a definite ordering
of the water moleccules due to the presence of the inert gas. Claussen
and Polglase’? have suggested that the larger voids required in the 1i-
quid by krypton and xenon might well be dodecahedral or tetrakaidecahedral,
thercby accounting for the discontinuity in the freezing points. If the
critical cluster for nucleation of the liquid from the vapor is of the
clathrate structure, krypton and xenon might well fit into the critical
cluster. This would result in a sizeable lowering of the free energy
of the cluster and the nucleation rate of water vapor in these gases
would be correspondingly increased.

Fig. 31 shows the number of droplets nucleated per cubic centi-
meter as a function of peak supersaturation for the narrowest possible
pulses. Both the 12.5°C and 22.5°C data exhibit prominent inflections

while the 31°C data gives the indication that an inflection may exist



Fige 28. The arrangenent of hydrogen honds for twenty
vater molecules in a dedecahedral configuration.

Fige 29. The arrangenent of hydrogen bonds for twenty-
four water molecules in a tetrakaidecahedral configuration.
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for higher droplet densities than could be measured in this experiment.

If the nunber of droplets (corresponding to the plateau of the inflection-
for the 12.5° and 22.5° curves and the number estimated where the shoulder
might lie for the other two helium curves) are compared, it is found that
the number is nearly proportional to the initial vapor pressurc of water
in each case. Schuster’® has measured the nucleation rate of water vapor
in an argon atmosphere as a function of supersaturation with an initial
temperature of 24°C. using light scattering techniques. lis data agreces
reasonably well with the author's both in slope and magnitude. Ilis data
reproduced in Fig. 32 shows slight evidence of an inflection at about

the same point as the author's.

Fig. 33 is a correlation of the author's data with temperature de-
pendence data found in the literature. Curve No. 1 is the author's data
for an estimated droplet density of 100 drops/cm3 or a nucleation rate
of 19,000 drops/cm3sec. Curve No. 2 is the corresponding data for 1
drop/cm3 or a nucleation rate of 100 drops/cmssec. The dashed lines
represent the path of the adiabatic expansion of the cloud chamber for
the four scis of data. Curve No. 3 is the data of Volmer and Floodl13
for a rate of 4 drops/cm3scc as estimated by Allard and Kassner.20 The
latter corresponds very closcly to the author's data for a rate of 1
drop/cm3sec both in magnitude and in slope. The ¢'s represent qucll's
data for an estimated nucleation rate of 103 drops/cm3sec. The author's
data, extrapolated to this nucleation rate, agrees reasonably well with
that of Powell both in magnitude and in slope. Curve No. 4 represcnts
the homogeneous nucleation rate data of Sander and Damkohler’® for their

estimated rate of 1 drop/cm3sec. The 6's are Powell's ion limit data.
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It is impossible to reconcije Sander and Dankohler's consistently low
results unless they actually observed nucleation on ions. Curve No. 4
also agrees well with our results for nucleation on ions.

Fig. 34 shows the decrease in the measured nucleation rate as a
function of time for supersaturations of 4.4, 4.9, 5.2 and 5.6. The
dotted lines are the expected decrease resulting from the effects of
droplet growth as calculated using the method given in the following
chapter. It is seen that the decrease in the nucleation rate cannot be
due to the effects of droplet growth. Moreover, the greatest deviation
occurs at the supersaturation corresponding to the inflection in the
curve of Fig. 31. In the data where the initial temperature of the
cloud chamber was 12.5°C, the cut-off in the nucleation process with
increasing sensitive time is even more pronounced. In this case, cvery-
thing that is going to nucleate does so in the first 0.01 sec, for
supersaturations between 6.0 and 6.5. Because of the unexpected nature
of this data, both the 12.5°C and 22.5°C data were repeated scveral wecks
after the initial data was taken. There was complete agreement with the
previous data for both temperatures so it was felt that the data were
accurate.

It is the cut-off phenomenon which indicates the prescnce of a
heterogencous nucleating agent. This effect is clearly not due to
nucleation on ions. A clearing field of 80V/cm is maintained until
the beginning of the expansion. O01d ions are swept out and ion tracks
show clearly at a much lower supersaturation.

Nucleation rate measurements have been carried out in this labor-
atory since 1960 and the results have all been self-consistent. The
purity of the helium-water vapor system used in the experiments has var-

ied widely without any change in the results. Water purification methods
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have included deionization columns, ordinary glass distillation systems,
distillation columns preceded by a charcoal absorption cell and the
method described in Chapter II. None of these have produced any vari-
ance in the results. It is difficult to imagine any ordinary impurity
which would be present with the observed consistency and in the small
concentrations observed in these experiments (30 to 100 molecules/cm3).
Because the concentration of the impurity varies in proportion to the
initial vapor pressure of the water, it seems likely that this parti-
cular nucleating agent is a neutral product formed through the action
of ionizing radiation on the water vapor.

The data in the literature seems to be separable into two basic
groups. One, such as the data of Volmer and Flood,!® where measurcments
have been made yielding very small droplet densities and another, such as
the data of Powell,!® where measurements have yielded large droplet den-
sities, sece Fig. 33. Both of thesc are in good general agreement with
the auther's results, so it seems likely that the other observations
have also recorded thevsame effect. Moreover, this mode of heterogene-
ous nucleation retains many of the characterististics of the homogeneous
nucleation process and possesses a critical supersaturation limit very
close to that predicted by the Becker-Doring theory. The similarity with

the homogeneous nucleation process gives a clue as tc the nature of the

process.
Since the normal rate of ionization is due to both cosmic rays and

natural radioactivity, the rate of production of molecules of the nucle-
ating agent would be expected to be fairly constant with the largest
fluctuations being due to cosmic ray showers. Cloud chambers cycling
at a regular rate would be expected to experience about the same build-
up between expansions whereas devices operating with irregular cycle

times could easily experience large deviationms in results. The scatter
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of data points expericnced in this work near and below the plateau is
reminiscent of that found by Allard"® in his data for nucleation on
random ionization. It is believed that this may explain the scatter
of results displayed by Katz and Ostermier3® for water since they prob-

ably cycled their diffusicon chamber at irregular intervals.

4-1. Theory. In classical nucleation theory it is assumed that small

clusters of water vapor molecules possess the properties of bulk water,
i.e. they have a definite temperature and their surface may be char-
acterized by the bulk surface tension for water. When a vapor molecule
impinges upon a cluster, a quantity of Gibbs free energy, kTIrS, is
relecased in the transformation from gas to liquid, assuming that the
cluster may be considered as bulk water. However, the volume of the
cluster must increase with the addition of each molccule so that some
of the above energy goes into the creation of new surface, the total
surface free energy of the cluster of radius r being 47rlc. Hence, the

energy of formation of a homogeneous cluster is

AG, = -NkT1nS + 4nr?o (4-1)

-4/3 wr?n;1nS + 4wr?o

where N is the number of molecules in the clustecr, k is Boltziann's
constant, T is the absolute temperature of the gas, S is the supersatur-

ation, ¢ is the surface tension and nj is the molecular density of 1li-

quid water.

. 2
Since the volume has an r3 dependence and the surface has an r

dependence, there is always a maximum point in the plot of free energy

against radius. The radius to which the maximum free energy belongs
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is called the critical radiZus and is found by differentiating the Gibbs

free energy. The critical radius

r* = 20/n kTInS (4-2)

so that the frce energy AG* of the critical cluster becomes

AG* = 4/3 ﬂr*3nLkT1nS + 4nr*2g {4-3)
16763
= 3T KTInS]2 (4-4)

where 4/3 nr*3nL is the number of molecules in the critical cluster,

It is conjectured that a chemical reaction may take place between
a molecule of the heterogeneous nucleating agent and a watcr molecule,
It is also assumed that clustering proceeds upon this complex chemical
entity in much the same way that it does upon the clusters in the homo-
geneous case. The energy of formation of a heterogeneous cluster, i.e.

a cluster including the chemical bond of energy e, is
AGg = -4/3 nr3nLkT1nS + 4nr?0 - ¢ (4-5)

It is seen that because the ¢ term is independent of radius, the criti-
cal radius of the hetecrogeneous cluster is identical with that of the

homogeneous cluster (neglecting the size of the single chemically active

molecule) so that

r* = 20/n kT1nS (4-6)

and _ 16110'3__ . 4_7
AGE = 3(n kTInS)? € (4-7)

The free energy of a cluster as a function of radius is shown in Fig. 35

for both the case of the homogeneous and the heterogeneous clusters.
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A small stable cluster of radius r. exists at saturztion which serves
to give the heterogeneous clusters a slight head start in the fluctuation
process. The author is fully aware of the shortcomings of the classical
liquid drop theory and in particular the difficulties which arise when
the theory is appiied to very small clusters.

The gas is assumed to obey a Boltzmann type distribution law. It
is therefore assumed that the probability of occurrence of a prccess is

determined by the cnergy required to establish the process, i.e.,
P = exp(-AG/KT) (4-8)

where P is the probability of occurrence of a cluster whose free cnergy
of formation is AG, k is Boltzmann's constant and T is the absolute
temperature. If Ny is the density of monomer water molecules 1in the
gas and N. is the density of the heterogencous nucleating centers, the
expected density of clusters of size g of both the homogeneous and the

heterogeneous types, Ngh and Ng., is

Ngh = Ngexp(-aGh/kT) (4-9)
Nge = Ngexp(-AG./kT) (4-10)

Fig. 36 shows how the number, Ngp, of clusters of size g varies with g.
The minimum of the curve is the critical cluster size. The distribution
is assumed to cut off at a value of g slightly larger than g* (say about
2g*, the exact value is not critical) so that an infinite supply of va-
por is not required to maintain the distribution. It is assumcd that
each cluster which becomes larger than g* by the aquisition of another
vapor molecule becomes a free growing droplet and will continue to grow

to macroscopic size. In the classical theory, which is a precatastrcphic
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thcory, these droplets are assumed to be broken up by a Maxwell demon
and returned to the vapor as monomers so that a stcady state is main-
tained. The nucleation rate is the number of droplets growing larger
than the c¢ritical size per unit time. Therefore, the nuclcation rate
is the product of the number of critical size clusters and the proba-

bility of the critical cluster acquiring another molecule. Hence

L pAmr*? e [L6TO% ]
4nr+? 167wa3
= 22T exp- e - -12
Je = ‘imkTy/2NecxP [Sk'l‘(nLk‘l‘lnS)z ,-(%] (4-12)

where p is the vapor pressure oftthe water and m is the mmass of a water
molecule.

It is assumed that the number density of monomer water molecules,
Ny, is so large that its value does not change sensibly during the nu-

cleating process. N. is much smaller, however, and the supply of these
heterogeneous nucleating agents is quickly depleted. Therefore, a sit-

uation analogous to that of radioactive decay in nuclear physics coxists.

NE = PeNe (1-13)

where Pg = Je/Ng.

This equation is integrated from time t=0 to time t=t and from the initial

density N., to instaptaneous density Ng.

Ne  an t
J Ne = _| p_dt (1-14)
MNe - [,
Neo © 0
Ne = Ngoexp-(Pgct) (4-15)
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The total nucleation rate is the sum of the homogeneous and hetergeneous

nucleation rates

J=Jy+J (4-16)

_ p4n£:E_ 16m03 €
= (2mmkTy M/ 2| OXP BT nkTIng] 2 NO’Neoe’T’(‘pet*R’f

The second term in the right hand bracket is the heterogencous contri-
bution to the nucleation rate. Fig. 37 shows how the nucleation rate
varies with supersaturation. The dotted line is the path taken by the
cloud chamber during an expansion. Depletion of the heterogeneous nu-
cleating centers brings the rate down to that of the purely homogeneous
level in a short time.

If the classical liquid drop model is assumed to be valid, one can
surmise several things about the free energies and cluster sizes from
the data. Putting the free energy into the form of Eq. (4-3) instead
oftthat of Eq. (4-4) Erings out the dependence of the critical cluster

size and surface energy terms more clearly.

4«3
: Anr*2 (zmT*7ny . €
J= %ﬁml/Z(s ST Mdxp-anr2o/KT| (NgtNggexp (-potofp) | (4-18)

It is seen that the slope of the curve on a plot of InJ vs. S for con-
stant temperature will give the number of molecules in the critical
cluster, 4/3nr*3nL. This would indicate that the critical size may only
be 35 and not the 80 predicted by the Kelvin-Thompson equation. This is
not surprising since it has been shown’® that the surfacc tension of
small drops should be lower than that of the bulk liquid. If this is the

case experiments, such as those using nozzles for which it is predicted
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critical cluster sizes are of less than ten molecules, must be re-
considered.

It is also seen that the slope of the plot of InS vs. 1/T gives
the surface energy per molecule in the critical cluster which differs
in the two cases. The slope of the curves for the homogencous and
heterogeneous nucleation must be different because the heterogencous
slope has included in it an extra e/(4/3nr*3nL) term. Morcover, the
theory of this chapter predicts a smaller slope for the case of hetero-
geneous nucleation which is in agrecment with experimental data. There
is also the additional effect duc to the initial vapor pressure of the
water vapor which is ancther temperature dependence which mrst be inclu-

ded when intercomparing data of different starting tempcratures.



CHAPTER V

DROPLET GROWTH

In order to assess the effects of droplet growth upon the nucle-
ating vapor, a detailed calculation is required which accounts for vapor
depletion, reclease of latent heat and the effect of the nonuniform vapor
and temperature profiles around the growing drop. An exact calculation
is impossitle without resorting to the theory of nonuniform gases.
Computational complexity of such considerations are discouraging. It
1s apparent that a simpler version of the theory will be quite adequate
for the purpcses of this work provided that the depletion of vapor and
the evolution of latent heat never become a dominating effect.

The problem of the diffusional growth of liquid droplets from the
vapor has been considered by numerous investigators. Frisch and Collins’?®
exteaded the range of validity down to droplets whose diameter was of
the order of magnitude of the mean free path of the gas molecules. They
relegated the entire thermal diffusion process to a simple accommodation
coefficicent which would appear to lose the complex interdependencies of
the thermal diffusion process on other physical parameters.

lagge, Becker and Bekow80 formulated a solution for thc mass flux
which connects continuously to the surface of the dreop via a connection
with kinetic theory. lowever, they do not follow similar considerations
in the case of thermal transport. Mason®! takes into account kinetic
interactions with the surface by deriving a modified diffusion coefficient.
Although it scems teo be implicitly implied, he makes no mention of the

concept of either a temperature or vapor jump at the surface otf the drop.
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Beucher8?

develops a purely kinetic treatment of droplet growth which
is valid down to the size of the critical nucleus defined by nucleation
theory. He finds that the heat capacity of the droplet accounts for
about half as much power as the creation of new surface, both effects
dving out simultaneously at about twice the critical radius.

Neiburger and Chien®3? calculated droplet growth assuming macro-
scopic diffusion processes. They accounted for curvature, hygroscop-
icity and heating caused by the release of latent heat. They, however,
neglected the effective modification of the diffusion coefficicnts at
the droplet surface and, hence, did not account for a temperature or
vapor density "jump" at the droplet surface.

Schuster’® calculated droplet growth taking into account the ef-
fects of decuble diffusion of heat and vapor. lle assumcs, for simpli-
city, that the shape of the diffusion profile outside the droplet may
be described by the function 1 - exp(-Rp/r) where Ry is a paramecter of
the order of the mean free path. This function is used to calculate
the vapor density at a point just outside the surface of the droplet.
He used kinetic thcory to calculate the actual rate of growth of the
droplet. Iiis solution is iterated through time in much the same manner
as the author's. This technique in conjunction with a serics approxi-
mation for the above mentioned exponential allows the problem to be
solved in closed form.

Carstens®* intercompares the predictions of the stcady state and
the non-steady state versions of the diffusion droplet growth thcory.

It was found that a cellular approach to the quasi-steady state theory

. 85
very closely approximates the nonsteady state theovy. Reiss and La Mer

demonstrated the cffectiveness of the cellular model but only considered
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vapor diffusion. More recently the cellular model has been used by
Zung®® to describe the evaporation of clouds and sprays. Smith>3 de-
scribed the cvaporation of very small water droplets utilizing a kinetic
connection at the droplet surface. HNowever, he did rot use a cellular
model.

Carstens and Kassner87 discuss in some detail various aspects of
droplet growth theory as they apply to cloud chamber measurcments. The
droplet growth theory utilized in this work is largely based upon their

conclusions.

5-1. Droplet growth equations. Most cloud chamber experiments are ar-

ranged such that droplet growth cccurs in a medium composed of a vapor

in dilute solution with an inert gas. Vapor diffusion and thermal dif-
fusion are both controlled by the nature of the inert gas. In the region
where droplet radii are much larger than the mean free path cof the gas
molecules, the quasi-steady state diffusion equations constitute an ade-

quate description of droplet growth.

Vzp

i

Ke (1) (5-1)

92T

Kr(t) (5-2)

where p and T are the vapor density and temperature and Kp(t) and KT(t)
are homogeneous source functions which account for changes in the bulk
vapor and temperature of the gaseous system brought about by external
means.

Power balance is required at the droplet surface. The latent hecat
liberated by the condensing flux of vapor molecules must be carried away
by the process of thermal diffusion which is accomplished principally

by the noncondensible gas under our partijcular conditions. It is assumed
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that the dropliet maintains a uniform temperature throughout its interior

and that the steady state temperature of the droplet is always maintained.

do
dr

dT

DL Ka?

(5-3)

r=q r=a

where D and k are the mass and thermal diffusion coefficients respectively,
L is the latent heat of condensation and g is the radius of the drop.

The contribution of surface free energy and the thermal capacity of the
drop are negligible throughout the region éf interest in this work.

The specification of the outer boundary condition requires some
physical insight. The principal defect in the steady state theory lies
in the fact that the diffusion profiles prematurely cxtend to infinity.
Since we cxpect to be able to calculate the diffusion profiles outside
the droplet for the purpose of calculating the dead space, it is desir-
able to cmploy the cellular model. The imposition of an impermeable
sphere of radius R which serves as the reservoir for heat and vapor for
a droplet, eliminates to a large extent the errors in the diffusion pro-
files introduced through the use of the quasi-steady state equations.

For a truly isolated drop, R should be chosen so that the integral
of the vapor depletion throughout the vapof density procfile gives the
mass of the drop. Under such a constraint p(R) would remain constant
throughout droplet growth and R would be moved out indefinitely as growth
proceeds. Similar arguments apply to the thermal diffusion process, in
general R(T) and R(p) being different. However, where a system of drop-
lets exists the period of such isolation is short lived and the R spheres
for different droplets begin to overlap. At this point a type of aver-
aged competition for the available vapor becomes active. Strictly speak-_

d
ing, a distribution of R's should be employed such that the 3%' are the
R
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same for all droplets. llowever, Kassner and Carstens®® have shown that
the distribution of R's does not appreciably affect droplet growth rates
until droplet densities exceed 108 drops/cm®. Therefore, it is feasible
to use the same size impermeable sphere for all droplets, requiring only
that the volume of these spheres fill all space. Fig. 38 illustrates
the mechanics of choosing the radius of the impermeable sphere.

When the drop size is of the order of the meun free path, i, its
growth is dependent upon kinetic theory. A connection may be established
between the macroscopic and microscopic regimes by cquating the corres-

ponding flux expressions:

DT = [I, - I.]6 (5-4)
r=q
dT _ i

where AT = the temperature jump between drop and vapor at the liquid-
vapor interface, C, = the specific heat per molecule of the vapor, Cg =
the specific heat per molecule of the non-condensible gas, 8g = the
average prvoportion of cnergy transfer between the non-condensible gas and
the liquid surface molecules, &, = the avefage proportion of. energy
transfer between the vapor and the liquid surface molecules, & = the
sticking probability of the vapor molecules on the liquid surface.

I5 = the flux of non-condensible gas molecules impinging on the drop
surface, I, = the flux of vapor molecules condensing on the surface of
the drop as if it were in an equilibrium atmosphere, I, = the flux of

vapor molecules impinging on the drop surface.
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38+ Choosing the radius of the impermeable sphere. “hen droplets do not compete for
vapor, the radius R of the irmperneable sphere is chosen so that there is no vapor
depletion at R. Fige ae “Then droplets are closely spaced this is not possible, Fig, b.
A practical solution chooses R, not so that %—— =0y but so that 2| 70and bulk
corrections are nade for vapor depletion (the error in the correciion is the shaded
area in Fip. c).

vot
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The existence of a temperature jump at the surface of the drop
implies that the droplet is unable to maintain the cquilibrium vapor
pressure immediately outside its surface. Both a temperaturce jump and

a vapor density jump exist.

AT = TYa) - T(@) (5-5)

[}

po = p%(a@) -p(a) (5-6)

It is assumed that IpCpAT may be neglected because of the dilutness

of the vapor. Then Eq. (5-4) and (5-5) become:

DI = /AW [199(@) 10%U (@) + W [T(a) 1o ()16 (5-7)
r=Q
dT - _
K = 1/4 p,Vg[T(a) 1aTCgSg (5-8)
r=a
where vo(T) = the average molecular velocity of the non-condensible gas

at the temperature T, and Vv(T) = the average molecular velocity of the

vapor at temperature T.

The solutions of Eq. (5-1) and (5-2) in terms of the boundary values

are for the steady state:

p(r) = pz Zo(a@) - p(R)] + o(R) (5-9)
1) = L T@ - TR+ TR (5-10)

These solutions substituted into the power balance equation give:

T(a) ~ T(R) ~ LD

p(R) - pla) _ X | (5-11)



The steady state solutions also give for Lgs. (5-7) and (5-8):

R 4D -
Ra & o(R) + v [T”q(a)]peq(a)s
oD R 4D (5-12)
Ra 27 V. [TLa)][1+T6az )]1 /2§
%%T(R) + \7 ['I‘CQ(a)}5
Rz a° v, [F(a)][1+m~e—q_(.T] /26

To obtain the asymtotic behavior of p(a) and T(a)

Wy

let D

)
]

= 1 Y
Y ﬂgvgkg
where y and y' are constants of the order unity, AV and Ag are the

mean free paths of the vapor and non-condensible gas.

Eqs. (5-12) and (5-13) reduce to

R
—4y(A /a)p(R) + p9(a)s

pla) = R&a ~ AT 12 (>-10
R YOv/@) eyl /28

.Jl_ﬁiY:}lg T(R) + T®(a) &g

T(a) =
R Aﬂng J + [1+TFﬁT,T 1/?5g

(5-15)

These equations are simplified by the approximation []rlzq( 3y /2 =

and substitution of n and n' for the remaining variables and constants

gives
p(a) = 22 + o70la) (5-16)
T(a) = n'T(R) + T¢A(a) (5-17)

1 + n!
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In the limit that the mean free path is much smaller than the drop-

let radius:

lim T(a) = Teq(R)
a/xg+m

lim p(a) = o(R)
a/Av+w

These imply the absence of local vapor depletion.
Another velationship is provided by the Kelvin-Thompson equation
which takes into account the change in equilibrium vapor density with

drop radius.

- o(a)
@ = pRl/ﬁ'QGQ(R)

p(a)

or Pty = e ) = o (Gp)

where ¢ = the surface tension, p = the density of the condenscd vapor,

R = the gas constant,
This equation when combined with the Clausius-Claperyon equation (inte-
grated for an ideal gas) gives:

PPURIT(R) o (, TOU@) -T(R)

B
p°1(a) = “—reqy~ aofeaayT@y )P Freagn ) 619

where ag = Q4/R, Q = the latent heat of condensation, M = the molecule

weight of the vapor.
There is also the equation relating mass influx to droplet growth.
d

4 3 2
=-(p= w = 4 bv
dt(DS 2°) na p,r

or a %% = %ga-[o(R)-p(a)] (5-19)
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The droplet growth process has now been defined in terms of the
variables a, p(a), p®d(a), T(a), and T€d(a) by the Egs. (5-11), (5-16),

(5-17), (5-18), and (5-19).

5-2. Solution of the droplet growth equations. A solution of the drop-

let growth equations may be obtained as follows. The power balance
Eq. (5-11) is combined with the first continuity Eq. (5-16) to elimin-

ate p(a).

o(@ = 2Re@ iy o prR)-T(@)] (5-20)

Now combine Eq. (5-17) with the above to eliminate T(a).

'T(R)+T€q
T(@ = ety PR - Fawry 2SA@ ¢ TR = IR
o(a)ed = %ﬁ'gtil (T(R) - TeI(a)) + p(R) (5-21)
eq(R)T(R) 1ea(a)-T(R) B
= P‘""i"é'@,‘)("c'{)“‘ p[a01<>Q(a)T(R) ] (a'rCQ(?zT)

TeQ(a)[p(R)+%ﬁ-[5711}1(R)] k [:Til}IeQ(a)Z 0€A (R)T(R)

ag g.- i I (5-22)
.CXPI;F(W] exp —r—c—a—(—c-i) =0

Lq. (5-22) gives the relationship between vapor density and temperature
at the droplet surface.

The integrated form of Eq. (5-19) is

A2R-a rdr 5_23
Bt Llﬁrr (M OT (5-23)
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Knowing the dropiet size at time t;, the droplect size at time t,
is determined as follows. A trial value of radius a, is picked and a
gaussian-quadrature method of integration is used to cvaluate t,. If
the calculated value of t, is not sufficiently close to the real value
of t,, a new trial value of a;, picked by a bisection scheme, is used
as the ncew upper limit of the integration. In the integration, values
of p(r) are determined from the steady state solutions in conjunction
with the connection equations and Eq. (5-22). This process is easily
carried out with an electronic computer.

Analysis of an actual data expansion from a cloud chamber is com-
plicated by the fact that the narrowest possible pulse of supersaturation
is so long that many different sizes of droplets are growing simultaneously.
The procedure uscd to simplify this situation is to divide the supecrsatur-
ation pulsc into many small time increments. Each time increment is then
assumed to have a constant supersaturation which is the actual value of
supersaturation in the middle of the time step. Droplets are nucleated
all during the time step but are assumed to all be born at the center

of the time step so that they all have the same age and size.

5-3. Dcad space calculation. A new radius of the impermeable sphere

must be calculated after cach time increment. This is because the popu-
lation of droplets increases during each time increment so that a smal-
ler volume is available for the impermeable sphere after cach new family
of droplets is born.

An approximate family population, ANy, for the ith time interval
is computed for the new family cach time by using the bulk values of
supersaturation and temperature. The exact population of the new fam-

ily is computed by integrating the nucleation rate law over the volume
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of the impermeable spheres for all the preexisting families. lence,

the number in the ith family, Nj, is

i-1 R
Ny = ] ij Rate 4nr2drat (5-24)
i=1 "aj

where At = the duration of the time step.
Knowing Nj, the total droplet population is calculated
(5-25)
The radius of the impermeable spheres is then calculated for the (i+1)th
time step.
Np FTR3 = 1 (5-26)
T3

A dead space, Vj, is defined to be the volume around the droplets
which would have no nucleation if the bulk values are used to calculate
the nucleation rate and the total drops nucleated in a step is to be

the value calculated using the exact profile, see Eq. (5-24).
v,=1-Ni (5-27)

The average radius of the dead space, rp, is then defined by the relation

L]

4/3 TTI'D3 VD 4/3 TTR3

r, = Vp!/3R (5-28)

The concept of dead space is useful as it is an indication of the

extent to which the nonuniformity in the vapor and temperature distributions
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outside the droplets affects the whole volume. As long as the dead
space is small, there is little doubt as to the validity of the droplet
growth calculations. When dead space rises to a significant percentage
of the total volume, the assumptions made concerning the impermeable
spheres must be questioned. Moreover, the dead space is used to cor-
rect nucleation rates since no new nucleation occurs within the dead

space.

5-4. The computer solution. A computer with moderate storage capacity

is required for data analysis using the technique outlined in the pre-
ceding sections. A new family of droplets is born each time step and
information such as radius, surface temperature, gas temperature at the
surface, vapor density at the surface and dead volume must be kept for
each family. The actual computer program used in this work follows the
procedure ocutlined above. Numerical integrations and solutions are car-
ried out with sufficient accuracy that errors from this are negligible.
Because of the increasing number of families which must be accounted
for with each additional time step, computer time rises as the square
of the number of time steps in the calculation. Figs. 39-45 are sample
plots of values calculated by the computer for one data expansion. A

sample computer printout is given in Appendix III.
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CHAPTER VI

© SUMMARY

The expansion cloud chamber has been developed into a precision
instrument, capable of yielding definitive information concerning
nucleation and growth of water droplets.

The gas temperature was measured in the dry chamber during the
course of an isentropic expansion. It was found that the finite heat
capacity is not negligible and must be accounted for. A computer pro-
gram was developed which solves the problem of heat flow from the
thermocouple. When the measured gas temperature is comparcd with
that calculated from the pressure measurcment using Eq. (3-1) it is
found that there is almost perfect agreement. With some refinement
of technique, the expansion chamber, using the same mcthod of meas-
uring temperature and pressure as in this work, could be used to ac-
curately calculate the heat capacity of the gas through the relation-

ship:
¢, = 7|3 ]
P oT p aT s

This method of calculation of the heat capacity is potentially
more accurate than any now available.

The nucleation rate was measured as a function of temperature,
supersaturation and sensitive time for water vapor in a helium atmosphere.
It was found that there exists a form of hetcrogencous nucleation occur-
ring above the ion limit at about the supersaturation predicted by the
This form of heterogen-

Becker-Doring theory for homogencous nucleation.

eous nucleation appears to occur upon chemically bonded centers whose
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concentration is very low and depends upon the vapor pressure prior
to the expansion. The consistency of the number of these nucleating
centers indicates that they may be the neutral product of natural
radioactivity and cosmic rays. Experiments are planned to test this
hypothesis by dosing the cloud chamber with x-rays and checking to
see if the number of nucleating centers is increased.

A semiphenomenological theory was developed along the lines of
the classical theory but which includes the chemical bond energy of
the heterogencous nucleating center. The theory predicts a different
temperature dependence for the heterogeneous and homogeneous nuclea-
tion rates and at least qualitatively explains the essential features
of the data. Modifications in the photographic technique are under
way which will allow an extension of the data to higher and lower
droplet densities. If the liquid drop theory satisfactorily describes
the nucleation of water vapor, then: (a) the measured temperature
dependence of the nucleation rate will yeild the frece cnergy per
molecule in the c;itical embryo and (b) the supersaturation depend-
ence will yeild the number of molecules in the critical cluster.

A considerable disparity has cxisted in the temperature de-
pendence of the critical supersaturation as reported by various
cxperimenters. This disparity has been in large part resolved by
properly interpreting the data in terms of the theory derived for the
heterogeneous nucleation.

It was definitely established that the nucleation rate of water
vapor is higher in an argon atmosphere than in a helium atmospherc.

This may be related to a disruptive factor due to the higher velocity
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of the helium atoms. It is however more likely due to the hydration

of the argon atcms into the critical clustcer. Such a hydration has

been hypcthized for krypton and xenon in liquid water. These two

gases have been obtained so that the same nucleaticn experiment may
be performecd in an atmosphere of each of these. If such a hydration
is involved the nucleaticn rate will be considerably higher in these

gases.
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APPENDIX 1

VARIATION OF PHYSICAL PARAMETERS

Because of the wide variation in the thermodynamic coordinates
during the course of these experiments several of the physical para-
meters which are normally considered to be constant must be included
as variables in the calculations in order that sufficient accuracy may
be obtained. ‘The variation of scme of these paramecters are discussed

in the following paragraphs.

I-1. [Equilibrium vapor pressure of water. A least squares (it was

used for the vapor pressure of water®?, sce Fig. 46.

BEelow 25°C
p = 4.58192 + .333075T + .010758T2 + .196622x1673T3

+ .216663x1075T% + .211191x107773

Between 20°C and 60°C

p = 5.92556 + .139239T + .0215602T2 - .94144x1074T3

+ .59993x10°°T"

where p is the vapor pressure in mmllg and T is the temperature in degrees

Centigrade.

I-2. Surface tension of water. Data are available for only the temper-

. - 8 . s
ature dcpendence of the surface tension of water.®? A linear approxi

mation is satisfactory for the range of interest in this work, sc2 Fig. 47.
o = 116.459 - .149228T

. . . . . N _
where o is the surface tension in dynes per centimeter and T is the ab

solute tcmperature in degrees Kelvin.
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[-3. Latent heat of vaporization of water. A linear least squares

fit was used for the latent heat of vaporization of water®9, sec Fig. 48.
Q = 746.1 - .55T

where Q is rhe latent heat in calories per gram and T is the absolute

temperature in degrees Kelvin.

I-4. MNeat capacity and compressibility of water vapor. The best avail-

able compilation of water vapor entropy data is that of Vukalovitch.?0
The interpolated values of Cp, where Cp is the constant pressure heat
capacity divided by the ideal gas constant, are given in Table II.
Figs. 49 and 50 show plots of this data. There is a definite discon-
tinuity around 340°K and 23.8 mmHg. Because of this the best curve fit

is divided into three expressions.

For any pressurc above 340°K

Cp = 3.1611

Below 23.8 mnillg and below 340°K

Cp = 2.9611 + .01201(T-240.)

Above 23.8 mmHg and bclow 340°K

Cp = 2.9611 + .01234(T-240.)

+(E%ﬁ%%%}[.1958 + .00082(T-240.)]
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p mmilg
T°K
240
250
260
270

280

320
330

340

360

370

TADLE

w

.3559

.1790
.3115
.4440
.5764
.7089
.8414
.9738
.1063
.2388
L3712
.5037

.1281

14.

. 3496
.4784
.6072
.7361
. 8649
L9937
. 0646
L1019
L1337
L1279
. 1479

.1288

.0667

.9832
.1075
.2318
.3561
.4804
.6047
.7290
.8533
.9776
.1019
. 1953
.1598
.1807

.0952

29.

The heat capacity of water vapor.

42236

.9611
. 0845
.2079
.3313
.4546
.5780
.7014
. 8248
.9482
.0418
.1395
.1599
.1807

.0955

36.778

2

.9611

.0845

.2079

.3313

.4548

.5780

.7014

. 8248

.9482

.0418

.1395

L1279

.1479

.1288

13
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The compressibility, z = (aV/aT)p, is plotted in Fig. 51. T7There

is a negligible pressure dependence.

Below 235°K

N
]

1.005 + .00054(T-325.)

Above 235°K

1.005

[
il

I-5. Thermal conductivity of Helium. A linear relationship was used

for the thsrmal conductivity of Helium as a function of temperature, 91532

The pressure variation is insignificant.
k = 4300 + 35T

where k is the thermal conductivity of helium in ergs per degree second

centimeter and T is the absolute temperature in degrecs Kelvin,

I-6. Heat capacity and compressibility of Helium, Argon, Nitrogen and

Air. In making accurate calculations of temperature as discussed in
Chaptgf 3 it is essential that the heat capacity and compressibility of
the atmospheric gases be included as variables in the calculation. For
that rcason values of heat capacity, compressibility.and the constant
(y—l)/y which is used in the isintropic ideal gas law, Eq. (3-1), have
been tabulated for Argon, Nitrogen and air from data taken from NBS
Circular #564.22 1lelijum is so nearly ideal at the temperature and pres-
sure uscd in this work that it may be considered ideal for all practical

purposes.

The heat capacity is plotted in unitless numbers as Cp/R where R is

‘s . 3 (PV/RT
the ideal gas constant. The compressibility is PV/RT + T{;%_JL—)]
P
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where P is pressure, V is volume and T is the absolute temperature.

The adiabatic constant is the compressibility divided by the heat

capacity.
TABLE TI1T1. Compressibility, hcat capacity and
adiabatic constant of Argon.
Compressibility

p atm
T°K YA 1.0 1.5 2.0
245 1.00264 1.00391 1.005912 1.00804
295 1.00173 1.00256 1.00390 1.00526
345 1.00119 1.00180 1.00270 1.00360

lleat Capacity

p atm
T°K .7 1.0 1.5 2.0
245 2.5005 2.5092 2.5139 2.5187
295 2.5042 2.5059 2.5089 2.5119
345 2.5029 2.5042 2.5063 2.5083

Adiabatic Constant
atm

T°§ .7 1.0 1.5 _ 2.0
245 .40002 .40009 .40014 .40025
295 .40002 .40008 .40013 .40020

345 .40001 .40005 .40007 .40011



T°K
245
295

345

atm

atm

TABLE IV,

.7
1.00257
1.00161

1.00109

3.5072
3.5066

3.5098

e e .

.28586
.28563

.28522

Compressibility, heat

adiabatic constant of Nitrogen.

Compressibility

1.0

1.00377
1.00242

1.60181

Heat Capacity

1.0
3.5098
3.5082

3.5110

1.00578

1.00349

1.00255

3.5141

3.5110

3.5129

Adiabatic Constant

1.0
.28599
.28575

.28533

1.5
.28621
.28581

.28539

capacity and

2.0

1.00755
1.00486

1.00365

2.0
3.5184
3.5138

3.5149

.28636
.28588

.28554

139
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TABLE V. Compressibility, heat. capacity and

adiabatic constant of Air.

Compressibility

p atm
T°K .7 1.0 _ 1.5 2.0
245 1.00246 1.00386 1.00579 1.00748
295 1.00182 1.00260 1.00390 1.00520
345 1.00103 1.00172 1.00241 1.00344

Heat Capacity

p atm
T°K .7 1.0 1.5 2.0
245 3.50015 3.50275 3.50712 3.51148
285 3.50365 3.5053 3.5081 3.5109
345 2.51345 3.5147 3.5163 3.5186

Adiabatic Constant

p atm
T°K .7 _1.0 _ 1.5 2.0
245 .2864 . 2866 .2868 .2869
295 .2859 .2860 .2862 .2863

345 .2849 .2850 .2851 , 2852
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I-7. Diffusion coefficient for water vapor in helium. No experimental

data were available for water vapor diffusing through helium. Therefore,

9y

a theoretical expression due teo Jeans”' was used. The resultant equa-

ticn is approximatcly a linear function in the rcgion of interest.
D = .000946T + .291

where D is the diffusion coefficient in cm?/sec and T is the temperature

in degrees Kelvin.
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APPENDIX I1

COMPUTER SOLUTION OF THE HEAT FLOW EQUATION
FOR A CYLINDRICAL WIRE

The heat capacity of a thermocouple is very large in comparison
to the heat capacity of a gas. Therefore, when the gas temperature is
changing the thermocouple may not be at the same temperature as the
gas. For this reason, an exact calculation of the heat flow from the
thermocouple must be performed.

Due to the difficulty involved in incorporating a time dependent
source term into an analytic solution of the heat flow equation, it was
decided to seek only a numerical solution. Moreover, a different ana-
lytic solution is required for each set of boundary conditions, whereas
the numerical solution, once it is properly programmed, will work for
any set of boundary conditions.

In an iterative numerical solution, one assumes that the partial
derivative may be approximated by finite differences.?%,9% Intecrvals
in space and time are picked small enough so that the temperature
function may be assumed linear between them. Thus, the x-axis is di-
vided into equal small increments with the points designated as T(1),
T(2)--+T(N). Stepping forward in time gives a function varying in
time. Thus, T(n,1), T(n,2)---7(n,M), where one is looking at the time
variation of the function T at the nth point along the x-axis.

The space derivative at the kEh.point along the x-axis, T(k,r),
may be taken in a forward or backward direction.

3T(k,t)_ T(k+1l,t) - T(k,t) (11-1)
oXx - Lx




—
-—
(¥2]

is the forward derivative where Ax is the x-distance between lattice

points. Similarly,

3T(k,t) _ T(k,t) - T(k-1,t)

X AX (11-2)
is the backward derivative.
Second derivatives are taken in a similar manner.
T(k+1,t) - T(k,t) T(k,t) - T(k-1),t)
321 _ 5 {aT TAX AX
. = e} e} = -3
X ax[ax o AX (11-3)

_ T(k+1,t) - 2T(k,t) + T(k-1,t)
B (Ax)2

Befere going to the full two dimensional equation, let us simplify by
letting Ax = h, Ay = h, At = K
r = x coordinate, s = y coordinate, t = time coordinate. Ea. (3-12)

becomes

T(r,s,t+1) ; T(r,s,t) _ CKhZ [T(r+l,s,t)+T(r-1,5,)+T(r,s-1,1t)
p

+T(r,s+1,t)-T(r,s,t)] + f(x,y,x,t)

(11-4)

With the equation cast into this form, it is seen that, if one

knows the value of the function T at a point and the points immediately
surrounding it at a time t, then the value of the function T may be cal-
culated for a short time At in the future. This technique is used at ali

the points in the region of interest and repeated until the time of in-

terest is reached.



Extreme caution must be exercised in picking the h and k to be
used in the approximations. Due to the iterative nature of the solutien,
when a time interval k (long enough for an equilibrium to be reached in
the space interval h) is used, the approximation for short time in the
differential equation is invalidated. If a large enough value of k is
picked so that there is even a slight error in one time interval, the
error tends to compile in successive time intervals. This is known as
an exponential instability and the solution diverges exponentially from
the true soluticen.

Fox® has a good treatment of this problem. He shows that for

At

5
(IR

this js about three times the relaxation time of a square in the lattice.

Argon at room tenperature has these possible values of h and k.
TABLE VI. Possible values of h and k for Argon

séc .625%x1076 25x10°5  1x10”5  4x10°5  16x1073 6.4x10"%  2.56x1073

cm . 000625 .00125 . 0025 .005 .01 .02 .04

Referring to the chart, a squave the size of the thermocouple cross

section requires time increments of the order of one microsecond. A pro-

blem arises when one considers that the mesh must extend outward to 0.3

cm from the thermocouple and the integration must take the time through

a period of one second. In order that the problem could be solved with

a finite size, finite speed computer, a grid mesh was set up with in-

creasing mesh size as the points recede from the thermocouple, see Fig. 53.
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" This technique allows small space intervals near the thermocouple where
it is necessary and large space-time intervals in the outlying area.

The net result of this technique is that a medium speed, medium capacity
computer is sufficient to seclve a problem normally suited to a much
larger machine. Accuracy is not sacrificed with this technique. Table
VII gives a sample of the computer output. Fig. 54 shows the temper-
ature profile around the thermocouple for the expansion shown in Figs.

24 and 25.
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TABLY VIT
QUTPUT OF THERMOCOUPLE HEAT FLOW COMPUTER PROLTRAL
Print out is in this order:

Gas temperature, Pressure, A(9,1), Time, Temperature difference

A8,1)  A(7,1) A6,1) A(5,1)  A(h,1) A(3,1)  A(2,1) A(L,1)  AL00 M1,9) A(Z,9) A(3,9) A(%,9) A(5,9)  A(6,9) A(7,9) A(8,9)

289,74 1027.1 289,74 00,1597 1,41 ' '

289,74 .239,99_290.15_290.22_ 290.41 _290.55 290,69 _290.22.291.15_290.78_290.61.290.42 290.21_290.01 289.85 289.76 289.74
269.61 1025.2 289,61 0.1413 1.41 -

280,51 200,26 200,02 200,15 290,29 290,42 290,86 290.69 201.02 290,65 290,48 290.29 290.09 289.88 289,72 289.63 289.61
200,47 1024 .P 289,47 0L1638  1.41 -

289,48 282,73 339,39 290.03 290.16 290.30 290.43 290,57 290.87 230.52 290.35 290.16 289.96 289.75 289.59 289.50 289.48
289.35_1023,6 299,35 _0,)6664 14l o | o e
283.47 229,46 209,77 289,90 290.073 290.17 290,31 290.4% 290.7¢ 290.40 290.22 290.04 289.83 289.63 289.46 289.37 289.35
289,27 1072,5 239,22 0,16 1.4?

280,84 200,583 230 484 2900 ‘_7 200,90 290,04 _200,18.290.31 290.4% _290.27.290, 17 280,91 289,70 239,50 289,33 289,25 289,22

289,09 1021.4 289,09 0,1715 1,42
28%.41 ’J(r‘,Kl 289,51 7RQ A5 283,7TR 239,92 290 05 290,19 290,51 230,14 289.97 289.78 289.58 289.37 289,20 289.12 289.09

289,96 1020,72 289,96 0 1741 .42
22T ,2R 280 322 290 3F PRO,RD 200 44 299,79 239,93 200,05 290Q,3% 220,02 209,.68% 289.66 289,45 249,24 289,07 233.99 288.96

_2838.83 _1010,1 208,903 0, 1744 1,42 . e
7219

?

Pl

5 ".;“'-1‘3 239,27 289,39 209,93 230,466 239,80 239,93 290,25 7AG.39 239,72 269,53 289.32 289.12 283.95 288,36 288,34 v

DOIOYTLO 242,70 0.1797 1,43
2 220,02 239,14 230,27 233.40. 239, 54.229.67 259,81 290,12 239.76_249.59_289.40.289.20.238.99 238,82 28073 238. 71

283,52 10i6.8 232,592 0,181a 1,43 »

288,40 288,89 270,01 230.14 789.70 230,41 239,55 289,63 200.0° 320,64 299.46 289.28 2R3,07 288,86 282,69 283.60 293,59
T3RYLESTINT5.T 239.4% D.1943 1.43 ' ~

280,77 599,76 288,98 287,02 289,16 230,28 289.42 299,55 289,59 239,51 289.34 289,15 238,94 238.73 798.56 288.47 238.45
_288.32 101%,5 282,32 0,1869  1.42 e e B e
28R KA 200,563 290 TT PHA, 89 280,02 230.16 280,28 PR4,E3 59,74 530,58 280,21 269.02 733.82 28B8.61 28R.44 288.34 288,32
284,19 1013.4 223,10 0,18304 1,44
~239.81 288 .80 252,44 2€0,74 208,90 299,03 289,17 247,30 289,62 239,26 299,08 293,00 238,69 288.48 288,31 283.22 288.19.
288.06 1012.3 283,06 0.1920  1.44

569.38 2AR.30 2a5.6]1 283.64 288.T77 2%8.01 299.04 289,18 289, 289.13 238.96 288.77 283.56 288.35 288,18 281,09 238,06
RT AN VAL e ar T s4h .44 T T T T T e ‘ o T
PR3.25 3PR.DE DRAL3R 288,51 283,44 239,78 2%3.01 289.05 299,37 249.00 298.83 283.h% 238.44 283.23 288.05 287.96 237.94
207,21 1010 Q,Lﬂl&_l,QLJQ7L, 1. 44 . ‘ e

TR, 12 D9F.12 789.26 293,38 2R7.57 JRA.55 288,70 JRR.02 IRG.25 239.8R 2BAR.TL 208.52 2BR.31 238.10 287.93 287.83 287.31
207,48 100P.9 227,62 0.1007 1,44 | .
_288.00. 287,90 228,13 _2€8,24 282,30 238,53 238.65 233,80 299,17 222,75 288,59 28R8.39 238,15 237.97 287.8C 287.70.287.68
297,55 10R7,R 247,55 0.7027  1.45 ) _

287,37 297,584 239001 232,13 238,27 298.40 238.54 283,67 228,97 293,62 289.45 238,26 288.06 287.85 287.67 287.57 287.55
PRT 4D (06,7 237.42 10,2048 17%% e
297074 297,74 297.37 223,01 288,14 292,77 288.41 283.54 288,87 233,50 288.33 288.14 287.93 287.72 287.55 287.45 287.42
287,28 1005,6 227,29 0. 2074 1. As_vkﬁ“,,«_m e . S
2RT AN TIRT. 57 P87, 76 297 R0 789,01 FARLTS 298,78 P8T.42 T IRALTIL 4% 37 288,20 208.01 287.80 287.546 287,42 287.33 287.30
2687.17 1004.4 237,17 0,2099 45

: 1. .
~2BT AR AT 04 287 .42 ,2.,1 .._ZL_;-..Z.,L’Q_._ZS.,..Q.,...Z.&S.. 16_202,20 25K,672 288,29 288,07 287 .38 28T.68 287 .41 287.29 287.20 2874117
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APPENDIX ITI

COYPUTER SOLUTTION OF THX DROPLET CGROVTH WOUATIONS
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TABLE VITI. OUTPUT OF THE DROPLET GROWTH CO'PUTER PROGRAY
Units are: Length-cm, Volume-cm®, Temperature-°K, Pressure-mmHtz, “2at-cal, Tine-sec.

TIM: INTORVAL N0, ¢
PATSCHNT = C3] 700 Mo DUPATINN OF T- 18 STF2 = 0,325000  SECOUDS
FANTLY IMTTLAL OARTHS FINAL RADTUS ve v Ao gie TEsp 0OF QROD SYR GAS TEMP AT NROP
1 4 PR AN EL NS 0302141800 -3 5, a0 266,463 2on-7222
> LN caro P URSCN] G547 - 53 20468 Z2hhe 7995 265.0552
3 (L2506 AN TS0 fLATTLAIRESA Foone3 265642533 5649906
. ;“-.](11/ U e ~oog 3’)4’)7’)‘.—{"1 TeBRQ2 71\7'("”"% 7) .59(‘3
5 AR RES (\,n:]L._:.:/{ '\_:1r\0/"’304-—(:"% 2,9410 ')(\)7.2‘}’{78 2{:,77‘;;;
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