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ABSTRACT

Both Brown and Schowengerdt (1979) and Fellion (1979) 
have noted the presence of a lag time in the onset of water 
droplet growth on aerosol particles. Both have tried to account 
for this lag time using the droplet growth model of Fukuta 
and Walter (1970), however that model has been unable to 
account for the observed lag times.

An experiment has been done in which the lag time was 
measured with improved resolution. Polystyrene spheres were 
injected into a continuous flow thermal diffusion cloud 
chamber, where the spheres acting as nuclei, grew droplets 
by condensation. The results of the experiment, in which the 
particle sizes were determined using an open cavity, active 
scattering, laser particle counter, show that the lag time 
is dependent upon the supersaturation, and the size of the 
nucleus•

A simple'model has ..been constructed in an attempt to 
describe the processes occuring when a droplet forms on a 
nucleus, and begins to grow. In this model it is assumed 
that the lag time consists of three parts* the first is the 
time to form a critical droplet embryo on the nucleus surf
ace, the second is the time needed to cover the nucleus with 
a layer of water, and the third is the time to grow the 
droplet to a size that is observably larger than that of the 
original nucleus. This model predicts that the majority of
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the lag time is attributable to the formation of the crit
ical embryo. However the model also predicts that the 
contact angle of water on polystyrene is a function of the 
supersaturation. This prediction is unexpected, and may 
be a point of inconsistency in the model.
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I. INTRODUCTION

The particulate science lab at the Colorado School of 
Mines is engaged in an examination of the nucleation prop
erties of aerosols, with the expressed desire of developing 
improved methods for removing respirable coal dust from the 
underground mine atmosphere by condensational enlargement.
The nucleation properties of particular interest are the 
nucleation effiency and growth rate. Experimentally,cond
ensation nuclei have been injected into a cloud chamber, and 
the droplets that emerge were sized by an optical particle 
counter, for various residence times within the chamber.

In the course of these studies it was found (Brown and 
Schowengerdt, 1979s Fellion, 1979) that there apparently is 
an anomalous lag time before droplets begin to form on the 
nuclei. This lag time was observed for nucleation on both 
man-made and coal aerosols, and was apparently supersaturation 
dependent. However the size resolution of the optical particle 
counter was insufficient to precisely determine the lag 
time. This thesis presents the results obtained when obser
ving this phenomeiion with an optical particle counter with 
better size resolution, and some calculations from a prop
osed model for explaining the lag time.

Chapter II is a brief overview of classical nucleation 
theory, and is followed by a look at the aforementioned 
results of Brown and Schowengerdt, and Fellion. Chapter III
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consists of a description of the apparatus used in the 
study, and of a typical experimental run. Chapter IV gives 
the experimental results, for each nucleus size, and for 
each saturation ratio. The final chapter consists of a 
proposed explanation for the lag time in the form of a 
mathematical model, and some calculations with the-mode1.
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II. PREVIOUS WORK

The theory involved in evaluating condensational en
largement of fugitive dust can be broken into two parts* 
that for nucleation of droplets of a critical size, and 
that for the subsequent growth of these droplets. Addition
ally, nucleation theories can be divided into two classes, 
the first being kinetic or classical treatments, and the 
second being statistical mechanical treatments.

Classical treatments (Volmer, 1939) treat droplet nuc
leation as an equilibrium problem between the droplet, and 
the vapor. A range of droplet embryo sizes is assumed to 
exist, all of which are continuously gaining or losing 
molecules. The nucleation rate is then the rate at which 
embryos grow beyond a critical size when bombarded by single 
molecules, called monomers. Though it is energetically 
unfavorable, occasionally an embryo will reach this critical 
radius. Growth beyond this radius results in a decrease in 
the free energy of the droplet, which encourages further 
growth.

Statistical mechanical treatment of the nucleation 
rate problem (Reiss,1977) consider the equilibrium distrib
ution of molecular clusters* the partition functions for the 
molecular clusters are integrated to find a distribution
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of embryo sizes. There is some problem with this method, 
as the embryo population spectrum is not quite in equilibrium 
Predictions made with this model (Plummer and Hale, 197^)# 
are however quite close to those given by the classical treat 
meat. For convenience then, only the classical treatment 
of Fletcher (1958) will be expanded upon.

Classically embryos grow by the impingement of mono
mers on a cluster of i molecules, also called an i-mer 
(Dunning, 1969), giving a growth series of the fopi,

A +A—
Ag-fA—»Aj
* • *
• • •
• « •

¥ A_>Ai+i •
The distribution of i-mers are given by their free energies 
(Reed-Hill, 1973)#

n^nx exp( -AG/kT),

where is the concentration of i-mers, k is Boltzmann’s 
constant, T is the absolute temperature, and A g is the 
change in the Gibb’s free energy caused by bringing i mono- 
mers together to form an embryo. Because the number of 
i-mers of size greater than monomers drops off so rapidly, 
collisions involving two i-mers, one of which is not a mono-
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mer, can be neglected.
In considering heterogeneous nucleation, the effect on 

the free energy of the nucleating particle must be taken 
into account. Fletcher (1958) has extended classical treat
ments to the case of nucleation on a spherical particle of 
radius R.

First it is assumed that macroscopic concepts such as 
surface tension and vapor pressure are applicable on a 
microscopic, even molecular, scale. Naming the vapor phase 
1, the embryo 2, and the nucleus 3* then with liquid volume 
V, and surface area S, the Gibb*s free energy of the system 
is,

where Ojj is the surface tension between phases i and j, 
and AGy is defined in the following way,

v v2tu12° 12tku23~ ^ 13jo23 '

AGv=-(kT/V) lnfp/p^.

If we write m= c o s Q ^ O ^ y -O ^ ^ /c r^ *

then this is the usual definition of the contact angle,0 , 
provided that -1= m ~ 1.
Refering to Figure 1 then;

S 2 2=271r2 (l-cosc£>) •
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Figure 1. Embryo 2 on Nucleating particle 3 in parent 
phase 1 (Fletcher, 1958)*
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V 2= ( 7 T r ^ / 3 )  ( 2 - 3 c o s ^ * f c o s 3 ^ ) - - ( 7 t R ^ / 3 )  ( 2 - 3 c o s 0 + c o s 3 0 )  f

where* cos0=(R-rm)/d ,
cosl//=-(r-Rm)/d, 

and d=(R24r2-2rRm)^ .

The critical radius is then found by setting

(6’G/5'r)=0,

and the result is that r = -20^2/AGv. Substituting in the 
critical radius with the convention that x=R/r*, then

AG*=(8wf2/3(AGv)2) f(mtX),

where* f(m,x)=l+((L-mx}/gjp+x^[2-3((x-m)/g) 4((x-m)/g)^]

43mx2[((x-m)/gy-l] ,

with g=(l4x2-2mx)^.

Fletcher estimates the nucleation rate, J, to be,

j=i+-7Q025R2 exp( -AG*/kT),

which he regards as being within a few orders of magnitude 
of the actual value. This is an estimate in that the 102  ̂
factor is not fixed, and a few orders of magnitude change 
makes little difference in the overall nucleation rate.

To this point only the nucleation of the critical 
embryo, and not the subsequent growth of the critical
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embryos has been considered. Several growth theories exist; 
one of the most widely accepted is due to Fukuta and Walter 
(1970). They show that:

However and Ip  are themselves dependent on physical 
constants;

Both cK and ]*> are experimentally determined quantities, and 
the valuesoc~1.0 and 3=0.036 are the most commonly quoted.

An examination of past results here proves interesting. 
Brown and Schowengerdt (1979) have used the Fukuta-Walter 
growth law to predict particle sizes as a function of time.

d(r2) = 2(S-l)/(a/f^+b/f3j6),

where r is the drop radius, t is time, and S is the 
saturation ratio. The terms a, b, f^,and f ^  are found 
from considerations of thermal and mass transport:

2

1 =K(2 7tMaRJĴ  
<*P(C +H/2)

V
I
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Figure 2 shows an example of the Fukuta-Walter model pre
dictions compared to the Brown and Schowengerdt data. Not 
only are the slopes of the two curves different, but when 
the data curve is extrapolated towards d=0.lyum a definite 
"lag time" appears before which no growth occurs. It would 
appear then that the time needed for nucleation is not neg- 
ligable. All of their data seems to show this anomalous 
behavior, with the lag time increasing as S decreases.

Fellion (1979) made some preliminary studies of this 
lag time.; Using .?21jUm polystyrene for nuclei, he assumed 
that the lag time was equal to the amount of time required 
to grow 50# of the particles to a size of 1.1/im. At the 
same time he calculated the expected time to reach that size 
from the Fukuta-Walter model. His results were*

Sat. Ratio Exo'l. Delay(s.) Predicted Delay(s.)
1.032 y.;,*. 0.68 to.09 0.15
1.021 1.09 + 0.16 0.20
1.012 1.28 + 0.09 0.25
1.006 1.5910.09 0.^5
1.003 2.6210.25 1.00

He concluded that the lag time may be considered to have 
two parts. The first part is the time required to nucleate 
the droplet, and the second is the time needed to grow it
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to l.lyUm. This is an interesting observation, and must be 
included in the proposed explanation of the lag time in 
Chapter V.

In this experiment the growth related lag time has been 
minimized by letting the lag time be the time at which none 
of the particles have nucleated. This is explained further 
in Chapter IV.
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III. EXPERIMENTAL APPARATUS AND PROCEDURE
A. APPARATUS

The first step in the experiment was to generate an 
aerosol with a very narrow size distribution, closely cen
tered about a single diameter* This monodispersed aerosol 
was generated in two steps* aspiration from an aqueous sus
pension, followed by electrostatic classification.

The aerosols used as nuclei in this experiment were 
polystyrene spheres^, having a very uniform size. The spheres 
come in a concentrated aqueous solution, the spheres being 
10# of the solution by weight. In our application the sol
ution is diluted by about 100*1, and the resultant fluid is 
dispersed by a nebulizer? suspending the spheres in the air- 
stream.

In the aspiration process droplets of water are pro
duced which do not contain a polystyrene sphere, while 
others contain more than one sphere. When the water evap
orates, it may leave behind either an empty shell of the 
emulsifier which was present in the original solution to 
keep the spheres from sticking to each other, or an agglom
eration of .spheres (Davies, 1966, p.23) in addition to the

1 Prom Dow Diagnostics; Indianapolis, Ind.
2 DeVilbiss, model ^0; Somerset, Pa.
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single spheres. These empty shells and clusters of spheres 
cause unacceptable backround noise in counting, and it is 
therefore desirable to remove them by electrostatic class
ification before being introduced into the cloud chamber.
Next the suspended aerosol of spheres, raultiplets, and shells 
is passed through a Kr-85 radioactive source. The ions pro
duced by the radioactive disintegration attach themselves to 
the aerosol, and give the aerosol a bipolar charge distribu
tion (Davies, 1966, p.65)* The charged aerosol is then intro
duced into a parallel plate electrostatic size classifier 
(Pig. 3).

The dlassifier (Schowengerdt and Brown, 1980) consists 
of two polished stainless steel plates, enclosed and held in 
place by a plastic case. The aerosol is injected midway be
tween the plates, and is surrounded by a flow of sheath air.

High voltages (up to ±9kv) of opposite polarity are 
applied to each plate, relative to the grounded inlet slit. 
Smaller particles have a higher charge to mass ratio, and 
as a result have a -higher electrical mobility (Schowengerdt 
and Brown, 1980). The electrostatic force on each charged 
particle causes- it. to be drawn towards one of the plates.
The smaller particles, having the higher electrical mobil
ity will then impact on the plates at points nearer the 
point of injection.

Near the bottom jaf each plate, an exit slit is cut 
into each plate. By
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Figure 3. Electrostatic Classifier (Schowengerdt and 
Brownp 1980).
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correctly adjusting the voltage, particles of a desired 
size would impact at this point, but pass out of the slit 
instead# Smaller particles impact higher on the plates; larger 
sizes impact lower on the plates, or are swept from the 
system entirely. The system is run at a slight overpressure 
to avoid leaks into the system from the laboratory.

The thermal diffusion cloud chamber used (Fig. *0 is a 
variation of Saxena*s (197*0 cloud chamber. This chamber 
provides a continuous range of supersaturations while main
taining a nearly constant midplane temperature throughout 
(Albers, 1978; Brown and Schowengerdt, 197 9 )• Sixty Thermo
couples attached to- the plates..Inside the chamber allow 
continuous monitoring of the plate temperatures.

The supersaturation ratio at the midplane, S(Tm), at any 
point within the chamber is given by (Saxena, 197*0#

S(Tm)=(p(Tt)+p(Tb))/P(Tm) . 
where p(T) is the saturation vapor density of water over a 
plane surface at temperature T. T^ is the top plate temper
ature, Tfc is the bottom plate temperature, and Tm is the 
midplane temperature, which is given by ,Tm=(T..t4T|))/2#

By using a moveable aerosol injection probe, the res
idence time within the supersaturated environment of the 
chamber can be varied without changing the carrier air



C
ar

ri
er

 
Ai

r 
St

ro
am

T-2361 16

fsl
W 4-

4-0 4-

u a.

O 4-

<

c
£
*Ob

.Qe
£JCo
T3
£O
O
co•H
50

3<H

Ctf
&u
(V
.£

I

09
O
H

•H

£
o
O

U
&

•rt
&4

CN
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velocity. The aerosol is introduced into the chamber through 
the probe, and filtered carrier air travels with the aerosol 
down the length of the chamber to the outlet. Plow within 
the chamber is laminar, and the aerosol is injected iso- 
kinetically with the carrier air flow.

The particle sizing Was done by an ASAS 300A Optical 
Particle Counter^ (Fig. 6). In this instrument particles 
are drawn through an open cavity He-Ne laser, and scatter 
light from the beam. A detector senses the scattered light 
in the near forward direction, and converts this into a 
voltage pulse. Since the light intensity scattered in the 
near forward direction is nearly a monotonic function of 
the particle size, the voltage pulse is proportional to 
the particle size. The pulses are stored and displayed in a 
multichannel analyzer, which makes up part of the elect
ronics package of the instrument.

Particle Measuring Systems, Inc., Boulder, Colorado.
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B. PROCEDURE

In each experimental run it was necessary to saturate 
the cloud chamber lining with water, in order to ensure the 
necessary supersaturated conditions. Next the electrostatic 
classifier was set to the voltage appropriate for the part
icle size to be examined (Pig. ? )•

The third step involved measuring the airflow veloc
ity within the cloud chamber by a series of time-of-flight 
measurements (Albers, 1978). Aerosol is pulsed into the 
cloud chamber through a solenoid valve, starting a clock. 
When the pulse arrives at’ the optical particle counter the 
clock is stopped. This is done for several different resi
dence times, and the results are fit to a straight line, so 
that the residence time for any injection position can be 
determined.

The fourth step is to determine the environmental con
ditions withip the chamber by measuring the temperatures 
within the chamber. Thermocouples are located at intervals 
along the flight path within the chamber, and provide a 
check on the temperature profile within the chamber.

At this point the monodisperse aerosol is injected 
into the cloud chamber at various probe positions, pro
ducing differing residence times, and a particle size 
spectrum is accumulated on the multichannel analyzer. This 
size spectrum provides the data. First a few, widely scat-
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tered probe positions were used to get an outline of the c 
critical area in the growth curve, and then the "knee” in 
the curve was examined closely by taking several measure
ments in its vicinity.

At the completion of a data run the plate temperatures 
were again recorded, and another set of time-of-flight 
measurements were made# The residence time for each position 
was determined by using an average of both of the time-of- 
flights.
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C. ERROR ANALYSIS

Maintaining the temperature and velocity within the 
cloud chamber at a constant value was difficult. If the 
temperature varied by more than 0.1°C, from the beginning 
to the end of a data run, or if the velocity changed by 
more than 7% the data run was discarded. A change of 7% in 
the velocity places a 7$ uncertainty on the residence time, 
and an uncertainty larger than that was deemed unacceptable. 
The other criterion was much more stringent. Variations in 
the temperature within the chamber of greater than 0.1°C 
were fairly common, and at the higher saturations nearly 
half the runs were disallowed on this basis.

When large numbers of particles are injected into the 
chamber, the water vapor density can be lowered due to the 
many particles nucleating droplets, and subsequently growing 
by condensation. The lowering of the vapor density causes a 
decrease in the saturation, and so the nucleation process 
can be biased towards longer times than would be expected.
To avoid this moisture depletion of the atmosphere within 
the cloud chamber, the number of particles moving in the 
airstream was kept as low as was feasible.-

While it is desired to keep the number of particles in 
the airstream low, only about one out of each 80 particles 
is detected by the ASAS 300A. In order to keep down the
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number of particles in the cloud chamber, the amount of 
aerosol injected into the chamber was adjusted so that only 
about two counts per second would be recorded by the optic
al particle counter.

Of course longer counting times will produce statistic
ally better data, but there is a constraint on the counting 
times. The constraint comes quite simply from the fact that 
after a period of time the chamber lining begins to dry out, 
and the environmental conditions can then no longer remain 
constant. This time may be as long as two hours for the 
lower saturations, or as short as one hour at a saturation 
of 1.06. Since all of the steps in the experiment, which 
were mentioned previously, must be completed within this 
time, the data collection time for each residence time 
must be fairly short. A counting time of one minute was sel
ected as being most practical. Considering all of the factors 
then, at each probe position corresponding to a given res
idence time usually no more than 120 counts were recorded.

Systematic errors can occur in the measurements if 
counts are taken at residence times in sequence! however 
this effect can be minimized by taking the times out of 
sequence. Systematic error is caused by the drying of the 
chamber lining when air continuously blows over one area of 
the lining, and by long term fluctuations in the nebulizer 
output.
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IV. EXPERIMENTAL RESULTS

As was stated in Chapter III, data were taken f o t a 
number of residence times during the course of an experi
mental run. In order to find the lag time it was necessary to 
find the percentage of the particles that had nucleated a 
droplet for each of these residence times. For each residence 

• time a particle size spectrum was accumulated on the multi
channel analyzer (MCA) for one minute. The particles that 
had been counted were separated into two classesj those, that 
were smaller in size than a set threshold were termed trans
mitted counts, while those above the threshold were called 
growth counts. It was assumed then, that those that were 
above the threshold had nucleated droplets, while those that 
were below, had not.

The division between these two classes was dependent 
on both the particle size, and the MCA size resolution. The 
MCA has 15 channels, and a change in size corresponding to. 
more than one channel was taken to be the definition of a 
growth count. Whereas two different sizes of polystyrene 
were used, two different divisions exist. For the experi
mental runs done with 0.721/im spheres, an instrument size 
range was used having a size resolution of 0.16 fjm per chan
nel. For the particles then to grow by more than one channel, 
and to be considered a growth count, it had to attain a size
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of greater than 0.92 /im. For the experiments that were done 
with 0.^60 Pm spheres, the size range used had a resolution 
of 0.05 JJm per channel, producing a growth threshold of 
0.55 pte*

Often, even for short residence times when no growth 
counts were expected to occur, a small number did. This was 
due to both scatter in the size of the particles, and errors 
due to coincidences in the scattering region of the laser 
counter. These counts cause undesirable backround in the 
calculation of the percentage of the particles that have 
nucleated. To correct the calculationythe smallest number of 
growth counts for each experimental run is found, and that 
number is subtracted from both the number of growth and total 
counts for each residence time before the percentage grown 
is calculated. The result of this was to make certain that 
at at least one residence time, and usually more, there was 
zero percent growth.

At this point the percent nucleated and residence times 
were fit to a straight line. Points that were obviously far 
off this line, or well below the lag time were omitted.The-data 
near and above the lag time do not exhibit a truely straight 
line character; it is actually a steeply rising curve, how
ever to first order the data do follow a straight line above 
the lag time, and this was deemed sufficiently accurate. The
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straight line then had the form P^a+bt, where p' is the per
cent nucleated, t is the time, and a and b are parameters.
The lag time is then determined by allowing p'to go to zero 
so that,

t a/b.

The results of one typical run at each value of the 
saturation ratio for each particle size are presented in 
Figures 9 through 16. On each figure the fitted straight 
line has been inserted, and the lag time labeled.

The results of all of the runs at each saturation ratio 
have been tabulated to Figures 1? and 18. When the lag times 
are plotted as a tonctibn: of the saturation ratio (Fig. 19) 
a curve through the points can be drawn. The^points were
fitted to an exponential, and the solid line through the

*

0*721 /im data is the best-fit exponential curve.Though a de- 
pendencd^of tthe lag t time onrthbt super saturation is not unexp-* 
ected * thetreasori for ~:thb data > fitting an exponential to not 
known. It may be a coincidence, however the goodness of the 
fit would indicate that there may well be a fundamental rel
ationship between the variables.

The position of the data for 0.4-60 ̂ m spheres suggests 
that there is a size dependence to the lag time. This is 
expectedj it implies that smaller particles form droplets
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RUN #8

* 0.35
 1 1 “

0.40 0.80 1.20RESIDENCE TIMEC SEC) 2.000. 00 1 .60

Figure 9* Percent Grown versus Residence Time for 0#721/im
Polystyrene at S=1.06l.
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RUN #24

0.62
0. 00 1 . 2 00 . 80 1 .60RESIDENCE TIME( SEC)

Figure 10. Percent Grown versus Residence Time for 0.721
Polystyrene at S=1.036.
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RUN #13

<s_

vO_

~~7 Q
Ooi_

0.96
2.001 .600 . 80 1 .200.00 RESIDENCE TINE( SEC)

Figure 11. Percent Grown versus Residence Time for 0.721/Um
Polystyrene at S=1.022.
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RUN #21,

■Via
1 .20 2.001 .600. 80.00 RESIDENCE TIMECSEC)

Figure 12. Percent Grown versus Residence Time for 0.721,Uni
Polystyrene at S=1.Q11.
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Figure 13. Percent Grown versus Residence Time for 0.460f j . m

Polystyrene at S=1.056.
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RUN #34

1 . 60.00 0.80 1 .200. 40RESIDENCE TIMEC SEC)
Figure 14. Percent Grown versus Residence Time for 0.^60^Jm

Polystyrene at S=1.033«
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RUN #26

0.61

2.001 .601 .200. 00 0. 40 0.80RESIDENCE TIMECSEC)
Figure 15. Percent Grown versus Residence Time for 0.4-60 f l m

Polystyrene at S=1.020.
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RUN #32

2.001 .20 1 . 600. 40 0. 80.00 RESIDENCE TIMECSEC)
Figure 16. Percent Grown versus Residence Time for 0.460/im

Polystyrene at S-1.010.
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Figure: 17. Summary of Results for 0.721 ̂ un Polystyrene.

g— 2---- — — 2------ — -
3 le062 • 37 ±.05
5 1.062 .32 ± .02
8 1.061 . 35 ± .09
10 1.060 .33 ± .06

MEAN 1.06l • 3^±.01

19 1.036 . 60 ± . 10
23 1.037 . 661.12
24 1.036 .62 1.07

MEAN I.O36 .63 £.65

13 1.022 .96 ±.13
1.021 .85 ±.10

15 1.022 • 95 £•13
16 1.021 .89 ± . 18
17 1.020 .851.13

MEAN 1.021 . 90 z .06

20 1.011 1.04±.29
21 1.011 1.10 ±.36
22 1.011 1.01± .26

MEAN 1.011 i.05± .19
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Figure, 18. Summary of Results for 0.4-60 Urn Polystyrene.

n u n  fF J b  s X ^

29 1.056 • 25 ± * 05
30 1.055 .26 ± •14

MEAN 1.056 .25 ±.04

33 1.034 .39 ±.05
34 1.033 .43 ± .04

MEAN 1.034 .41 ±.03

26 1.020 .61 ±.12
28 1.020 .61± .09

MEAN 1.020 .6l± .0?

31 1.011 .6l± .12
32 1.010 . 64 ± .02

MEAN 1.010 .62 t.0*
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more rapidly. The exponential relationship for the 0.721 jum 
particles was then altered pn the assumption that the lag 
time is proportional to the particle radius, K. This makes 
the empirical formula used before general, and applicable 
to other sizes. The resultant empirical expression is then,

t1={2.62 x 1010)(R)EXP((-22.63)(S)),

where S is again the saturation ratio, and the radius is in 
microns.

When an initial diameter of 0.460ju.m is inserted into 
this formula, the curve through the 0.460jj.m data in 
Figure 19 results. The agreement between the empirical 
equation and the data is good, until lower values of the 
saturation ratio are reached. Since it would be expected that 
the time to nucleate a droplet would become quite long for 
saturations nearing one, the experimental data may be the 
source of the difference.

The experimental data, and the values calculated by 
the empirical formula, give rise to the following compar
ison* where1 it can be seen that the calculated and exper
imental values agree well.
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Diameter s S : t1(Exp.) : t,(Calc
0,721 1.061 .34 ±.04

1 ...
• 348

1.036 .63 ±.07 .617
1.021 • 90 ±.07 .864
1.011 1.05 ± .22 I.096

0.460 1.056 .25 ±.11 .251
1.034 • 4l± .04 .417
1.020 .61 ±.11 •571
1.010 .62 ± .09 .706



T-2361

rH
C M

o

>oo

in<3

cd
a®a•H
u0)PiXw
•PO
u
o

J - O  •

<£Z
n-,q ZLv O  i— i
I—  <  Q£ 

cmDQ |—
CO

o•H-P
CdDS
fl,o'
*H■P
Cd
P■Pcdm
m
p
09Sxa>>
<Da
&
cd

CO©PHtd>
«HCtfo

i4
w
T3
c
<s

Q
Q

On
pH
<0UP
•HPH00' I 08'0 09*0 0*7*0 02*0

03S) 3UI1 ovn 00 "0



T-2361 42

v* DISCUSSION

An. explanation of the data is now required, but one 
is not easily forthcoming. Attempts to fit the data to 
the Fukuta-Walter growth law (FeHion,1979) have not suc
ceeded, and, so it is necessary to propose some new means 
for explaining the lag time. Since the lag time cannot be 
easily related to the droplet growth law, perhaps it is a 
nucleation phenomenon.Such an idea was proposed by Fellion, 
and forms the basis of the model to be presented here.

It shall be assumed that the lag time is composed of 
three parts. The first of these parts is the time necessary 
to form a critical embryo on the surface of the particle. 
This quantity is determined thermodynamically, being a func 
tion of the temperature, the saturation ratio, and the nuc
leus size. The second part of the lag time is the time need 
ed for the critical embryo to grow by diffusion to a size 
iSUch- thatD it cosvers tihe surface of the nucleus. This time 
comes from the Maxwell equation #similar to but consider
ably simpler than the Fukuta-Walter growth equation.
The third part of the lag time is the time needed for the 
droplet to grow by the Fukuta-Walter growth law to a size 
such that it is observably larger than the original 
nucleus.

As was discussed in Chapter II, the net rate of
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formation of critical embryos is given by Fletcher (1958) 
in the form,

J^7ao25R2 exp( -AG*/kT).

This then is the number of embryos per second that pass 
through the critical radius, and grow on a particle of 
radius R. If it is assumed that only one embryo is allowed 
on the surface of the nucleus, then the time for that embryo 
to form is,

where.tn is what shall be called the nucleation time.
In the exponential part of the nucleation rate, J, is 

the term f(m,x). For values of m near one, the value of
df(m,x)/Bm is large # and so a small change in the contact

♦ • # angle can change AG by a large amount. This change in AG
causes a change in J and tn which may amount to several
orders of magnitude per one degree in change of the contact
angle.

Once an embryo is established on the surface of the 
nucleus, that embryo must grow until it covers the surface 
of the nucleus with a layer of water, before growth accord
ing to the Fukuta-Walter model can occur since that model
assumes a spherical droplet. The growth of the embryo can 
be considered to be similar to the growth of a droplet in
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several ways. Both are dependent on heat conduction, and 
diffusion, and both are functions of the accomodation coef
ficient, <X, and the condensation coefficient, ^ ,(Fukuta and 
Walter, 1970). It would be helpful if either the heat cond
uction term, a/f-^, or the diffusion term, could be

o ^neglected. Evaluating these terms at 30 C and for R = 0#36
yum shows that the conduction term is only about half the
size of the diffusion term, where once again,

a- ̂ LL2m . and b= Pl  .
K R T2 D

In fact the two terms can be set equal, and the radius
found so that the two terms would be equal.
If a/f =b/f. ,3* 3/3

then r = (b lg-a l^)/(a-b),

where 1^ and 1^ were defined in Chapter II. When the 
expression is evaluated, r is found to be 1.15yuan. Thus 
the radius must be larger than 1.15ŷ -m for the heat cond
uction term to dominate.^ However since the diffusion 
term is twice as large as the heat conduction term in the 
region of ,interest*; then the heat, conduction term will be 
neglected. This JLs an assumption that is open to question. 
If one term were larger by an order of magnitude, there
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would be some justification for neglecting the smaller term 
however neglecting a term that is smaller by only 50$ is 
quite another matter* This is a simplifing assumption how
ever, and the result should be that the time to cover the 
nucleus is simply somewhat shorter than it would be in the 
more complete description.

Another fact to consider though is that heat is only 
being added: the embryo, while the entire nucleus is rad
iating heat. The assumption then was held to be good, and 
as it turns out, this assumption has little impact on the 
outcome.

It will be assumed that the cap now on the surface of 
the nucleus has straight sides (Fig. 20), subtends a polar 
angle o f a n d :  has a thickness of Ar» ^be polar angle has 
a minimum value that is equal to the angle that would have 
been subtended by the critical embryo if it were on tha nuc 
leus (Fig. 21), so that,

Another simplifying assumption, that diffusion occurs 
only onto the top of the cap, and not the sides is made so -

min

The area and mass of the cap are then, A =2?rr2(l-eos©),c
and Mc=27f/0IAr r2(l-cos®).
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Figure 20. Spherically Symmetric Cap Ar Thick, with Polar 
Angle 9» on a Nucleus of Radius R, for the 
Proposed Simplified Model.

Figure 21. Critical Embryo with Contact Angle 9 Subtends 
a Polar Angle of '
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that the diffusion equation becomes,

A. dt ^dr

Substituting for A-jc

d|t = 2?rDr2(1-cos B ) f d£*_ ,
dt ur

and integrating over r and p w ,

d | _ I  = 2^D(l-cose)f3)B <&.-/*,(r)>-

The saturation ratio, S, is definable as,

S= Poo ,
A»(r)

where p^ambient vapor density
and Pw (r )-vaPor density at the nucleus’s surface, 
so that ^/>w{r)=(S-l)/Ow(r).

The mass of the cap was found previously, and its 
time derivative is,

dMc = 2?<£ Ar r2 sin© d ©  • 
dt dt

Substituting and cancelling some common factors leads to,

P r LT r sin©d© =( 1-cos ©)D f„ (S-l)p ,I* dt“ 3p ~w(r)
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Seperating the variables and integrating,

In / 2 \ t .
\ l-cos<3u/ ~ p  Ar r

If the time to diffuse a layer of water Ar thick onto a 
nucleus of radius R is t^, then,

where all of the variables are as have been defined prev
iously.

Finally we need to calculate the time needed for the 
droplet to grow to a size that is observably larger than 
the size of the nucleus. This calculation is made using 
the Fukuta-Walter growth law, and if this time is tpW , then 
it is approximatly given by,

By summing the three terms there is an expression for the 
total lag time. However there is still an ambiguity present. 
Both of the first two terms are dependent on the contact 
angle of water on polystyrene, but the jangle is not defin
itely known. It has been found that the macroscopic contact

*rw = (r2-(R-fAr)2) (a/f̂c-t-b/fsfi ) . FW 2 (S-l)
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angle is a good approximation to the actual situation down 
to quite small clusters of molecules (Hale and Plummer, 
1974), but the angle is dependent on several factors# The 
contact angle of water on a clean polystyrene surface is 
93 degrees (Gould, 1964), and Fellion (1979) after noting 
this immediatly states that the "effective" contact angle 
is about i  degree for S=1.003. While confusing »the meaning 
of this will be made clear.

Since the contact angle is not known, it will be taken 
to be the unknown. A process just the opposite of determ
ining the lag time is then followed; the lag time is assumed 
to be the experimentally determined value, and the time to 
grow by the Fukuta-Walter law from a nucleus covered by a 
layer of water into a droplet is calculated. The difference 
between these two is the sura of the nucleation and layer 
formation times. An iterative process is then applied to 
this sura, and the contact angle obtained. Table 22 gives 
the results of the calculation of the contributions of each 
part to the lag time for both 0.721/j.ra and 0.460/Xm nuclei.

In each case the nucleation time dominates the calc
ulation, and the contact angle is found to vary with the 
saturation ratio. As the saturation ratio increases, so 
does the contact angle.

The contact angle as a function of the supersaturation 
is plotted in Figure 23# for both 0.721/im and 0.0460^ra
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s s tlt
For
••
:

0.721 fJ-m
*FW 1 ••

:
td J : tn ; ^

1.061 .34 .04 .04 .26 17.73
1.036 •63 .06 .06 • 50 13.^5
1.021 • 90 .08 .10 .72 10.04
1.011 1.05 • 13 .18 .74 6.58

S * ti 
:

For
••

0.460 J-im
tFW ’*

t
td * : ; 9 .

1.056 .25 .02 .02 .21 16.51
1.034 .41 .03 .04 .34 12.49
1.020 • 60 .04 .06 .50 9.07
1.010 .62 .06 .11 • 45 5.62

Table 22. Table of Results for Calculation of the Contrib 
utions Due to Each Part of the Lag Time in the 
Current Model.
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<S

0 . 4 6 0  fjim

< Q

1 .00 1 .03 1 .051 .02SATURATION RATIO

Figure 23. Contact Angle as a Function of Supersaturation 
for the Proposed Model, for both 0.721/lm and 
0.460 JJim Spheres.



T-2361 52

nuclei# While the two curves are near to each other, it 
would still appear that some radius dependence has been 
ignored in the derivation. Overall,though.the consistency 
of the two curves is quite good. This simplified model, 
with all of its assumptions, would seem to imply that 
every saturation has a corresponding ^effective” contact 
angle that describes the particle when nucleation is con- 
isideired ther dominant phenomena, and even if it is not con
sidered so, the angle will change very little.

It would be concluded then that there is an effective 
contact angle that will allow the lag time to be calculated. 
While this model has shown some radius dependence in the 
contact angle, it is possible that a more complete treat
ment might eliminate it.

Corrections are possible to the model proposed here* 
All diffusion was assumed to be to the top of the cap, the 
cap was* assumed toe:have*;straight sides, and the effects of 
thermal accommodation were omitted. Furthermore at the sizes 
being considered the microscopic behavior of the water vapor 
and temperature fields may need to be considered. The nuc
leation time might be different if a change in AG as was 
proposed by Frenkel (19^6) is considered. He proposes that 
in addition to terms proportional to r^ and r^# another 
terra proportional to r should be included in the expression
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for AG# Fukuta and Walter have noted that their expression 
for the growth of droplets only applies to droplets over 
I j j j n  in radius. It is even possible that the condensation 
coefficient, |P> , is a function of the thickness of the water 
layer, or that it is influenced by the particles surface.

This simplified model clearly indicates that the major
ity of the lag time is associated with the nucleation pro
cess, and this provides direction for the further examin
ation of the problem of the lag time of droplet formation.
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APPENDIX 

List of Symbols Used

C Molar specific heat of air at constant volumev
D Diffusivity of water vapor in air
AG Change in the Gibb's free energy

*AG Critical change in the Gibb's free energy
AGv Change in the Gibb's free energy per unit volume change
J Nucleation rate
k Boltzmann's constant
K Thermal conductivity of air
L Latent heat of condensation of water vapor
M Molecular weight of water
M& Molecular weight of air
n^ Concentration of i-mers
p Saturation vapor pressure of water at std. temperature
p^ Ambient* saturation vapor pressure of water
P Atmospheric pressure
PA Percent nucleated
r Radius of curvature of droplet
*r Critical radius of curvature of droplet

rQ Initial particle size
Ru Universal gas constant
R Nucleus radius
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S Saturation ratio
Surface area bounding on phases i and j 

t Time
t^ Time to cover nucleus with a layer of water
t^ Lag time
tn Nucleation time
tpy Fukuta-Walter growth time
T Absolute temperature
T Ambient temperature

Volume of phase i 
Oc Thermal acoramodation coefficient 
j3 Condensation coefficient
Q Contact angle
©  Polar single of cap
f i' Density of pure liquid water
to Ambient water vapor densityf OO

Water vapor density at the nucleus's surface 
O'" Surface tension between phases i and j
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