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Experimental measurements of binary nucleation between methanesulfonic acid and water 
vapor were carried out for relative acidities (Ra), 0.05 < Ra < 0.65, and relative humidities 
(Rh), 0.06 < Rh < 0.65, using a continuous flow mixing-type device. The number 
concentration of particles leaving the nucleation and growth tube was measured as a function 
of the initial relative humidity and the relative acidity in the temperature range from 20 to 
30 “C. Particle size distributions were also measured and found to vary with the amount of 
water and acid present. The system was simulated to predict the total number of particles and 
the total mass of acid in the aerosol phase using a simple integral model and classical binary 
nucleation theory allowing for the formation of acid-water hydrates in the gas phase. At low 
particle concentrations, condensation rates did not significantly change the saturation levels 
and the nucleation rates were estimated from the total number concentration data as functions 
of Ra, Rh, and temperature. The values of experimental and theoretical nucleation rates 
differed significantly, with Jexpt /Jtheor changing as a function of temperature from 10 - * to 
1O-4 as temperature varied from 20 to 30 “C. This work represents the first systematic 
experimental study of the temperature dependence of binary nucleation. 

1. INTRODUCTION 

Significant particle formation by heteromolecular, ho- 
mogeneous nucleation between an acid gas and water vapor 
was first predicted for sulfuric acid and water by Doyle’ 
using the binary nucleation theory developed by Reiss.* 
Since then, only three acid-water systems have been studied 
experimentally; these are sulfuric acid (H, SO4 )-water, ni- 
tric acid (HNO, )-water, and methanesulfonic acid 
(CH, HSO, )-water. 

Reiss et al3 had limited success using an expansion 
chamber to study nucleation in the sulfuric acid and water 
systems, encountering problems related to corrosion and the 
low vapor pressure of H,SO,. The high expansion ratios 
required in their experiments produced low final tempera- 
tures ( - 28.5 “C to - 5 1.7 “C) which makes comparison 
with theory difficult because the measured thermodynamic 
data exist only at much higher temperatures. On further 
analysis, Shelling and Reiss4 concluded that expansion 
chambers or nozzles were not well suited for measuring the 
critical supersaturation ratios in H, SO,-water vapor mix- 
tures. 

Boulaud et al.’ mixed varying amounts of SO, and wa- 
ter vapor in a 200 [vessel and measured the resulting particle 
concentration as a function of time, from which they esti- 
mated the nucleation rates. The change in nucleation rate, J, 
with respect to time, due to changes in the saturation level of 
the acid in the vessel, was not considered and so their data 
represent at best an estimate of JaVg for the first 150 s of the 
experiments. 

Mirabel and Clavelinh used an upward thermal diffu- 
sion chamber to measure the onset of nucleation (nucleation 
rate, J = 2-3 cm - ’ s - ‘) in both the nitric acid-water and 
sulfuric acid-water systems. They were able to investigate 

the nitric acid-water system for 0 < Rh < 3 and at two tem- 
peratures, 5 and 25 ‘C, but they did not comment on the 
effect of temperature on the critical saturation ratios. In the 
case of sulfuric acid-water they investigated only T = 25 "C, 
and values of Rh < 1 were not possible because of the low 
vapor pressure of H,SO,. Nucleation rate measurements 
represent a more sensitive test of the theory than simple mea- 
surements of the onset of nucleation, and thermal diffusion 
chambers have only recently been used for this purpose in 
the case of single component nucleation.’ 

Nucleation in the methanesulfonic acid-water system 
was first studied experimentally by Kreidenweis et al.* for 
T = 25 “C and Ra, Rh < 1 .O. Methanesulfonic acid (MSA) 
is a naturally occurring oxidation product of biogenically 
produced dimethyl sulfide, and recent interest has focused 
on estimating the contribution of this material to the forma- 
tion of nonsea-salt aerosols over the remote pacific, its poten- 
tial as a source of cloud condensation nuclei, and its role in 
the overall global sulfur budget.‘*” Measured nucleation 
rates for this system are therefore of interest, both in their 
own right, as well as for comparison with those of sulfuric 
acid which is also considered a major source of atmospheric 
aerosol particles. This comparison will be made in paper II 
where the data from H, SO,-water nucleation experiments 
are presented. 

The MSA-water nucleation measurements of Kreiden- 
weis et al.* employed a continuous-flow mixing-type device 
first applied to binary nucleation studies by Okuyama et 
al.” In this device particle-free gas streams saturated with 
the desired acid and water vapor are rapidly mixed at known 
temperatures and pressures to create well characterized ini- 
tial conditions. The mixed stream is then allowed to nucle- 
ate, and the particles grow while flowing through an isother- 
mal flow tube. The number concentration of particles 
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produced is measured at the outlet of the nucleation and 
growth tube using a high resolution particle counter and 
provides a sensitive measure of the binary nucleation rate. 
Although the continuous flow experimental approach has 
some drawbacks, for instance at very high nucleation rates 
mixing and nucleation may be occurring over comparable 
time scales, it appears to be the simplest available method for 
generating consistent and reliable nucleation rate data in 
acid-water systems under controlled, isothermal, and subsa- 
turated conditions. 

The present work expands on that of Kreidenweis et 
al.,* incorporating several changes to the apparatus that al- 
low for better control of the experimental flows and tem- 
peratures. These modifications are reflected in the improved 
repeatability of the results which makes it possible to distin- 
guish real variations in nucleation rates, due to changes in 
such variables as temperature, from problems in experimen- 
tal repeatability. In addition, the effects of temperature on 
the nucleation process are systematically investigated and 
particle size distributions are measured to further elucidate 
the competition between nucleation and condensation in 
such systems. The experimental data are then evaluated 
against classical binary nucleation theory. 

II. THE CONTINUOUS FLOW MIXING DEVICE AND 
EXPERIMENTAL PROCEDURES 

Figure 1 shows a schematic of the experimental appara- 
tus used in the nucleation experiments. The equipment is 
similar to that used by Kreidenweis et al.* but it has been 
modified in several key areas. In particular, improvements 
have been made in flow control and measurement, the design 

of the acid bubbler has been changed to reduce pressure 
buildup during experiments and to facilitate cleaning, and 
the use of a single large water bath gives better temperature 
control. 

Extra-dry bottled air is used as the carrier gas in the 
experiments. After passing the air through a conditioning 
column containing silica gel, a 10 A molecular sieve, and a 
high capacity Teflon filter with a 0.2 pm pore size, the pres- 
sure is reduced from 275 kPa to about 100 kPa. The flow is 
then split into the three streams required in the experiments; 
a stream of air to be saturated with water F,, , a stream to be 
saturated with acid F, , and a stream of air for dilution Fd. 
The flowrates of these streams are measured using flow- 
meters consisting of glass capillary tubes and O-10 Torr dif- 
ferential pressure transducers. The flows are controlled by 
needle valves placed at the downstream end of the flow capil- 
laries. Thus the pressure in the capillary tubes is maintained 
and is relatively insensitive to downstream pressure fluctu- 
ations. The calibrated range of each flow capillary is 20- 
1000 cm3 min- ‘. All of the lines used for air transfer are 
dehydrated copper, Teflon, or polyflow tubing. All of the 
surfaces in contact with acid or acid gas are glass, Teflon, or 
Viton. SwagelokTM fitting are used throughout the appara- 
tus. 

The air is saturated with water by bubbling the air 
stream through a series of two water bubblers containing 
ultrapure water. The first bubbler is at room temperature 
while the second bubbler is fully immersed in the large water 
bath. Calibrated thermistors are used to measure tempera- 
tures throughout the system, and the temperature of the fi- 
nal humidification stage is measured by a thermistor ( T 1) 
encased in a glass tube submerged in the liquid. The pressure 
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FIG. 1. Schematic of the experimental equipment. 

J. Chem. Phys., Vol. 94, No. 10.15 May 1991 

Downloaded 21 Dec 2005 to 131.215.225.171. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



inside the water bubbler is measured at a pressure tap located 
near the top of the bubbler. At the exit of the bubbler a filter 
assembly containing two 0.2 pm pore size Teflon filters, 
eliminates the entrained liquid water droplets. 

Dry dilution air is added to the humid stream at the tee 
between the water bubbler and the mixer. This stream allows 
the relative acidity and relative humidity to be varied while 
still maintaining a constant total flow rate through the nu- 
cleation and growth tube. The temperature of the mixed hu- 
mid stream is measured just before it enters the mixer ( T 3 ), 
to confirm that the temperature of this stream is the same as 
the bath and the acid stream temperatures. 

The air to be saturated with acid enters the bottom of the 
acid bubbler and bubbles through a pool of acid supported 
on a 60 mm wide fine frit. A thermistor (T2) enclosed in a 
glass tube measures the temperature of the acidified air near 
the top of the bubbler. The pressure inside the bubbler is 
measured at a nearby pressure tap. A filter assembly contain- 
ing two 41 mm diameter Teflon filters with pore size of 0.2 
pm, removes entrained acid particles without imposing a 
large pressure drop between the acid bubbler and the mixer. 

Figure 2 illustrates the overall acid bubbler, mixer, and 
nucleation and growth tube assembly. The mixer is ma- 
chined entirely of Teflon and is located directly above the 
acid bubbler. The acidic air enters the central chamber from 
the bottom, while the humid air is injected through eight 0.5 
mm diameter holes surrounding the chamber. The distance 
from the top of the acid filters to the center of the mixing 
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chamber is less than 1.5 cm to minimize vapor loss between 
the position where equilibrium of the acid is assumed and 
where the two vapor streams combine. The rapid mixing 
promoted by the geometry of the mixer gives rise to the de- 
sired initial conditions of relative humidity and relative aci- 
dity. Above the mixer, a 51 mm diameter glass tube with a 
volume of 280 cm3, provides time for the nucleation and 
growth of the particles. A thermistor in the water bath just 
outside the tube and about halfway down ( T4), measures 
the temperature at which nucleation occurs. 

The flow from the nucleation and growth tube exits to a 
10 mm (3/8” ) glass tube. The level of the water in the tem- 
perature-regulated bath is maintained at this height. A 6 mm 
( l/4” ) Teflon tube leads from the tube exit, through the wall 
of the bath to a TSI model 3020 condensation nucleus 
counter (CNC) . The CNC draws 300 cm3 min - ’ of the flow 
and the excess flow is vented. 

Particles size distributions are measured using the scan- 
ning electrical mobility spectrometer (SEMS) I2 when the 
particle concentration is high enough ( 2 5 x lo3 cm - ‘) . 
This instrument rapidly scans the entire particle size distri- 
bution by exponentially ramping the collector rod voltage of 
a TSI model 3071 differential mobility analyzer (DMA) 
with the transmitted particles being counted by a TSI model 
3076 CNC. An IBM AT computer controls the collector rod 
voltage of the DMA, counts the particles detected by the 
CNC in successive time intervals, and displays the calculat- 
ed size distribution. Particle size distributions were taken at 
two to six different conditions during an experiment and ten 
scans were taken at each condition to assure a representative 
distribution. The 3076 CNC requires a flow of - 1.6 /min - ’ 
and experiments were generally run at 1 .O / min - ’ total 
flow; therefore clean filtered room air is drawn into the line 
between the classifier and the CNC to make up the difference 
in flows. The use of lab air at this point will not change the 
number of particles measured by the CNC because the ex- 
periments are all run at low relative humidity. 

The experiments all used a total flow rate of 1 .O emin - ’ 
(measured at STP) to maintain a constant residence time of 
about 18 s in the nucleation and growth tube. In each experi- 
ment a value of relative acidity or relative humidity was se- 
lected and then the value of the other variable was changed 
to obtain conditions where total number concentrations 
ranged from near zero to as high as possible. Generally it was 
possible to observe a change in total particle concentration of 
five to seven orders of magnitude. Experiments were started 
either at a high or low number concentration and the relative 
saturation level of interest was changed in increments of 0.01 
to 0.05. The total number of particles was recorded when the 
new conditions had stabilized, 2 to 5 min after selecting a 
new condition. This time corresponded to 7 to 18 times the 
residence time of the nucleation and growth tube. Total 
number concentration measurements were then recorded 
manually for several minutes with 8 to 30 values recorded at 
each setting from which a mean value was subsequently cal- 
culated. Before taking any measurements, the equipment 
was run for more than 10 h after the addition of acid to 
assure stable operating conditions. 

FlG. 2. Details of the continuous flow mixing type nucleation system. Figure 3 shows a schematic of the type of data curves 
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loa6 Nucleation. Condensation j 
Coagulation all occur. 
Timescales of nucleation 

IO5 r and mixing become comparable., 

are extremely high and the time scales of mixing, nucleation, 
and coagulation become comparable. These points corre- 
spond to the extremely flat region in the observed number 
concentration vs saturation curves. 
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FIG. 3. Typical operating regimes for the continuous flow mixing type nu- 
cleation system. 

generated, and indicates the different operating regimes that 
exist during a complete nucleation experiment. The funda- 
mental principle of the continuous flow nucleation experi- 
ments is that at small observed number concentration con- 
densation rates are sufficiently low that the acid saturation 
level, and hence the nucleation rate, remains constant from 
the time of mixing until the particles are counted. Thus in 
this regime the nucleation rate may be calculated by dividing 
the observed number concentration by the length of time 
over which nucleation occurs. Because of the low vapor pres- 
sure of the acid with respect to that of water, the saturation 
level of water will be constant even at high nucleation rates. 
The initial steep increase in the observed number concentra- 
tions with saturation level corresponds to the constant nu- 
cleation rate regime. 

As the saturation level of one component and the ob- 
served number concentration increase further, condensation 
begins to compete effectively with nucleation and reduces 
the acid saturation so that nucleation is rapidly quenched 
after the initial mixing. Because the length of time during 
which constant nucleation is occurring cannot be easily de- 
termined, these data points cannot be used to calculate nu- 
cleation rates. They do however provide additional test 
points with which to compare the results from an integral 
model that accounts for both nucleation and condensation. 
This regime is analogous to that described by Hung et al.’ 
when measuring nucleation rates using an upward thermal 
diffusion cell, where above a certain threshold value of J, the 
assumption of negligible mass loss is no longer valid and 
rates cannot be deduced from the observed particle flux. 

At the highest saturation levels, initial nucleation rates 

A. Calculation of relative humidity and relative acidity 
The relative humidity and acidity of the combined 

streams is calculated based on a simple mass balance, the 
assumption of equilibrium in the bubblers at the tempera- 
ture, and the pressure recorded inside each bubbler at a given 
condition. 

The relative humidity after mixing is 

Rh= PI YwF,n 

p,(T,,,)[(l + Y,)F, +Fc, +F,] ’ 
(1) 

where F,, , Fd, and F, are the humid, dry, and acidic flows, p, 
is the absolute pressure in the laboratory, p, ( T,,, ) is the 
saturation vapor pressure of water at the temperature inside 
the mixer. T,,, is equal to the temperature in the nucleation 
and growth tube as measured by thermistor T4 since mixing 
is isothermal. Y,, the ratio of the moles of water to the moles 
of dry air, is 

Y, = P,(T,,) 

Pwb -Pw(Twb) * 
(2) 

Here pw ( T,, ) is the saturation vapor pressure of water at 
the temperature inside the water bubbler andp, is the actu- 
al measured pressure inside the water bubbler. 

Likewise the relative acidity after mixing is 

Ra = PtPo ( r,, 1 F, 

P,,P,(T,,,)[(l + Y,,,)F/, +Fd +F,] ’ 
(3) 

wherepob, pa ( Tab 1, andp, ( T,,, > are the actual acid bubbler 
pressure, the saturation vapor pressure of the acid at the 
temperature in the acid bubbler, and the saturation vapor 
pressure of acid at the temperature of the mixer. Further- 
more the ratio of moles of acid to moles of air Y, is approxi- 
mately equal to zero because the vapor pressure of the acid is 
on the order of one ppm. 

B. Acid purity 

The methanesulfonic acid used in all of the experiments 
was purchased from the Alfa Chemical Company with an 
assayed acid purity of 99.5% established by titration. This 
acid was not purified further and ranged in color from a pale 
straw color to light brown. On further discussion with the 
manufacturer of the acid, Penwalt Chemical Company, the 
major impurities were given as dimethyl disulfide at < 10 
ppm and methyl methane thiosulfonate at < 5 ppm with 
some indication of chloromethyl sulfone at < 1 ppm. This is 
the same material used in the experiments by Kreidenweis et 
al.’ 

III. NUCLEATION RATES AND PARTICLE SIZE 
BEHAVIOR 

Experiments were performed at relative acidities of 
0.33, 0.15, and 0.075 and relative humidities of 0.30 and 
0.15. The three temperatures investigated were 19, 25, and 
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TABLE I. Experimental conditions investigated in the MSA-water nuclea- 
tion experiments. 

1 o6 I I t I I I 

- . Ra=0.33 d’ 

1 O5 7 
A Ra=O.lS ***- 
H Ra = 0.075 ** 

: x data from the constant 
Rh experiments 

lo’ ?- T= 19-C 

Experiment 
number 

Temperature 
co 

Relative 
acidity, Ra 

Relative 
humidity, Rh 

16.02 29.6 0.329-0.332 0.066-0.461 
16.03 29.8 0.148-O. 154 0.083-0.655 
16.04 29.9 0.075-0.076 0.134-0.655 
16.05 29.9 0.051-0.656 0.301-0.307 
16.06 29.9 0.075-0.656 0.152-0.156 
16.07 29.9 0.0746.076 0.151-0.654 
16.08 18.9 0.328-0.33 1 0.183-0.449 
16.09 18.9 0.149-o. 154 0.277-0.641 
16.10 18.9 0.075-0.078 0.385-0.635 
16.11 18.8 0.128-0.649 0.294-0.297 
16.12 18.9 0.363-0.652 0.149-0.150 
16.01 25.2 0.331-0.334 0.084-0.457 
16.13 24.6 0.327-0.330 0.116-0.456 
16.14 24.7 0.149-0.153 0.199-0.648 
16.15 24.9 0.075-0.076 0.297-0.644 
16.16 24.9 0.076-0.654 0.297-0.317 
16.17 25.0 0.291-0.650 0.151-0.152 
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30 “C. Table I summarizes the conditions employed in the set 
of experiments presented here. 

The measured total number concentrations of particles 
as functions of Rh are summarized in Figs. 66 for the three 
different temperatures. Horizontal error bars represent the 
computed uncertainty in the Rh due to uncertainties in the 
flow and temperature control. This uncertainty has been es- 
timated as f 5%, due mainly to the uncertainties in flow 
calibrations which are each f 3%. Vertical error bars rep- 
resent the range of values observed after the system had sta- 

Rh 

FIG. 5. Observed number concentrations as a function of relative humidity 
at T = 19 “C. Broken lines are the predicted number concentrations from 
the integral model using crP = 0.6, (x, = 1.0, and CF = 10 - ‘. 

bilized for a given condition, with the symbol located at the 
calculated mean value. The broken lines are the result of 
simulating the experiments and will be discussed subse- 
quently. The equivalent curves generated for experiments in 
which Rh was constant and Ra was varied are available in 
the supplementary material submitted to PAPS.13 
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FIG. 4. Observed number concentrations as a function of relative humidity 
at T = 25 “C. Broken lines are the predicted number concentrations from 
the integral model using czP = 0.6, a, = 1.0, and a correction factor, 
CF = 10 -b. 

FIG. 6. Observed number concentrations as a function of relative humidity 
at T= 30 “C. Broken lines are the predicted number concentrations from 
the integral model using czP = 0.6, a, = 1.0, and CF = 10e4. 
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The extent to which the experiments are repeatable 
when working with a given batch of acid, is illustrated in Fig. 
4 where data for the two runs at Ra = 0.33 were taken three 
days apart, and in Fig. 6 where data for the two runs at 
Ra = 0.075 were taken about 5 h apart. Consistency of the 
data set is very good and is illustrated in each of the figures 
by * symbols. In these figures data points collected during 
tests at constant relative humidity were added to the graphs 
of tests at constant relative acidity to show that the measured 
number concentration is insensitive to the way the particular 
combination of Ra and Rh was approached. 
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The total number concentration data follow the major 
trends predicted by binary nucleation theory. At low levels 
of one component particle concentrations less than 0.1 cm - 3 
are observed, which indicates that nucleation is not occur- 
ring at a measurable rate. At moderate degrees of saturation, 
a slight increase in the level of one of the components leads to 
an exponential increase in the total number of particles ob- 
served. This reflects the exponential increase in nucleation 
rate with saturation level that is characteristic of nucleation 
processes. As the saturation is increased further, the total 
number concentration curves begin to level off, indicating 
that the available acid vapor is rapidly depleted by condensa- 
tion onto the newly formed particles and the nucleation pro- 
cess is quenched. With the production of large numbers of 
particles initially, condensation competes effectively for the 
remaining acid vapor and quickly reduces the relative nu- 
cleation rate. Thus large changes in the saturation level lead 
to relatively small changes in the total number of particles 
observed. Total particle concentrations generally vary from 
5 to 7 orders of magnitude over the course of an experiment. 
On the steepest curves, this large increase is achieved over a 
change in relative saturation of only 0.3. As relative acidity 
decreases, a higher level of relative humidity is required be- 
fore particles are observed. Equivalent results are observed 
as relative humidity decreases. Figures 7-9 summarize the 
relative saturation levels that correspond to nucleation rates 
ofJ= 0.01, 1, and 100cm-3 SK’ that werederivedfrom the 
total number concentration data at each temperature. 
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FIG. 8. The variation of nucleation rates with saturation level for the MSA- 
waterbinarysystematJ=O.Ol,l,and100cm~”s-’andT=25”C. 

4-6, where a 5 “C increase in temperature generally corre- 
sponds to a two order of magnitude increase in the nuclea- 
tion rate. This increase in nucleation rate with temperature is 
consistent with observations in single component nucleation 
experiments. 

The increase in nucleation rates with temperature is 
clearly illustrated by comparing equivalent curves in Figs. 

Figures 10 and 11 illustrate typical particle size distribu- 
tions. Figure 10 shows that as Rh increases at fixed Ra, parti- 
cle size generally decreases. Physically, as the nucleation 
rate increases with Rh more particles are being formed from 
the same initial amount of acid. Thus there is simply less acid 
available for particle growth and the particle size must gen- 
erally be smaller. On the other hand, Fig. 11 shows that as 
Ra increases at fixed Rh, particle size first increases and later 
decreases. Here the situation is more complex. Although an 
increase in nucleation rate should decrease particle size, an 
increase in the amount of acid also allows for greater particle 
growth by condensation. Thus it appears that increases in 
condensation initially dominate and it is only at the highest 
saturation levels that increases in the nucleation rate pro- 
duce enough particles to reduce the average particle size. 

Many of the particle size curves display a bimodal distri- 
bution with a broad main peak and a smaller secondary peak 
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FIG. 10. The observed change in the particle size distributions with increas- 
ing nucleation rates due to increases in Rh. 

FIG. 11. The observed change in the particle size distributions with increas- 
ing nucleation rates due to increases in Ra. 

located at approximately one half the diameter of the main 
peak. The main peak is believed to represent those particles 
that are formed by nucleation between MSA and water va- 
por which then grow by the subsequent condensation of 
MSA and water in the nucleation and growth tube. Because 
of the great excess of water present, particles are in equilibri- 
um with the local relative humidity at all times, and growth 
is limited by the number of acid molecules added to the drop- 
let. The main peak is always present. The second peak is 
most pronounced at high saturation levels of both compo- 
nents and at the highest temperatures. In about half of the 
distributions this second peak is not present. 

From the measured number distributions, diV/d In DP, 
volume distribution, d V/d In D,, curves were constructed. 
The peak diameter of the volume distribution curves, which 
is equivalent to the peak diameter in the mass distribution, 
was within the measuring range of the DMA for about half 
of the distributions. This value is important because it is 
predicted by the model that will be.used to simulate the ex- 
periments. Figures 12 and 13 further illustrate the behavior 
of the peak diameter in the number distribution under vary- 
ing conditions of relative humidity and relative acidity. The 
broken lines are intended as visual aids only and do not rep- 
resent numerical fits of the data points. In Fig. 12 the largest 
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changes in peak diameter are found in the curve for 
Ra = 0.33. By comparing the conditions of these tests to the 
appropriate number concentration curves, it is clear that the 
larger decrease in diameter at Ra = 0.33 corresponds to a 
larger increase in number concentration than is observed for 
the conditions at Ra = 0.075, where essentially no change in 
peak diameter is observed. 

The effect of changing Ra for fixed Rh is illustrated for 
T = 30 “C in Fig. 13. The curves at two levels of Rh exhibit 
the same type of behavior, an increase in peak diameter with 
an increase in Ra followed by a sharp decrease at the highest 
level of Ra. As in Fig. 12, the particles produced at higher 
relative humidity are smaller. This behavior was also ob- 
served at T = 19 and 25 “C. 

Although the model used predicts only a single mass 
average diameter, Fig. 14 shows that for the range of data 
collected, the peak in the mass distribution is related to the 
peak in the number distribution in a straightforward man- 
ner. Thus the curves illustrating the behavior of the number 
distribution peaks should be equivalent to the behavior in the 
mass distribution peaks with a suitable change in the scaling. 
In addition, the slope of this curve gives an estimate of the 
polydispersity factor aP. This factor will be required in the 
integral model equation describing the condensation of the 
acid vapor onto the existing aerosol. Because the model as- 
sumes a monodisperse aerosol, condensation will be overpre- 
dieted if czP is set equal to 1. Okuyama et al.” showed that 
the poydispersity factor aP = DpN/Dpm where DpN and Dpm 
are the number and mass average diameters, respectively. In 
Fig. 14 this corresponds to the slope of the data and is about 
ap = 0.6. 

IV. INTEGRAL MODEL OF NUCLEATION AND GROWTH 

The measured total number concentrations do not yield 
nucleation rates directly. Rather they measure the total 
number of particles that result from the competition be- 

150 200 250 

Mass distribution peak (nm) 

FIG. 14. Variation in the peak of the number distribution with the peak in 
the mass distribution. The slope of the line is an estimate of the polydisper- 
sity factor, op. 

tween nucleation and condensation along the length of the 
nucleation and growth tube. When the total number of parti- 
cles is small, condensation should not change the saturation 
level of the acid significantly, and the nucleation rate may be 
calculated from the total number concentration by dividing 
by the length of time over which nucleation is occurring. In 
order to determine when condensation begins to dominate 
and to compare experimental results to the predictions of 
theory over the entire range of experimental results, it is 
necessary to integrate the changes occurring in the gas and 
aerosol phases along the length of the nucleation and growth 
tube. The fact that the total number of particles is a strong 
function of the nucleation rate provides the basic validity of 
the experimental approach; it is expected that simulating the 
experiments should yield sensitive information regarding 
the adequacy of the binary nucleation rate expression over 
the range of conditions studied. 

An integral nucleation and growth model that predicts 
the basic variables of interest, i.e., the total number of parti- 
cles formed and the mass average particle diameter, was de- 
veloped by Okuyama et al.” and is the model applied to 
these experiments. The model describes the saturation level 
of the acid in the vapor phase S,, the total number of parti- 
cles N,, and the total mass of acid in the aerosol phase M,, 
and will therefore be referred to as the SNM model. The 
model assumes that the formation and growth of the aerosol 
does not change the amount of water present because the 
vapor pressure of the water is much higher than that of the 
acid. 

The three differential equations that describe the evolu- 
tion of the aerosol in the absence of coagulation and wall 
losses from either the vapor or aerosol phase are 

dS, dR, - (N,g*J+ R,)RT -=-= 
dt dt Psj 

9 (4) 

dM 
L=Mm(g*J+R,), 

dt 
(5) 
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dlv, - = J, 
dt 

(6) 

where NA is Avogadro’s number, g* is the number of acid 
molecules in a critical cluster, J is the rate of binary nuclea- 
tion, R, is the rate of condensation, and M,, is the molecular 
weight of the acid. The equations are integrated for 18 s, 
which corresponds to the residence time of the nucleation 
and growth tube under the conditions employed. The mass 
ofeach droplet at any point in the tube is calculated by taking 
the total mass of acid in the aerosol phase, dividing by the 
total number of particles and then adding water to achieve 
equilibration at the local relative humidity. The mass and 
composition of the droplet determine the mass average di- 
ameter. The property data correlations for the MSA-water 
binary used in the simulations are those developed by Krei- 
denweis et al.* 

A. The rate of binary nucleation 

The generalized rate expression for binary nucleation is 

J= Cexp( - AG*/kT), (7) 
where AG * is the free energy of formation of the critical 
cluster from the vapor phase and C is a slowly varying pre- 
exponential factor. The critical cluster corresponds to the 
saddle point in the cluster free energy surface. Later work 
refined the original expression of Reiss2 to better reflect the 
kinetics of the process,‘4 to locate the saddle point more 
accurately,‘s-‘7 and to reflect the effect due to the presence 
of hydrates in the gas phase.‘8-20 

Hydrate formation can have a relatively large effect on 
the nucleation rate by changing the shape of the free energy 
surface and therefore the location and value of AG at the 
saddle point. Traditionally, the free energy surface is de- 
scribed as a function of the number of acid molecules n, , and 
the number of water molecules n2, by 

AG(n,,n,) =n,(p, -4,) +n2(p2 -4,) +a-4 (8) 
where p and 4 are the chemical potentials of the species in 
the liquid and gas phases, 0 is the surface tension of the 
cluster, and A is the surface area of the cluster. 

Jaecker-Voirol and Mirabel,’ showed that the free ener- 
gy surface AG could be modified to produce a new surface 
AG ‘, reflecting the presence of hydrates. Their expression 
relating the two surfaces is 

exp(+) 

[ 

1 -tKip,+ +K;K;.**(p,)h “2 

= l+K;p,+ +K;K;...(p,)*] exp(+). 
(9) 

Herep, is the partial pressure of water vapor above a droplet 
of composition n, waters and n, acids, and p, is the vapor 
pressure of water in the system. The values of Kj, are the 
equilibrium constants for the reactions 

H,O + AC1D.h H,O++ACID*(h + l)H,O (10) 
and are found by looking at the free energy change on addi- 
tion of a water molecule, 

KI, =exp - 

with 

2av, 
AC: = kTInp, +-. 

r 

(11) 

p, is expressed in atmospheres, 0 is the surface tension, Y, is 
the partial molecular volume of water (partial molar vol- 
ume/N, ), and r is found from 

$7r3= (4 +n,h (13) 
where Y is the molecular volume of the mixture.2’ The first 
ten hydration constants were calculated by Jaecker-Voirol 
and Mirabel” for sulfuric acid and water. Table II shows the 
equivalent values for the MSA-water binary at 25 “C calcu- 
lated using Eqs. ( 1 l)-( 13). With K ; = 142 for MSA vs 
1360 for sulfuric acid, the effect of hydration is not as strong 
for MSA, but it is still significant, especially at higher rela- 
tive humidities. 

Hydrate distributions were calculated for relative humi- 
dities of 0.1,0.5, and 1 .O. Above Rh = 0.10, the concentra- 
tion of hydrates containing one acid molecule becomes sig- 
nificant with respect to the total acid concentration. The 
concentration of hydrates containing 2 or 3 acid molecules is 
always many orders of magnitude smaller than the equiva- 
lent hydrate containing only one acid molecule, and may 
therefore be ignored. 

Including the effect of hydrates, the general nucleation 
rate expression still takes the form 

J= Cexp( - AG’*/kT), (14) 
but now AG ‘* is the saddle point of the modified free energy 
surface. The frequency factor C previously had the form 

c= PJ*N,Z (15) 
sin24 ’ 

where fi2 is the rate of acid impingement, A * is the surface 
area of the critical nucleus, N, is the number density of water 
vapor, and Z is the nonequilibrium factor, equivalent to the 
Zeldovitch factor in single component nucleation. The angle 
4 is the angle between the direction of growth and the n, 
axis. In cases when the critical nucleus is not dilute with 
respect to either component, Jaecker-Voirol and Mirabel” 
have suggested that this angle may be approximated by 

n: tan I$ = ~. 
n: + n: 

(16) 

It can be shown that this assumption is valid for the 
conditions of interest in the MSA-water system. To account 
for hydrates, the term &A * is replaced by 

k = kna, 
r = (8n-kT) “2 2 a2y - “‘Nk, (17) 

k=O 

TABLE II. Values of the first 10 K ;, constants for MSA-water at 25 “C. 

h 1 2 3 4 5 6 7 8 9 10 

K; 142.9 31.2 15.6 10.7 8.80 1.79 1.24 6.91 6.71 6.59 
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FIG. 15. The reduction in nucleation rates as a function ofrelative humidity FIG. 15. The reduction in nucleation rates as a function ofrelative humidity 
when the effect of hydrates is included in the classical nucleation theory. when the effect of hydrates is included in the classical nucleation theory. 

where S is the sum of the radii of the critical nucleus and the 
hydrate, y is the reduced mass of the critical nucleus and the 
hydrate, and Nk is the number density of the hydrates con- 
taining h water molecules. 

The effect that hydration has on the nucleation rate in 
the region of interest for the experiments carried out here, is 
illustrated in Fig. 15, where rates calculated without ac- 
counting for hydrates are compared to those predicted by 
the hydrated theory. At Rh = 0.10, the rate is reduced by 
about 2 orders of magnitude, while at Rh = 1.0 
J unhydr/Jhydr r 10 - 6. Th e value of Z has been taken as 
0.25.*’ The saddle point of the free energy surface has been 
determined by a numerical search that limits clusters to inte- 
gral numbers of water and acid molecules. 

B. Rate of condensation 

Once particles have formed in the gas phase, nucleation 
must compete with condensation, which will quickly domi- 
nate the mass transfer process from the gas to the aerosol 
phase. The condensation rate is approximated by a contin- 
uum expression which is modified for noncontinuum effects 
by an expression due to Dahneke,22 

R, = 2rDABp; 
f 

wDpn(Dp)[S, -a, 
%* 

X exp 

= aP{2rrD,,pz5, [S, - a, 

Xexp _ ( )I- DTT fC Kn )h’% 
P 

(18) 

(19) 

with the average Knudsen number, Kn = A,,/BP, BP the 
average particle diameter, and 

f(E)= (l+ Kn) 
(1+2%(1+ Kn)/a,) . 

(20) 

Here DAB is the binary diffusion coefficient of acid gas in 
air, a, is the acid activity, C0 is the partial molar volume of 
the acid, and /2,, is the mean free path of the acid molecules 
in air. A factor a, has been added to account for the sticking 
probability of an acid molecule, and a second factor a,, ac- 
counts for the polydispersity of the the aerosol. Because the 
aerosol is modeled as being monodisperse, condensation will 
be overpredicted if aP is set equal to 1. However, from the 
data of DpN vs Dpm it is possible to estimate a value for 
ap = DpN/Dpm as about 0.6. The term as represents the 
sticking probability or accommodation coefficient of an acid 
molecule as it strikes the surface of a growing droplet. The 
value of this parameter has not been measured for MSA. 
Recent work by Van Dingenen” concluded the value of a, 
for sulfuric acid lies in the range 0.024 <a, < 0.064 with a 
geometric mean value of 0.04, but in the absence of any other 
data a, = 1.0 will be used in the MSA modeling. 

If the presence of hydrates is included in the nucleation 
calculation, their effect on the rate of condensation should 
also be considered. The change in the average value of DAB 
and /2,, due to hydrates is of greatest concern. Table III 
summarizes the estimated values of these parameters for the 
first five hydrates, and weights them with respect to the rela- 
tive number distribution of the hydrates at relative humidi- 
ties of 0.50 and 0.10 to estimate an average value. The diffusi- 
vities were estimated using the Chapman-Enskog equation 
with the first order approximation of the collision param- 
eter, n = 1,24 

TABLE III. Diffusivity, mean speed and mean free path of the MSA-H,O hydrates. 

Hydrate 
distribution 

Rh = 0.5 0.1 

0.08 0.61 
0.26 0.29 
0.39 0.04 
0.20 
0.06 
0.01 

Weighted averages: 

Molecular 
mass 

96.11 
114.13 
132.14 
150.16 
168.17 
186.19 

Rh = 0.5 
Rh=O.l 

Mole fraction 
MSA 

1.00 
0.50 
0.33 
0.25 
0.20 
0.17 

2” A A.9 
P D AB cm s-’ 

g cm-’ cm’ s- ’ (XlO~‘? ( x”FP) 

1.507 0.0884 2.56 2.7 1 
1.426 0.0790 2.35 2.30 
1.363 0.0718 2.19 2.00 
1.317 0.0661 2.05 1.76 
1.276 0.0616 1.94 1.58 
1.245 0.0578 1.84 1.43 

0.0728 2.2 1 2.05 
0.0850 2.48 2.56 
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with p, the pressure in bars, MAB = 2 [ l/M, + l/M, ] - ’ 
and a.4, the characteristic length is given by 
0 AB = (Us + UB )/2 in angstroms. The value of flB for air 
was taken as 3.711 A from Reid ef aLz4 and the values of a, 
for MSA and the hydrates was estimated from the molecular 
volume of the liquid phase. The mean free path /2,, may be 
estimated for the dilute species A = free acid molecule or 
hydrate as” 

(21) 

A”, = 
320, B 

3VZA (1 + MA/MB) ’ 
(22) 

(24) 

C” = (8RT/mV4 )I”, 

where ZA is the mean speed of the hydrate. 
(23) 

Although the presence of hydrates does change the 
average value of the diffusivity, the change is only on the 
order of 20%, which is well within the uncertainty of the 
estimation method. The only available experimental esti- 
mate of the diffusivity of MSA is due to Tang.26 When mea- 
suring the vapor pressure of MSA, the value of a tempera- 
ture independent parameter 

for this change is then given by24 

In(ai(T~)=l.(.i(To))-~(f-~). (25) 

The change in activity coefficients with temperature is 
important because the increase in nucleation rates with tem- 
perature due to decreases in surface tension and increases in 
the vapor pressure may be offset in part, or entirely, by an 
increase in the activity coefficient. No heat of mixing data 
are available for the MSA-water binary system. As a first 
estimate therefore, the values for sulfuric acidz9 have been 
used. 

Figure 16 shows the results of temperature variation on 
the calculated nucleation rates for relative humidities of 0.50 
and 0.10. The sensitivity of the rate calculations to the ex- 
trapolated physical properties is illustrated by letting the 
surface tension variation of pure MSA be reduced to 4 of the 
estimated change and the heats of mixing be reduced by 4. 
These changes show that, despite the uncertainty in extrapo- 
lation, the calculated nucleation rates at 20 and 30 “C are 
known to within a factor of 10, relative to the nucleation 
rates at 25 “C. The major effect of temperature is to steepen 
the rate curves, thus the curves must cross at some value of 
Ra and Rh. 

was estimated as 1.7856X LO* Torr K s cm - *. With a value 
of R = 6.237~ lo4 Torr cm3 gmol- ’ K- ‘, this gives 
DAB = 0.06 cm2 s - ’ at To = 298 K. The estimate is within 
30% of the theoretical value, but because the experiment 
was not designed to measure DAB, the theoretical value will 
be used in the model calculations. 

C. Effect of temperature on nucleation rates, changes in 
property data 

Changes were made in the MSA property correlations 
developed by Kreidenweis et al.’ to allow for variation with 
temperature. Density data were taken from Teng and 
Lenzi” and extrapolated to givep,,/p,, = p25 /pZo = 1.002 
for pure MSA. The variation of vapor pressure with tem- 
perature was taken from the correlation presented by Tang 
and Munkelwitz.‘* Diffusivity was varied with temperature 
as Dij = 0: ( T/T0)2 as suggested by Tang and Munkel- 
witz.‘* 

The variation of surface tension with temperature for 
pure MSA was estimated using a group contribution meth- 
od” and was found to give cr,,/a,, = 1.007 and 
"N/%5 = 1.009. This was combined with the known vari- 
ation in the surface tension of water with temperature and 
the variation of surface tension with composition at 25 “C, to 
give an estimate ofsurface tension over the range of tempera- 
tures and compositions required for modeling the experi- 
ments. When the change in surface tension with temperature 
was estimated for sulfuric acid and subsequently compared 
to the measured values, the ratio of estimated/measured was 
approximately 3. Thus the estimated change in surface ten- 
sion with temperature for MSA may be somewhat high. 

To vary the activity a, with temperature, the partial mo- 
lar heats of mixing xi, are required. The first approximation 
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FIG. 16. The changes in the nucleation rate with temperature as predicted 
by binary nucleation theory and the sensitivity of these to uncertainties in 
the property values. (a) The temperature dependence of the surface tension 
of M S A  has been estimated using a group contribution method and the 
heats of mixing are those of sulfuric acid. (b) The temperature dependence 
of the surface tension of M S A  has been estimated as $ of that estimated by 
the group contribution method and the heats ofmixing are; of the values for 
sulfuric acid. 
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FIG. 17. A comparison of the experimental nucleation rates with classical 
binary nucleation theory and with the empirically corrected theoretical 
CUrVeS. 

V. COMPARISON OF THE EXPERIMENTAL DATA WITH 
BINARY NUCLEATION THEORY AND THE INTEGRAL 
MODEL 

The experimental nucleation rate data were first simu- 
lated at 25 “C, where physical property data are well known. 
As illustrated in Fig. 17, nucleation rate data for Ra = 0.33 
and 0.075 do not agree with classical binary nucleation theo- 
ry by several orders of magnitude. This was also the case for 
the data at T = 19 and 30 “C. 

The use of a correction factor to reconcile the differ- 
ences between observed and predicted nucleation rates has 
been a reasonably successful approach and Table IV sum- 
marizes typical values observed for Jexpt /Jtheor in both unary 
and binary nucleation. For T = 25 “C, a single correction 
factor of 1 X 10 - 6 is found to adequately fit the MSA-water 
rate data Fig. 17, as well as all of the total number concentra- 
tion data, Fig. 4. Similarly, as illustrated in Fig. 5, the 

TABLE IV. Experimental correction factors to classical nucleation theory. 

T = 19 “C data are very well described by a correction factor 
of 1 x 10 - ‘. Only the T = 30 “C data, Fig. 6, are not easily fit 
using this method, with a large mismatch between the data 
curves and the model still apparent even when the best cor- 
rection factor, 1 x 10 - 4, is used. We can think of no reason 
to reject the T = 30 “C data as less reliable than the data at 25 
or 19 “C. Although the discrepancy is greatest at total num- 
ber concentrations of less than 1 cm - 3, a region where re- 
peatability is generally more difficult, the data for 
Ra = 0.075 includes the results of two experiments that 
agree well even in this region. Indeed the mismatch arises 
because the model predicts very similar slopes at 30 “C for 
Ra = 0.33 and Ra = 0.075, while, as illustrated in Fig. 6, the 
experiments show these slopes are different. 

Despite these difficulties, the excellent predictions gen- 
erated at the two lower temperatures justifies the use of this 
approach as appropriate in light of the simplicity of the over- 
all model. Of interest is the behavior of the ratio Jexpt /Jtheor 
as a function of temperature. Previous work has found that 
this ratio generally decreases with an increase in tempera- 
ture, while this work shows that in the MSA-water system 
the opposite is true. Even if the rate calculations at T = 19 
and 30 “C are incorrect by an order of magnitude due to 
uncertainties in the property data, a reasonable maximum 
uncertainty as estimated previously, this trend would still 
hold. 

Given the correction factor at each temperature, nuclea- 
tion rate profiles and saturation levels were calculated along 
the length of the nucleation and growth tube to confirm that 
the assumptions made that these were relatively constant at 
particle concentrations < 103, were indeed acceptable. Fig- 
ure 18 illustrates the variation of the normalized nucleation 
rate, J/Jo, and the normalized relative acidity, Ra/Ra’, 
along the length of the flow tube for Ra = 0.33 and initial 
nucleation rates of Jo = 10 and 100 cm - 3 s - ‘. Certainly at 
Jo = 10 cm - 3 s - ‘, the nucleation rate after 18 s of integra- 
tion time is better than 80% of the initial rate and the acid 
saturation level has dropped by less than 2%. Lower values 
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T=25’C - 

o.2 _ -.- Ra = 0.33 J = 100 cmJs-’ 
+ Ra = 0 33’ J = 10 c”i3s-* . 

I 1 I I I I 

.E 
2 0.6 
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1 I , 

Time (s) 

FIG. 18. Simulated profiles along the nucleation path for the MSA-water 
experiments showing the predicted changes in the normalized nucleation 
rate and the normalized relative acidity for J” = 100 and 10 cm ~’ s - ‘. 

of Jo show even less acid vapor depletion, and thus the as- 
sumption of constant nucleation rates appears to be valid for 
J”<10cmS3s-‘. 

At Jo = 100 cmm3 s- ‘, the nucleation rate is only 10% 
of the initial rate after r = 18 s, corresponding to a 20% 
decrease in the initial acid saturation. This means that the 
points corresponding to J = 100 cm - 3 s - ’ in Figs. 7-9, 
must be reinterpreted slightly to reflect the fact that these 
points really represent Javg = 100 cm - 3 s - ‘. At the indicat- 
ed saturation levels therefore, the initial rate Jo must be 
somewhat higher than 100 cm - 3 s - ’ in order to compensate 
for reduced nucleation further along the tube. 

The particle size results generated by the model using 
the appropriate correction factor for each temperature were 
then examined to see if there was qualitative agreement with 
the size data collected. To make the comparison easier, the 
mass average particle diameter predicted by the model was 
multiplied by the polydispersity factor, aP = 0.6, to give an 
estimate of the number average particle diameter. 

Figure 19 illustrates the predicted and observed vari- 
ation in the particle diameter as a function of Rh for the three 
levels of Ra at T = 30 “C, and the corresponding experimen- 
tal results. The major trends are clearly followed. The de- 
crease in particle diameter predicted with an increase in Rh 
is apparent for the Ra = 0.33 and Ra = 0.15 experimental 
data points, although the predicted variations are much larg- 
er than those observed. I-Iowever the predicted variation at 
Ra = 0.075 over the change in Rh from 0.46 to 0.66 is a 
factor of three, while the data show no change. Figure 20, 

400 I 1,: j I Ra = 0.33 ._ 
I’ ) + data 

300 model * k, i j -,-. . 4 

600 ! I ! , I , 

500- I : .; ; T’=3O’;C - 
/ j 

400- i i i i “,” ;ao;5 .- 

3olJ- 1 . .._ f’ . . . . ‘“~*** : ‘7 mode’ _ 
/ ! .t / ; : 
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‘; I 
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Rh 

FIG. 19. The predicted particle size at the end of 18 s of simulation is com- 
pared to the observed peak diameter in the number distributions at 
T= 30 ‘C. Simulations used the values aP = 0.6, a, = 1.0, and 
CF= 1O-4. 

again for T = 30 “C!, illustrates the corresponding variation 
of the particle diameter with Ra for two levels of Rh. The 
same features are apparent in the previously presented Fig. 
13, albeit for different values of Rh. 

The current version of the model does not predict the 
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FIG. 20. The predicted variation in the particle diameter with changes in Ra 
for two levels of Rh. The particles formed at higher relative humidity are 
predicted to be smaller. This figure should be compared with the data in Fig. 
13. 
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actual particle sizes very well, although it does confirm that 
the variations observed are consistent with predictions made 
using classical nucleation theory and a simple condensation 
calculation. The incorporation of a sticking probability 
a, < 1.0 could improve the agreement with observations by 
reducing both the maximum particle size predicted and the 
maximum predicted range ( Dp,, /Dpmin >. However at this 
point the introduction of a second adjustable parameter is 
not warranted. A more detailed aerosol model that is capable 
of predicting size distributions is required and would add 
more insight to the competing processes of nucleation and 
condensation. 

found to increase with an increase in temperature. This rep- 
resents the first systematic study of the effect of temperature 
on binary nucleation rates. 

A. Comparison with previous work 

The only previous experimental work on the MSA-wa- 
ter system is that of Kreidenweis et al.’ Conditions in those 
experiments were somewhat different than in the experi- 
ments completed here, but it should be possible to compare 
results by simulating the data using the experimental nuclea- 
tion rate correction factor found for the current work at 
T = 25 “C and a polydispersity factor of 0.6. As was the case 
here, including a correction factor to reduce the nucleation 
rate greatly improved the agreement between experiments 
and data. With a correction factor of 10 - 6, good agreement 
was achieved for the Ra = 0.39 and 0.34 data. Most of the 
remaining data were still overestimated by about two orders 
of magnitude and it appears that a correction factor of about 
10 - * would give the best overall fit of these data. 

Comparison with Jtheor , calculated using the classical 
binary nucleation theory and accounting for the presence of 
hydrates, shows that Jtheor does not agree with J,,,, by up to 
8 orders of magnitude and that a temperature dependent 
correction factor is required. Including the effect of hydrates 
in the rate calculation reduces the disagreement between 
theory and experiment but does not eliminate it. Once the 
correction factor is incorporated into the model for nuclea- 
tion and growth, the original number concentration data are 
reasonably well described. The change in the correction fac- 
tor with temperature, from 10 - * at 19 “C to 10 - 4 at 30 “C!, is 
opposite to that found by others7,30*3’ for homomolecular, 
homogeneous nucleation. 

The observed particle size distributions varied with 
changes in Ra and Rh in a manner that was consistent with a 
simple model of nucleation and growth. The competition 
between the two processes was clearly illustrated in Fig. 13, 
where increases in Ra first increase the average particle size 
(condensation dominates), and then decrease the average 
particle size (nucleation dominates). A more sophisticated 
aerosol model is required to better predict the experimental 
particle size data. 

6. Vapor and particle losses in the experimental 
system, impact on modeling 

The continuous flow mixing apparatus provides an ex- 
cellent tool for studying binary nucleation processes at satu- 
ration levels less than one, and seems to be the best way to 
work with such corrosive and difficult systems as acid and 
water. 

Terms to account for the loss of vapor and particles in 
the experimental system have not been included in the mod- 
el. To estimate the particle loss, flow through the tube was 
modeled as a Graetz problem using the solution given by 
Brown.35 The smallest particles will be on the order of the 
critical cluster, -2 nm, and for these C&/C, was reduced 
by 30% by the tube exit, which does not represent a signifi- 
cant change in the total particle concentration observed. 
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The vapor loss term is more critical than the particle loss 
term because of the strong dependence of the nucleation rate 
on the saturation level. The solution to the Graetz problem 
assumes that the walls act as perfect sinks and therefore se- 
verely overestimates the vapor loss that will occur. There 
was no visible condensation in any of the experiments even 
after 7 days of continuous flow through the nucleation tube. 
In addition, the good repeatability of experiments performed 
as much as 3 days apart, argues that after the initial condi- 
tioning period, vapor losses to the walls are not significantly 
influencing the nucleation rates. 

VI. SUMMARY AND CONCLUSIONS 
Number concentrations of particles produced by binary 

nucleation between MSA and water were measured over a 
wide range of Ra < 1 and Rh < 1, and at three different tem- 
peratures. From these data, nucleation rates JeXP were esti- 
mated as a function of Ra, Rh, and T. As in the case of 
homogeneous nucleation, binary nucleation rates were 
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